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Abstract

:

This paper investigates the flow behaviour of monolith microchannels. Specifically, the study characterizes the flow regime within in-series monolith channels where highly turbulent flow approaches them but inside of the channels, the Reynolds number is subcritical. Results from LES and a transitional RANS model are compared to those obtained when directly assuming laminar flow inside of the channels. A space-resolved model of channels placed in series and channel Reynolds numbers ranging from 50 to 300 are considered. The results show that the flow pattern in is almost identical in the two channels and that the frequency of fluctuations tends to increase with the Reynolds number. The flow regime in both channels is unsteady laminar, containing a wide spectrum of frequencies. The tested transitional RANS model (k-  k L  - ω ) is unable to capture the velocity fluctuations predicted by LES. Despite the differences in the velocity field prediction, the pressure drop estimation from all models is practically the same. This study provides insights into the flow behaviour of monolith reactors and is useful for reactor design and optimization.
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1. Introduction


Structured catalyst substrates are increasingly considered for chemical, petrochemical, environmental and other industrial processes involving chemical reactions [1,2,3]. Monolith substrates, in particular, are seen as a promising alternative to traditional fixed-bed reactors, as they allow for high throughput (GHSV∼  10 4  –  10 5   h    − 1   ) at low pressure drop (∼1–10 mbar/m) and have a high surface-to-volume ratio (∼  10 3  –  10 4   m   2  /m   3  ) [4,5,6,7]. Another advantage of structured substrates is that they have a very good flow distribution and, therefore, potentially improved conversion and selectivity due to a more uniform contact between phases and a diminishing of hot spots [8,9,10,11]. Monoliths are typically cylindrical substrates often made out of cordierite (ceramic material consisting of magnesia, silica and alumina at a ratio of 2:5:2, respectively), silicon carbide or metal and feature an array of microchannels arranged in parallel through the monolith. Monoliths are extensively used in exhaust gas after treatment, as well as in other industrial applications, such as methanol synthesis via CO   2   hydrogenation [12]. The latter reactor may consist of a few thousand tubes in a carcass in the fashion of a tube-shell heat echanger. The reaction is promoted by the catalyst filling the tubes, which, in turn, can be supported in a wash-coated monolith. Ceramic monoliths with constant cross-section shape can be manufactured by extrusion [13]. For reacting applications, the inner walls of the monolith channels are coated with layers of catalytically active materials (wash coat). This method involves immersing the monolith into a suspension of either catalyst particles or catalytic precursors; then, air is blown to dry the substrate, leaving a thin and relatively uniform layer throughout the whole channels [14,15]. Monolith channel cross sections are typically square but may also be circular or hexagonal in shape; however, after being coated, they tend to become rounder due to the accumulation of material in the corners [16]. Figure 1 shows a simplified scheme of a multitubular reactor in which the tubes are filled with wash-coated monoliths arranged in series.



Generally, monoliths are characterized by their cell density, which is defined as the number of cells per unit area; common values are 100, 200 or 400 CPSI (cells per square inch) [15]. Recent advances have been made in multiscale models of monoliths for pressure drop and convective heat transfer, as well as mass transfer, among others applications [18,19,20,21]. A relevant aspect of the reactor performance is the flow regime inside of the monolith channels, which impacts external mass transfer. Traditionally, based on the subcritical channel Re, steady laminar flow is assumed inside of the channel. In that sense, some open questions still need to be addressed. Upstream of the substrate, the flow approaching a monolith is typically highly turbulent, with Re∼  10 4  . However, as the fluid approaches the channels, there is a dramatic reduction in hydraulic diameter and Re number, so a flow regime transition takes place [22]. According to recent literature, in the case of turbulence before the substrate, the mass flow entering the channels is actually variable; hence, the flow regime becomes pulsating and may remain in the whole channel [23,24]. This has been analyzed only for a single monolith. However, multitubular reactors may be as long as 6 to 8 m as. Long monoliths are avoided due to these inherent manufacturing and wash-coating techniques. Instead, short monoliths placed in series are preferred to fill long tubes. In that context, the flow regime inside of the channels is not trivial when a series of monoliths is included. For example, turbulence decays inside of the channels of the first monolith, but it may arise again when leaving it. This may happen because of the flow passing around the last part of the channels if there is a detachment of the boundary layer, which is more pronounced if the flow inside of the channels is pulsating. This has been reported in a series of papers [25,26,27,28,29]. Even when turbulence is not triggered after the first substrate, the second monolith in the array may be fed with the pulsating flow leaving the first substrate. This is not a problem for applications with a single substrate, such, such as in an automotive catalytic converter. On the other hand, large tubes may have several substrates in series, and the same logic used for the first and second monoliths in terms of the flow that one monolith passes to the next one can be applied to the second and third monoliths, etc., until the end of the tube. That is why, provided that the flow regime inside of the channels affects the overall performance of the reactor, in this paper, we focus on analyzing the transition of the flow regime of monoliths in series, emulating a case in which a tube filled with monoliths is fed with turbulent flow, which turns to pulsating flow and enters and leaves the second monolith. The results reported herein may help researchers to elucidate whether it is necessary to account for additional phenomena when modelling monoliths downstream of the first one along the reactor tubes.



