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A model of clogging of a pleated filter in gas filtration is presented. The model is obtained by combining a semianalytical model of the flow in a pleated filter and an empirical model of clogging of the planar filter medium applied locally along the pleated filter channels. The model takes into account the formation of a filtration cake of variable thickness at the porous wall of the pleated filter entrance channels and the resulting evolution of the entrance channels aperture distribution during the filtration/clogging process. Based on the numerical predictions, two main clogging scenarios are identified and analyzed. The optimum pleat density, defined as the pleat density maximizing the filter capacity, is determined and shown to be greater than the pleat density minimizing the pressure drop for a clean filter. Predictions of the evolution of overall pressure drop across the pleated filter due to clogging are compared with experimental data.

Introduction

Air filtration pleated filters are commonly encountered in various applications related notably to the nuclear or automotive industries. Our general objective in this context is to develop a numerical tool for simulating the process of gas filtration through pleated fibrous filters. This tool is developed in order to reduce the design time, the number of trials as well as to optimize the filter geometry (transport properties, pleat length and density, impact of filter supply and exit pipes position and sizes, etc.). It should be able to perform accurate predictions of the filter global pressure drop before clogging, as well as its variations during the clogging phase. As illustrated schematically in Fig. 1, four main scales can be distinguished. The first scale is the fiber scale. The second scale is that of the filter medium, a fibrous material in our case. The third scale is the pleat scale. At this scale, the main objective is to compute the evolution of the overall pressure drop across a pleated filter element during clogging for a given flow rate. The fourth scale is the filter scale, i.e. the scale of the cartridge or the filter panel placed within the engine air supply line. In the present work, we concentrate on the third scale, i.e. the pleat scale.

The flow configuration as well as the pleated filter element of interest to this study, is sketched in Figs. 2 and 3 flow . As shown in Fig. 2, the flow average direction is perpendicular to the filter element. The fluid (gas in our case) enters the filter element through the pleat entrance channel, flows through the fibrous materials separating the entrance channel from the pleat exit channel and leaves the filter element through the pleat exit channel. Owing to the symmetries of this system, the study can be performed over the reduced domain shown in Fig. 2. The main objective is to predict the evolution of overall pressure drop across a filter panel as a function of the aerosol properties, filter medium properties, average flow the Navier-Stokes equations directly is possible, at least in the absence of particles, but computational time consuming. Simulation of particles transport and formation of filtration cake in the pleated filter elements shown in Fig. 2 using direct CFD simulations is significantly more involved and the computational times may become prohibitive for a practical use, not mentioning the remeshing problem associated with the cake formation within the pleated filter entrance channel. For this reason, approaches based on direct CFD simulations are not very efficient for performing optimization studies or sensitivity analysis.

It is therefore attractive to develop simplified numerical approaches so as to increase the efficiency of the numerical simulations considerably in this context. In model of the flow (in the absence of particles) can be derived by channel cross-sectional averaging of the Navier-Stokes (NS) equations and by using similarity solutions of the NS equations locally. As discussed in Rebai et al. (submitted for publication), there exist two variants to this approach depending on the average filtration velocity range of interest: one for the low to moderate filtration velocities, i.e. [START_REF] Oxarango | Laminar flow in channels with wall suction or injection: a new model to study multi-channel filtration systems[END_REF], [START_REF] Benmachou | Dynamical clogging of a pleated filter: experimental and theoretical approaches for simulation[END_REF], [START_REF] Benmachou | Etude et modélisation du colmatage d'un filtre plissé[END_REF], the other for the "large" filtration velocities, Rebai et al. (submitted for publication). These variants differ in the similarity solutions to the NS equations used in the derivation of the simplified model, see Rebai et al. (submitted for publication) for more details. As in Rebai et al. (submitted for publication), we are interested in "large" filtration velocities since this is the situation encountered in the application (air filtration in automobile filters) motivating our study. For the sake of completeness, our large filtration velocity simplified flow model is recalled here and reads,
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where is a numerical constant, ≈ 0.8251. The notations are the same as in Rebai et al. (submitted for publication). Lower case notations are for dimensionless variables whereas upper case letters are used for the dimensional variables. The notation is for the spatial average of variable over the channel half-width. In the above equations, Re 0 is the channel Reynolds number defined as Re 0 = ( U 0 H 0 )/, where is the fluid dynamic viscosity, U 0 is the averaged velocity at the inlet of the entrance channel and H 0 is the pleat entrance half-width at the inlet (see Fig. 2); u and p are the spatially averaged longitudinal velocity component and pressure, respectively; h is the half-width channel, e and k are the thickness and the porous medium permeability respectively. H 0 and U 0 are used as the reference length and velocity respectively. Subscript 1 refers to entrance channel (channel 1), and subscript 2 to the exit channel (channel 2).

As pointed out in Rebai et al. (submitted for publication), the particular properties of the pleat bottoms (see Fig. 2) have a significant impact on the overall pressure drop when the filter is clean. These properties (permeability, thickness) are affected by the compression of the medium in the pleats when the pleated panel is formed from a planar filter medium, but are generally unknown. As in Rebai et al. (submitted for publication), we will therefore consider two "extreme" cases: non-porous pleat bottoms, and pleat bottoms with the same permeability and thickness as for the flat fibrous material. These two cases will be referred to as the case with impervious pleat bottoms and the one with fully porous pleat bottoms, respectively. It is expected that the system actual behavior lies between the behaviors corresponding to these two "extreme" cases.

The above equations have to be solved in conjunction with the following boundary conditions:

u 1 = 1, u 2 = 0 at x = 0; u 1 = 0, p 2 = p e at x = L/H 0 (5)
when the pleat bottoms are considered as impervious or

u 1 + u 2 = 1, u 2 = Re 0 k e (p 1 -p 2 ) at x = 0 (6) u 1 + u 2 = 1, u 1 = Re 0 k e ( p 1 -p 2 ), p 2 = p e at x = L/H 0 (7)
when the pleat bottoms are porous.

From the numerical solution of Eqs. ( 1)-( 5) or ( 1)-( 4) and ( 6)-( 7), see Rebai et al. (submitted for publication) for the details on the numerical procedure, one can determine the velocity field in the pleat channels. For the entrance channel, which is the channel of interest regarding the particle transport problem, the local velocity field is given by,

u(x, y) = u(x)f ′ y h(x) (8) v(x, y) = Re w Re 0 f y h(x) (9) 
where Re w = (V w H 1 )/ is the local filtration Reynolds number. The function f is given by [START_REF] Terrill | Laminar flow in a uniformly Porous channel[END_REF] and is given by
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In what follows the velocity field given by Eqs. ( 8) and ( 9) is used for computing the particle transport within the pleat entrance channel. Hence the clogging model relies on the assumption that the entrance channel similarity solution is still valid during clogging. This assumption is supported by the fact that the similarity solution is a good approximation in a channel of variable width, as discussed in Rebai et al. (submitted for publication), and the fact that the flow can be considered as quasi-steady in a channel of variable width during clogging, see Section 1. In passing we also note that [START_REF] Dauenhauer | Exact self-similarity solution of the Navier-Stokes equations for a porous channel with orthogonally moving walls[END_REF] have studied the flow inside a porous channel with moving wall with suction or aspiration. For a high filtration Reynolds number with suction in a contracting channel, the similarity of the flow was found to be the same as for a fixed wall for wall velocities and filtration Reynolds numbers corresponding to our case.

The paper is finally organized as follows. In Section 1, the clogging model of a pleated filter is presented. Clogging scenarios are studied in Section 2. In Section 3, the model is used for studying the pleat density maximizing the filter capacity. Some comparisons with experimental results are presented in Section 4.