Flow is analyzed by using a computational model of substrate channels, together with large eddy simulation (LES), which is suitable for predicting flow regime transition. The presence or absence of turbulence is determined through frequency analysis of the velocity signal. Pressure drop is also analyzed. The results are compared with those obtained by assuming laminar flow and using a Reynolds average Navier–Stokes (RANS) model.




2. Computational Model


The computational domain used to simulate an isothermal flow inside microchannels is shown in Figure 2. It takes into account the in-series arrangement of microchannels with square cross sections from two monoliths, assuming perfect alignment and identical geometry between the channels. Furthermore, an upstream zone was considered prior to the monoliths to ensure a realistic velocity profile at the channel inlets [30,31,32], as well the gap between the substrates and a downstream zone as open sections.



In Figure 2, grey regions represent the channels, and light grey regions represent the open sections. The hydrolic diameter of the channels (  D H  ) was 1 mm, with a 0.1 mm wall thickness, resulting in a substrate void fraction of approximately 0.74. Thus, the resulting hydraulic diameter of the open regions within the domain was 1.1 mm. Both channels were 17  D H   long, which allowed for the full development of the flow inside of the channels under all Re conditions considered. The length of the gap between the channels was set to 30  D H  , which should prevent negative impacts on the head losses because of the flow leaving the first channel and entering into the second channel [33]. The length of the open section after the second channel was also set to 30  D H   to prevent boundary effects from the outlet of the domain.



For the upstream zone, a length of 10  D H   proved to be sufficient to avoid inlet boundary effects. The inlet velocity was manipulated to obtain the desired channel Re for every case. Monitoring points were set in the center line of both channels at   z /  D H  = 15   from their respective inlet. In order to characterize the turbulence in the upstream flow, a boundary condition was set at the domain inlet, specifying a hydraulic diameter of the flow of 1 and a turbulence intensity (I) of 60%. The latter was taken from similar works found in the literature [22,23,34].



2.1. Flow Model


For all studied cases, channel Re was significantly lower than the critical value due to the dramatic decay of the turbulence once the flow enters the monolith channels [35]. In order to analyze and compare the flow behaviour between the in-series channels, two different approaches were considered. First, LES was used to simulate the flow passing through the computational domain. LES is particularly suitable for predicting the decay of turbulence, which is transient and naturally three-dimensional. A drawback of LES, besides being quite computationally expensive when using discrete channel models [36], is that it does not discriminate between turbulent and laminar unsteady flow. That should be determined by analyzing derived variables such as the frequency content of the velocity signal [37,38].