Pleated filter clogging model

The development of clogging model begins with the consideration of clogging of a planar filter medium. The analysis and the modeling of clogging of a plane fibrous medium has been studied in many works, e.g. [START_REF] Brown | Air Filtration[END_REF], [START_REF] Thomas | Modelling pressure drop in hepa filters during dynamic filtration[END_REF][START_REF] Thomas | Clogging of fibrous filters by solid aerosol particles experimental and modelling study[END_REF], see also Chapter 4 and the references therein in [START_REF] Bejan | Porous and Complex Flow Structures in Modern Technologies[END_REF]. However, the filtration velocities considered are often significantly lower than the ones of interest in our study. Also, in many previous modeling studies, the aerosol particle size distribution is much narrower than the one that used in the application motivating the present study. For these reasons, we have used an empirical model of clogging at the planar filter medium scale based on experimental results, preferring to concentrate our effort on the clogging modeling at the pleated filter element scale. It would be easy, however, to incorporate any better model at the plane filter medium scale in our approach. Fig. 4 shows the evolution of pressure drop across a plane synthetic two-layer fibrous medium as a function of collected mass during experiments of frontal filtration using the ISO Fig. 4 -Evolution of the pressure drop P across a plane synthetic fibrous medium as a function of the collected particles mass per unit area M during the experiment of frontal filtration; P 0 is the pressure drop for the clean medium.

12103 -1 A2 fine Arizona test dust for different mean filtration velocities ranging between 0.77 and 1.42 m/s. The permeability and porosity of the fibrous medium (when clean) are 1.66 × 10 -10 m 2 and 0.9, respectively. The fiber average diameter is 13 m in the first layer and 14 m in the second layer. The total thickness of the planar medium is 2.22 mm. The Arizona test dust is the reference aerosol for testing filters in the automobile industry. This is a polydisperse distribution of roughly spherical grains in the range [0 m, 80 m] with a volume mean diameter of 9.15 m and a standard deviation of 19.6 m whereas the median diameter based on particle number is 0.99 m. One can refer to [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF] for more details on this aerosol, as well as for a description of the experimental facility used to perform the experiments.

As can be seen from Fig. 4, the pressure drop evolutions for the various filtration velocities collapse reasonably well onto a single curve, at least for the range of filtration velocity considered here. Also, the results shown in Fig. 4 are consistent with a classical evolution in two main periods, e.g. [START_REF] Brown | Air Filtration[END_REF], namely a period of depth filtration where most of the collected mass corresponds to particles trapped within the filter medium followed by a period of surface filtration with the formation of a filtration cake at the filter medium surface. Neglecting the transition period between these two periods, we assume in what follows that the change from the depth filtration period to the surface filtration period occurs suddenly for a "critical" collected mass per unit of area M cr . Noting that the evolution of the pressure drop is quasi-linear in each period, the simple representation of the pressure drop evolution depicted in Fig. 4 can be expressed as,

P = E K(M) + E c K c V w ( 15 
)
where E, E c , K and K c are the filter medium thickness, the filtration cake thickness, the filter medium permeability (which depends on collected mass M) and cake permeability, respectively. The evolution of K as a function of M can be fitted from the experimental data. For the data shown in Fig. 4, this yields an expression of the form (with ˛= 6.72),

K(M) = K 0 ˛M + 1 (16)
as long as M ≤ M cr whereas K(M) = K(M cr ) for M ≥ M cr (M cr ∼ 0.59 kg/m 2 for the data shown in Fig. 4).

Assuming that the cake is a porous medium of uniform porosity ε c , the cake thickness can be expressed as a function of collected mass as.

E c (M) = 0 for M ≤ M cr ; E c (M) = M -M cr p (1 -ε c ) for M ≥ M cr ( 17 
)
where p is the particle density ( p = 2650 kg/m 3 ). Combining Eqs. ( 15) and ( 17) yields

P = E K(M) + M -M cr p (1 -ε c )K c V w (18)
Hence in this approach, the cake is characterized by two parameters: its porosity and its permeability. However, from the experimental data (slope of pressure drop evolution in the second period) only the product (1 -ε c )K c can be determined. For example, this yields (1 -ε c )K c = K 0 /(17.7 p e 0 ) from the data shown in Fig. 4. Note that the dimensions of the numerical constant are m 2 /kg. We will return to this problem below when we present the clogging model at the pleated filter element scale. Note that it is not easy to use here a standard expression of permeability as a function of porosity and grain diameter such as the Kozeny-Carman relationship, e.g. [START_REF] Dullien | Porous media[END_REF], owing to the large distribution in the size of particles forming the cake.