Secondly, k-  k L  - ω , which is a transitional three-equation RANS model, was used [39]. Traditional two-equation RANS models, such as standard k- ε , are meant for fully turbulent flow and assume that laminar flow is strictly steady. In turn, k-  k L  - ω  is a relatively recently proposed RANS model with three equations. It separates the flow kinetic energy in the turbulence channel (k) from the laminar channel (  k L  ). The laminar kinetic energy is assumed to be the unsteady slow frequency that does not imply the presence of so-called “eddies", suggesting non-turbulent flow movement [39]. This was accomplished through the analysis of non-turbulent fluctuations, using the   k L   variable as a diagnostic tool. Such a model is of particular interest in the context of this problem because the flow entering the monoliths turns from turbulent to unsteady laminar. Finally, as it is usually used to model flow in micro-channels, a steady laminar flow model was also used in order to compare the results with those obtained by accounting for turbulence. The three mentioned models are described next.



2.1.1. Laminar Flow Model


The laminar flow model directly resolved mass and momentum conservation equations over the domain. The following equations were used [35,40]:


    ∂ ( 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      



(2)








2.1.2. LES Flow Model


LES is a computational fluid dynamics (CFD) turbulence model that directly resolves the larger scales of turbulence while modelling the smaller scales in the subgrid domain; hence, the finer the mesh, the higher the percentage of resolved flow. It offers accurate predictions of large-scale turbulence structures and is suitable for describing a transitional or simply unsteady flow, which is present in numerous microchannel flows [18,41,42]. In order to simulate the random and chaotic behaviour of upstream flow, the Spectral Synthesizer tool was utilized in ANSYS Fluent, which is capable of producing different non-homogeneous flow profiles during the simulation. By default, the flow is unsteady in LES, with the following mass and momentum transport equations [40]:


    ∂   u ¯  i    ∂ t   +   u ¯  i    ∂ ( ρ   u ¯  j  )   ∂  x j    = −  1 ρ    ∂  p ¯    ∂  x i    +  ∂  ∂  x j     ν   ∂   u ¯  i    ∂  x j    +  1 ρ    ∂  τ  i j     x j     



(3)







Variables with an overbar represent filtered flow structures, which are directly resolved. The subgrid scale turbulence is accounted for by the term   τ  i j   , which was calculated using the Dynamic Kinetic Energy (DKE) sub-grid scale model [43,44] as follows:


   τ  i j   =  2 3  ρ  k  s g s    δ  i j   − 2  C k   k  1 / 2    Δ f    S ¯   i j    



(4)







In the DKE model, k is the turbulent kinetic energy contained in the flow, consisting of the large-scale resolved eddies and the subgrid scale. Total k is computed as:


  k =  1 2   u i    ′  2   +  k  s g s    



(5)







The term   u i ′   is the root mean square error of   u i   and can be computed from the unsteady data.   k  s g s    is directly obtained by resolving its transport equation:


    ∂ ρ  k  s g s     ∂ t   +   ∂ ( ρ   u ¯  j   k  s g s   )   ∂  x j    = −  τ  i j     ∂   u ¯  i    ∂  x j    −  C ϵ  ρ   k  s g s   3 / 2    Δ f   +  ∂  ∂  x j       μ  s g s    σ k     ∂  k  s g s     ∂  x i      



(6)




where:


   μ  s g s   =  C k  ρ  k  s g s   1 / 2    Δ f   



(7)







The resolved fraction of the turbulent kinetic energy is an important parameter in LES and is computed as:


   k res  =  k  k +  k  s g s      



(8)







Additional details of the model can be found in [40,43,45].




2.1.3. RANS Flow Model


k-  k L  - ω  is a RANS-based model in which time-averaged variables are resolved and turbulent effects on the main flow are included via Reynolds stresses [38,46,47]. These are expressed in proportion to a turbulent viscosity (eddy viscosity) and the time-averaged strain rate tensor, which is analogous to how the shear stress tensor is calculated due to molecular forces. Thus, turbulence is not resolved at any scale; instead that, it is modelled, saving significant computational resources compared to LES, and allowing for systematic research. The k-  k L  - ω  model provides closure to RANS equations describing the transitional flow in terms of the transport of turbulent kinetic energy (  k T  ), laminar kinetic energy (  k L  ) and the dissipation rate of turbulent kinetic energy ( ω ). The following RANS equations were used [40,48]:


    ∂ ( ρ  U i  )   ∂  x i    = 0  



(9)






    ∂ (  U i   U j  )   ∂  x j    = −  1 ρ    ∂ P   ∂  x i    +  ∂  ∂  x j     ν    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i    −  2 3    ∂  u l    ∂  x l     δ  i j     −   ∂    u i ′   u j ′   ¯    ∂  x j     



(10)




where   U i   and P are time-averaged velocity and pressure, respectively. In Equation (10),     u i ′   u j ′   ¯   is the Reynolds shear stress, which is modelled under the Boussinesq hypothesis:


    ∂    u i ′   u j ′   ¯    ∂  x j    =  ν  t o t      ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     −  2 3   k  t o t    δ  i j    



(11)




where   k  t o t    is defined as:


   k  t o t   =  k T  +  k L   



(12)







The steady transport equations for   k T  ,   k L   and  ω  are:


  0 =  P  K T   + R +  R  N A T   − ω  k T  −  D T  +  ∂  ∂  x j      ν +   α T   α k      ∂  k T    ∂  x j      



(13)






  0 =  P  K L   − R −  R  N A T   −  D L  +  ∂  ∂  x j     ν   ∂  k L    ∂  x j      



(14)






     0 =  C  ω 1    ω  k T    P  k T   +    C  ω R    f W   − 1   ω  k T    ( R +  R  N A T   )  −  C  ω 2    ω 2                                      +  C  ω 3    f ω   α T   f W 2     k T    d 3   +   ∂  ∂  x j       ν +    α ω   α k        ∂ ω   ∂  x j          



(15)







  ν  t o t    considers a small-scale eddy viscosity (  ν  T , s   ) and a large-scale eddy viscosity (  ν  T , l   ). Further information and details of the transport terms in Equations (13)–(15) can be found in [39,49].




2.1.4. Other Settings


In this case and all reported results from the LES model, the resolved kinetic energy was above 99%. The values considered were the time-averaged equivalent to a time window of two residence times, where the initialization data were discarded. The time step size was of the order of   10  − 5    s to attain a maximum Courant–Fredrichs–Lewy (CFL) of 1, using the coupled algorithm to solve the momentum equations. The unsteady term was discretized by using a bounded second-order implicit scheme, and the momentum term was discretized according to a bounded central differencing formulation [40]. The convergence criterion of every time step had continuity-scaled residual values of ∼  10  − 4    or 40 iterations. The stop criterion of the whole simulation had a stable value of time-averaged total pressure drop.



For the laminar and RANS simulations, the SIMPLE algorithm was used for velocity–pressure coupling [50]. A second-order upwinding scheme was used for the momentum term, and the simulations were stopped when scaled residuals had a value of   10  − 6    or lower.



For all the runs, the operating fluid was considered to be atmospheric air at 300 K, that is, 1225 kg/m   3   as density and 1.789 × 10−5 Pa·s as viscosity. A summary of boundary conditions used for both LES and RANS models, as implemented in ANSYS Fluent 2022R2, is presented in Table 1. The simulations were run on a workstation with two AMD EPYC ROME 7452 CPUs and 64 GBR. A total of 48 cores were used.





2.2. Mesh Quality and Solver Settings


The model equations were numerically resolved using the finite volume method implemented in the computational software ANSYS Fluent 2022R2 [51]. The domain described in Figure 2 was discretized into a fully orthogonal mesh with 3,160,865 control volumes. The grid quality was studied with a channel Re of 200, assuming a laminar steady flow. The main mesh with 3,160,865 control volumes was compared with a finer mesh with 8,775,645 control volumes, which was also fully orthogonal. In both cases, the converged solution had a maximum wall (  y +  ) below one, and the deviation of the pressure drop value through the whole domain deviated by 0.17%. Therefore, the main mesh was sufficiently fine for this work purpose. The quality of the solution was also investigated by calculating the dimensionless hydrodynamic length (  x +  ) and the Poiseuille number (  f R e  ) at a channel Re value of 200.   x +   was calculated as    L h  /  ( R e  D H  )   , where   L h   is the axial length at the channel centre line, and the velocity was equivalent to 99% of its asymptotic value, which is a usual criterion [52]. A value of 0.0565 was obtained for   x +  , deviating 3% from reported data given by numerous works [53]. In the case of Poiseuille number, f was computed as   2 Δ P  D H  / Δ x ρ U  , where U is the mean flow velocity,   Δ x   is an arbitrary axial length at the channel-developed flow region and   Δ P   is the pressure drop in that arbitrary length. It was found that f was equal to 0.283, deviating by 0.53% from its analytical value reported in the literature for square ducts [54].