In order to model clogging at the pleated filter element scale the next step consists in combining the clogging model for the plane filter medium with the flow model given by Eqs.

(1)-( 5) (impervious pleat bottoms) or Eqs. ( 1)-( 4) and ( 6)-( 7) (full porous pleat bottoms). Before reaching the filter medium or the filtration cake, the particles are transported by the gas flow within the pleated filter entrance channels. As it is well known, e.g. [START_REF] Elimelech | Particle Deposition and Aggregation[END_REF], the trajectory of a particle depends on the various forces acting on it during its travel in the entrance channel. In the present work, it is assumed that the particles follow the streamlines. This assumption is supported by the following estimates of the particle Stokes, Peclet and Froude numbers. Taking as representative values a pleated filter frontal surface of 220 mm. 89 mm, a pleat height of 55 mm, a pleat density of 13 pleats per 100 mm, a gas flow rate of 389 m 3 /h, and as particle diameter the median diameter of the Arizona Fine dust (0.99 m), we obtain for the particle Stokes, Peclet and Froude numbers, St ≈ 0.2, Pe ≈ 10 5 , Fr ≈ 50, respectively. These values indicate that the Brownian diffusion and gravity effects are negligible on the motion of particles. The assumption of neglecting the inertia effects is more questionable since the Stokes number is not very small compared with unity and has been estimated considering only the median diameter of a relatively broad distribution in particle size. Hence the motion of the biggest particles in the distribution is likely to be affected by inertia effects. This suggests that the influence of inertia effects on the particle transport would deserve to be considered more carefully in future works. Nonetheless, on the basis of the above estimates, the assumption of particles following streamlines appears to be a fair first approximation. Under these circumstances, the particles deposition rate is simply proportional to the local filtration velocity. As a result of the particles capture, a filtration cake eventually forms within the pleated filter element entrance channel. This induces a modification of the free fluid domain within the entrance channel since the local aperture decreases as the cake grows. This results in turn in the evolution of the fluid flow within the entrance channel due to the modification of both the fluid domain geometry and filtration velocity distribution along the pleat channel. These effects are taken into our model under the assumption of a quasi-steady evolution of the entrance channel flow. This assumption is supported by the fact that the travel time of a particle in the entrance channel is much smaller than the time needed for observing a significant change in the filtration cake local thickness.

To compute the evolution of filter medium properties (depth filtration period) and cake local thickness (surface filtration period), the pleat entrance channel is discretized along the x-axis into small elements (grid spacing) of uniform size dX. The mass collected during the time dT over the element located at the position x is expressed as

dM s = C u V w (x)ϕℓdX dT ( 19 
)
where C u and ℓ are the particle concentration in the aerosol (kg/m 3 ) and extension of filter element in the z direction (direction perpendicular to the figure in Fig. 3), respectively. In Eq. ( 11), ϕ is the porous medium particles capture efficiency. The efficiency evolves during the clogging stage [START_REF] Brown | Air Filtration[END_REF] and this evolution has to be taken into account to determine the evolution of the mass of particles collected by the filter as a function of time. Here we are primarily interested in the evolution of pleated filter properties as a function of the overall collected mass assuming the porous medium properties local evolution is known as a function of the mass collected locally. Hence we can set arbitrarily the efficiency ϕ to 1 in the simulations. The deposit kinetic at the filter scale is clearly affected by this assumption but not the evolution of pleated filter properties as a function of overall collected mass.