3. Results and Discussion


This section summarizes the main results obtained in this study. LES was used to obtain transient data useful to determine the flow regime along the different parts of the domain based on the frequency content and power spectrum [23]. In all results reported from the LES model, over 99% of the kinetic energy was resolved. Then, the time-averaged results were compared with those from k-  k L  - ω , a transitional RANS model, to determine whether such a model is able to predict the changes in the flow regime. The turbulence and laminar kinetic energy from both models was compared. Finally, upstream turbulence was neglected, so steady laminar flow was assumed, since this is a common simplification when modelling monolith channels [22]. Given that it is a relevant variable for design purposes, the pressure drop from the three models was also compared. Three main channel Re values ranging from 100 to 300 were considered, which is sufficient to observe a trend in the results. Additional runs assuming laminar flow were added to extend the results. Table 2 lists the computational runs performed.



3.1. Channel Velocity Pattern in Consecutive Channels


Figure 3 shows the instantaneous scaled velocity from LES monitored over a point at   z /  D H  = 15   from the inlet of each channel for three Re values. The data shown are one value every 20  μ s. It can be seen in the figure that the fluctuations of the flow do not follow an evident pattern; however, the signal is practically the same for both channels at each given Re value. These results are in agreement with some previously reported findings for a single monolith [24]. It is also observed that the frequency of the fluctuations tends to increase together with Re, while the magnitude of the deviations is kept constant with respect to the mean flow. The described results are somewhat remarkable, given that the gap zone between the channels should be long enough to completely decouple the flow pattern in both channels [33,34]. Qualitatively, one may say that there is no turbulence in the second channel because turbulence is random, while velocity in both channels fits almost perfectly. Nonetheless, this point is addressed in more detail later in Section 3.3.




3.2. Turbulence and Laminar Kinetic Energy


In this section, kinetic energy refers to unsteady flow fluctuations. This is important, given that LES does not discriminate per se between turbulence and laminar velocity variations. k is computed as in Equation (5); hence, even if there is unsteady laminar movement (  u i ′  ), k, will be differ from 0; however, this should not be interpreted as turbulence immediately. In the same line, in k-  k L  - ω  mode,   k  t o t    considers both laminar and turbulent kinetic energy.



Figure 4 shows the contour plots for k at Re = 100, 200 and 300 along the domain from LES. The figure shows only the first channel and the open space before and after it (−10   ≤ Z /  D H  ≤   47). k, which is computed according to (5), comes from the highly turbulent upstream flow that rapidly decreases in the open section, not even reaching the entrance of the first channel in the three analyzed Re values. A noticeable difference between the three cases is that unsteadiness seems to decay almost completely for Re = 100, while for Re = 300, it propagates backwards, affecting a large part of the channel. Fluctuations are assumed to be laminar because of the subcritical channel Re, which means that any turbulence triggered locally should dissipate quickly [23]. As expected, this result is corroborated by LES results showing that the flow in the channels does not remain steady along of the channels and when leaving them. On the other hand, k-  k L  - ω  predicts a similar decay of the turbulence from the inlet and along of the open section (see Figure 5). Despite the fact that the decay pattern in that region seems more diffusive than that from LES, especially as Re increases, the agreement between the models is acceptable. In the rest of the domain, the k-  k L  - ω  model should be able to consider the non-turbulent transitional fluctuations [39,49], yet it seems to overestimate the damping of the unsteady movement, predicting steady laminar flow across the whole domain after the initial decay, showing that   k  T O T    exhibits no signs of recovery even in the open section between the channels, irrespective of the channel Re. This differs significantly from LES, which shows a significant increase in the value of k for Re = 300 once the flow leaves the channel.



Figure 6 shows k from LES and k-  k L  - ω  according to Equations (5) and (12), respectively. For both models, the data correspond to a centre line along the domain, but in LES, it represents the time-averaged values. Both lines correspond to a case with Re = 200. The figure allows us to see the differences when predicting the flow transition from both models in more detail. According to k-  k L  - ω , k effectively progressively decreases to zero and remains at that value for the rest of the domain. Such a value is reached practically at the outlet of Channel 1. It is also noticeable that neither the inlet or outlet of the substrate affects the decay pattern.



In turn, LES shows that k reaches a base value before entering the first channel, then increases at the inlet of the channel. This is expected in a physical system because of the reduction in the flow area when entering a substrate. The velocity along the centre line of the channel continues to rise in a manner similar to that for laminar flow so that k also increases. Next, at the end of the channel, there is a peak of k, which is typically produced because of the detachment of the boundary layer from the end of the channel walls, which decays towards the same base value observed in the open section before the first channel. This pattern repeats almost identically for the second channel.



From the previous results, one can say that k from LES maintains consistency with mass conservation by effectively capturing the impact of the variable mass flow entering the domain; meanwhile, k-  k L  - ω  is unable to account for the velocity fluctuations in the analyzed scenario, either laminar or turbulent.




3.3. Frequency Analysis of the Velocity Pattern


The Fourier analysis of the instantaneous velocity in the developed zone is shown in Figure 7. It was verified that the frequency spectrum range contained in the flow increases together with Re inside of the channel. Furthermore, the dominant frequency tends to increase in magnitude with higher Re values in the channel, and its range shifts towards a higher frequency value. The concept of dominant frequency is used to identify the frequency with the highest amplitude in the signal [55,56]. However, in this case, the processed signals have large fluctuations with high frequency, i.e., the velocity varies rapidly with respect to the mean flow velocity, resulting in several peaks, as shown in in Figure 7, which makes it difficult to identify the dominant peak. Hence, the analysis was conducted qualitatively.



The power spectrum density (PSD) of the velocity signal in monolithic channels obtained with the Welch method is shown in Figure 8. The analyzed data came from LES and monitoring point 1 (see Figure 2). By extension, provided that, according to Section 3.1, the velocity signals from both channels completely overlap in terms of frequency, the information contained in them is identical, and the analysis presented in this section is equally valid for both channels.



Figure 8 shows that as Re increases, a greater amount is observed to be concentrated in the lower frequencies. For cases of Re = 100 and Re = 200, a trend in the sudden cut is observed in the PSD curves at approximately   1 ×  10 4    and   2 ×  10 4   , respectively. This usually occurs in the power spectrum of unsteady laminar flows, diverging from the typical PSD of a fully turbulent flow, which has a continuous transition across all scales due to the energy cascade from larger to smaller eddies. For the case of Re = 300 case, such a trend is not observed, since the inverse value of the time step used in the model resolution was higher than the upper limit of the frequency spectrum range for this condition. Therefore, it is recommended to use even smaller time steps when describing the complete frequency spectrum for Re > 200. Under any circumstance, based on the evidence available for the other cases, there is no reason to expect different behaviour for Re = 300.




3.4. Pressure Profile and Back Pressure through the Substrates


Because it is an important design variable, pressure was also analyzed. The dimensionless pressure through the centre line of the domain for all models and all Re values is shown in Figure 9. As in previous comparisons, the time-averaged data were considered. The pressure was non-dimensionalized to avoid scale problems. Despite the significant differences in the velocity pattern between LES and laminar and k-  k L  - ω  models, the dimensionless static pressure from all models agrees quite well for all the analyzed Re values. It should be noted that in flow-through monoliths, major losses are proportional to U [57], while dimensionless pressure is scaled by   U 2  ; hence, the curve corresponding to higher Re values ends at the bottom of the plot, while that for the lower Re values is placed at the top.



Based on Figure 9, both laminar and k-  k L  - ω  models predict identical pressures, while there are some marginal differences coming from LES. This makes sense because for LES, the time average is used, and the time-averaged velocity for the three models is the same. Additionally, according to Wo, the eventual pulsating regime for the cases analyzed in this paper is in the range in which a parabolic velocity profile is still achieved [58]. The parabola becomes more and less pronounced but maintains its shape; hence, the pressure drop is expected to be similar to that of laminar flow.