As long as the local collected mass M(x) = M s (X)/dX/ℓ is lower than M cr , the evolution of the local permeability of the filter medium is computed according to equation ( 16). For M(X) ≥ M cr , we apply equation. ( 17) so that the evolution of the channel local half-width is given by

dH 1 (x) = - C u V w (x) p (1 -ε c ) dT ( 20 
)
whereas the local filtration velocity is computed using Darcy's law, Eq. ( 18), applied locally,

P 1 (x) -P 2 (x) = E K(M(X)) + H 1 (X, 0) -H 1 (X, T) K c V w (X) (21) 
where the pressure distributions P 1 (X) and P 2 (X) are obtained by solving the system of Eqs. ( 1)-( 5) or Eqs. ( 1)-( 4) and ( 6)-( 7).

To be consistent with the system (1)-( 5) or ( 1)-( 4)-( 6)-( 7), the clogging model is expressed in dimensionless forms using, as for the flow model, H 0 as characteristic length and U 0 as 16)-( 18).

characteristic velocity. This leads to

h 1 (x, t + dt) = h 1 (x) -Re 0 k(x)c p 1 (x) -p 2 (x) (1 -ε c )e(x, t) dt (22) e(x, t + dt) = e(x) + Re 0 k(x)c p 1 (x) -p 2 (x) (1 -ε c )e(x, t) dt (23) dm = k(x)Re 0 c p 1 (x) -p 2 (x) e(x, t) dt ( 24 
)
where c = C u / p , m is the amount of particles per unit area deposited on fibrous media scaled by 1/ p H 0 ; dm is the amount of particles deposited during a time step dt.

Hence the simulation of clogging is obtained by solving numerically Eqs. ( 1)-( 5) or Eqs. ( 1)-( 4) and ( 6)-( 7) together with Eqs. ( 16)-( 17) and ( 22)-( 24). One can refer to Rebai et al. (submitted for publication) for details on the numerical procedures used to solve equations ( 1)-( 5) or Eqs. ( 1)-( 4) and ( 6)-( 7). Since the flow is considered as quasi-steady, the clogging model does not bring any significant additional numerical difficulties, see [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF] for the details. The only one worth mentioning is the fact that the length of the free fluid domain in the entrance channel can decrease as a result of cake growth in the pleat bottom. This can be obtained when the cake lateral growth (growth in the y direction) is sufficient for blocking entirely the channel or when there is a sufficient upward longitudinal growth from the pleat bottom wall (this second scenario is possible only with a porous pleat bottom). To deal with the modification of the free fluid domain in the longitudinal direction, we have used a rather crude but simple procedure: when the cake growth is sufficient for blocking entirely the last grid mesh, this mesh is removed from the free fluid domain. The corresponding region is then considered as porous (or impervious) when the pleat bottom is porous (or impervious). This procedure amounts to considering a discrete evolution of the entrance channel free fluid domain length. Although it would be probably interesting to Fig. 6 -Evolution of filtration velocity v w scaled by the averaged filtration velocity, and pleat half-width H 1 along the pleat at different stages of clogging in a pleated filter with impervious pleat bottoms. The frontal surface of pleated filters is 220 mm. 89 mm, the pleat height is 55 mm and the pleat density is 31 pleats/100 mm. The fibrous material is a two-layer medium with an overall thickness and a permeability of 2.84 mm and 2.28 × 10 -10 m 2 respectively. The flow rate is 386 m 3 /h. consider a more refined technique involving for example frequent remeshing and the associated interpolation techniques, the simple procedure used in the present effort is acceptable for small grid spacing. After some tests, it was found that a grid of 300 regularly spaced points was sufficient to simulate the pleat clogging.

Clogging scenarios

For the 'large' average filtration velocities considered in this paper, the filtration velocity is not uniform along the pleat channels and generally increases with x, at least when the filter is clean, see Rebai et al. (submitted for publication).