Considering the scenario of laminar flow, the static pressure remains constant during the first section of the domain as a result of the flat velocity profile at the inlet and negligible viscous losses in the open section before the substrate. Then, flow collides with the frontal face of the substrate, where the flow area is reduced; as a consequence, there are some non-linear head losses, as expected in flow-through and wall-flow monoliths [59,60,61,62,63]. Inside of Channel 1, the boundary layer develops rapidly, and losses from friction between flow lamina become linear in the fully developed zone. At the rear face of the substrate, the flow area expands; hence, velocity decreases, causing an increase in static pressure. The flow profile becomes flat in the gap between the channels, so there is no friction or losses in that part of the domain. In this study, a flat velocity profile was achieved in the gap before the flow enters Channel 2 for all analyzed cases, provided that the length of the gap was intentionally dimensioned to accomplish such a condition.



Channel 2 repeats the same pattern as that of Channel 1 for all tested Re values. For each Re, the pressure drop and entrance length are also the same for both channels.



A final analysis was performed, comparing the total back pressure predicted by the different models as shown in Figure 10. Consistent with previously reported data, where pressure measurements along the center line are identical, the total back pressure predicted for all three models exhibits close similarity across the range of studied Re values, in agreement with previous studies of domains under similar circumstances [64,65,66]. The LES model estimates a slightly smaller pressure drop than when assuming a steady laminar regime. As described in previous comparable studies [24,33], an unsteady laminar flow characterized by multiple pulsation frequencies in monolithic channels shows a negligible impact on pressure drop.





4. Conclusions


The transition of the flow regime through two monoliths in series was successfully studied by means of a computational model at the channel scale.



According to the results, there is no difference in flow behaviour between the two in-series monolith channels. As a result, the sequential channels can be regarded as an extension of the initial channel, requiring only knowledge of the inlet boundary conditions for the first channel to model the other monoliths in series. Such an assumption significantly reduces the needed computational resources to predict the performance of an array of monoliths.



Frequency analysis indicates that there is no turbulence inside of the first channel nor in the downstream channel. The flow inside of the monolith channels seems unsteady and laminar, and despite not being a single-frequency pulsation, it has the features of a pulsating flow where the back pressure is the same as that from steady laminar flow when taking the time-averaged condition as a reference.



An increase in the amplitude of the unsteady velocity fluctuations is observed when the flow leaves the first channel; however, it does not affect the second channel, provided that the gap between them is sufficient to diminish them to the base level shown before entering the first channel. The pulsations resulting from the decay of turbulence inside of the channels do not promote turbulence.



The transitional k-  k L  - ω  model is not able to accurately describe the transition of the flow regime inside of the monolith channels predicted by LES. According to the RANS model, both turbulence and laminar fluctuations decay to zero inside of the substrate and are unaffected by the change in the flow area when entering and leaving a substrate.







Author Contributions


Conceptualization, I.C. and G.G.; methodology, I.C. and G.G.; software, G.G.; validation, G.G.; formal analysis, I.C. and G.G.; investigation, I.C. and G.G.; resources, I.C.; data curation, I.C. and G.G.; writing—original draft preparation, I.C., G.G. and L.M.; writing—review and editing, I.C., G.G. and L.M.; visualization, I.C. and G.G.; supervision, I.C. and L.M.; project administration, I.C.; funding acquisition, I.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by ANID grant number FONDECYT N∘11200608 and the UTFSM PIIC program.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors are grateful for the financial support provided by ANID through the FONDECYT project N   ∘  11200608 and the UTFSM PIIC program (Programa de Incentivo a la Iniciación Científica).