For this reason, the cake tends to grow more rapidly in the bottom of the entrance channel initially. This increases the hydraulic resistance in the entrance channel bottom. As a result, the pleat bottom properties (=hydraulic resistance of filter medium forming the pleat bottom) are parameters much less sensitive than for the prediction of pressure drop for a clean filter, Rebai et al. (submitted for publication). This is illustrated in Fig. 5 which shows that the evolution of pressure drop is identical during clogging, except at the very beginning, regardless of the porous or impervious nature of pleat bottom. In the remainder of this paper, all the results presented are obtained for a gas flow rate of 389 m 3 /h, a frontal surface of the filter panel = 89 mm. 220 mm, a pleat length L = 55 mm and the fine Arizona dust as particles. Hence the details of the pleat bottom properties, which are generally unknown, are important for the prediction of pressure drop across a clean filter but are not important for the evolution of pressure drop during clogging.

Our model can be used for analyzing the pleated filter clogging scenarios, as well as the influence of the problem various parameters on clogging. This is illustrated in what follows with the consideration of the impact of the pleat density on clogging scenarios. We begin with the study of clogging in a pleated filter channel of initially uniform width. A first clogging scenario is shown in Fig. 6 and can be termed as "cake lateral growth clogging". As shown in Fig. 6, this case is characterized by the cake growth from the channel lateral walls and a significant evolution of the filtration velocity distribution during clogging. Initially, the filtration velocity monotically increases along the channel and is maximum at the channel bottom. This induces a preferential cake growth in the channel bottom region, which induces in turn a displacement of the maximum filtration velocity in the upstream direction. As a result, the filtration velocity distribution becomes more uniform and eventually can even decrease along the channels. This flow reorganization is accompanied by the progressive growth of the cake all along the channel lateral walls.

As illustrated in Fig. 7, the clogging scenario is completely different for the pleat density of 14 pleats/100 mm (for which Re 0 = 1110 whereas Re 0 = 1973 for the pleat density of 8 pleats/100 mm, noting that the greater Re 0 , the greater the filtration velocity in the pleat bottom for a given porous medium permeability, a given porous medium thickness and a given pleat length). This case can be referred to as the "from the bottom cake growth clogging". In this case, the filtration velocity is always a maximum at the channel bottom and the filtration cake essentially growths from the channel bottom. Intermediate scenarios with both types of cake growth, i.e. lateral and from the bottom, are obtained for intermediate pleat densities, [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF].

As shown in [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF], simulations performed for pleated filter channels of variable width indicate that the pleated filter element shape can also have an influence on the clogging scenario. For example, in a channel of decreasing width, Fig. 3b, the maximum filtration velocity is not necessarily located at the channel bottom initially (clean filter) but significantly upstream from the bottom. For the highest pleat densities, this may lead to the formation of a filtration cake bridge upstream from the pleat channel bottom. In this case, the part of the filter located downstream from the cake bridge becomes useless for filtration. One can refer again to [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF] for more details.

Optimal pleat density

Consider a filter panel of given frontal area and volume. We want to determine the pleat density (=number of pleats per 100 mm) that maximizes the filter capacity. The filter capacity is classically used to characterize the performance of a filter. For a specified flow rate, the filtration capacity FC can be defined as the collected mass for a given overall pressure drop increase ıP = P -P 0 from the pressure drop P 0 across the clean filter. For the same conditions (flow rate, pleat optimal pleat density decreases as the flow rates is increased whereas an inverse evolution is found for the capacity optimal pleat density, as shown in 10. Also, Fig. 10 shows that the optimal pleat density range becomes larger when the flow rate is reduced and tends to include the optimal range obtained for higher flow rate. Interestingly, the optimal capacity is not very sensitive to the flow rate.

As a last illustration of the results that can be obtained using the model proposed in this paper, Fig. 11 shows the influence of pleat length. As can be seen from Fig. 11 for a pleat of uniform width the capacity increases with the pleat length and the optimal pleat density decreases with the pleat length. As shown in Fig. 12, however, increasing the pleat length does not implies systematically an increase of capacity when the pleat aperture is non-uniform.