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	   D H   
	Channel hydraulic diameter, m



	   k  r e s    
	Resolved kinetic energy fraction, m   2  /s   2  



	   k  s g s    
	Subgrid scale kinetic energy, m   2  /s   2  



	   k  t o t    
	Total turbulent kinetic energy, m   2  /s   2  



	   k T   
	Turbulent kinetic energy, m   2  /s   2  



	   k L   
	Laminar kinetic energy, m   2  /s   2  



	P
	Time-averaged pressure, Pa



	p
	Pressure, Pa



	Re
	Reynolds number



	t
	time, s



	   U i   
	Time-averaged velocity vector, m/s



	   u i   
	Velocity vector, m/s



	k
	Turbulence kinetic energy, m   2  /s   2  



	   δ  i j    
	Kronecker delta, -



	   τ  i j    
	Turbulence-specific dissipation rate, 1/s



	  ρ  
	Density, kg/m   3  



	  μ  
	Molecular viscosity, Pa-s



	   μ  s g s    
	Subgrid scale viscosity, Pa-s



	  ν  
	Kinematic viscosity, m   2  /s



	   ν  t o t    
	Total kinematic viscosity, m   2  /s
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Figure 1. Schematic representation of the elements of the reactor, from the full-scale reactor (a) to a honeycomb channel cross-section showing the wash-coat layer in light brown (e). Adapted from [17]. 
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Figure 2. Computational domain for two monolith channels placed in series. 
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Figure 3. Dimensionless velocity through time at   z /  D H    = 15 from the inlet of both channels. 






Figure 3. Dimensionless velocity through time at   z /  D H    = 15 from the inlet of both channels.



[image: Catalysts 13 00938 g003]







[image: Catalysts 13 00938 g004 550] 





Figure 4. k (m   2  /s   2  ) contour for all studied Re conditions from LES. 
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Figure 5.   k  t o t    (m   2  /s   2  ) contour for all studied Re conditions from k-  k L  - ω . 
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Figure 6. Kinetic energy predicted by LES and k-  k L  - ω  over the axis of the domain. 
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Figure 7. Frequency spectrum for all studied Re values. 
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Figure 8. Power spectrum for all studied Re values. 
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Figure 9. Pressure through the centre-line monolith channels. 
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Figure 10. Back pressure for different Re values. 
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Table 1. List of all boundary conditions used.
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	Model
	Zone
	Boundary Condition
	Value





	LES
	Inlet
	Velocity inlet
	1.2072 m/s (Re = 100),



	
	
	
	2.4144 m/s (Re = 200),



	
	
	
	3.6217 m/s (Re = 300)



	
	
	Spectral synthesizer
	   I = 60 %   



	
	
	
	   D H  = 1.1   mm



	
	Outlet
	Outlet pressure
	p = 0 Pa (gauge)



	
	Channel walls
	No slip wall
	-



	
	Free flow boundaries
	Free shear wall
	-



	k-  k L  - ω 
	Inlet
	Velocity inlet
	1.2072 m/s (Re = 100),



	
	
	
	2.4144 m/s (Re = 200),



	
	
	
	3.6217 m/s (Re = 300)



	
	
	Turbulence initial values
	   I = 60 %   



	
	
	
	   D H  = 1.1   mm



	
	
	
	   k L  =  1 ×  10  − 6      m   2  /s   2  



	
	Outlet
	Outlet pressure
	p = 0 Pa (gauge)



	
	Channel walls
	No slip wall
	-



	
	Free flow boundaries
	Free shear wall
	-



	Laminar
	Inlet
	Velocity inlet
	1.2072 m/s (Re = 100),



	
	
	
	2.4144 m/s (Re = 200),



	
	
	
	3.6217 m/s (Re = 300)



	
	Outlet
	Outlet pressure
	p = 0 Pa (gauge)



	
	Channel walls
	No slip wall
	-



	
	Free flow boundaries
	Free shear wall
	-
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Table 2. List of computational runs.
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	N
	Flow Model
	Re





	1
	LES
	100



	2
	LES
	200



	3
	LES
	300



	4
	k-  k L  - ω 
	100



	5
	k-  k L  - ω 
	200



	6
	k-  k L  - ω 
	300



	7
	Laminar
	50



	8
	Laminar
	100



	9
	Laminar
	150



	10
	Laminar
	200



	11
	Laminar
	250



	12
	Laminar
	300
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