Comparison with experimental data

In order to evaluate the performance of the clogging model, comparisons are made in this section with some experimental data for the overall pressure drop evolution during clogging. However, as explained below, we have not been in a position to perform this comparison as well as it would have been desirable for a full validation. Nonetheless the partial validation presented in this section together with the results presented in Section 3 is quite encouraging. The comparisons are made for the following conditions: air flow rate of 389 m 3 /h, frontal surface of the test panel = 89 mm. 220 mm, pleat length L = 55 mm and the fine Arizona dust as particles. Details on the experimental facility can be found in [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF]. Results of the experiments are shown in Fig. 13 for two pleat densities, namely 8 pleats/100 mm (which corresponds to a total number of 17 pleats) and 12 pleats/100 mm (total number of pleats = 26). In the simulation, we have considered a pleated filter element of variable aperture with H s /H 0 = 0.2 (see Fig. 3 for details on the notations) and with impervious pleat bottoms. The first simulation attempts have been performed using the parameters of plane filter medium clogging model given in Section 1. This led to poor results, [START_REF] Rebai | Analyse et modélisation du colmatage d'un filtre plissé au sein d'un filtre à air plissé[END_REF]. For technical reasons linked to the applied context in which this work has been developed, it must, however, be pointed out that the filter medium used in the pleated filter panel experiments is unfortunately not the same as the one that used in the plane filter medium experiments (see Fig. 4). The thickness and permeability of the filter medium used in the clogging plane medium experiments are 2.22 mm and 166 m 2 , respectively, whereas the corresponding values for the filter medium used in the respectively. Thus, one can surmise that this affect the clogging curve at the plane filter medium scale. For this reason, we have decided to adjust two parameters so as to obtain a good agreement with the experimental data for the pleat density of 8 pleats/100 mm (17 pleats). The two parameters are the cake porosity ε c and the critical collected mass M cr marking the transition between the depth filtration and the surface filtration. This leads to M cr = 0.118 kg/m 2 (as opposed to 0.59 kg/m 2 for the plane medium experiments presented earlier) and ε c ∼ 0.65-0.7. As can be seen from Fig. 13, a good agreement with the experimental results is indeed obtained with these values for the pleat density of 8 pleats/100 mm. Note that the parameter ˛of the evolution of filter medium permeability during the depth filtration period (see Eq. ( 1)) and the cake permeability are not adjusted but deduced from the plane filter medium experiments. More interestingly, Fig. 13 shows that a good agreement is also obtained for 12 pleats/100 mm with the adjusted values for 8 pleats/100 mm. Thus we believe that our model captures the essential features of clogging in a pleated filter element and can be used with some confidence for analyzing clogging. This conclusion is also supported by the study of the optimum pleat density presented in Section 3, which is also consistent with the available experimental data and the fitting of M cr used in this section. The results reported in Fig. 13 also indicate that the cake properties are sensitive parameters. A change in cake porosity directly affects the growth rate of the cake and this has a direct impact on the pressure drop generated in the pleat entrance channel.

Conclusion

A numerical model was proposed to simulate the clogging of a pleated filter element for the high filtration velocities representative of gas filtration in automobile applications. The model is obtained by combining a semi-analytical model of flow in a pleated filter and an empirical model of clogging of the plane filter medium applied locally along the pleated filter channels. The model takes into account the formation of a filtration cake of variable thickness at the porous wall of the pleated filter entrance channels and the resulting evolution of the entrance channels aperture distribution during the filtration/clogging process.

The results of simulation are consistent with the available experimental data. Nevertheless, more comparisons with experimental data are certainly needed. In particular, it would be interesting to test the model for simpler conditions than those considered here, for example from experiments with much narrower aerosol particle size distribution. This would also permit estimation of the porosity and permeability of the filtration cake using conventional models, e.g. for example the Kozeny-Carman relationship, or from a specific experiment. This would limit the number of unknown parameters in the model.

The model is much easier to use and much less computationally time demanding than a CFD code. For this reason, it greatly facilitates the performing of sensitivity studies. This has notably allowed us to identify two main clogging scenarios; clogging by filtration cake lateral growth and clogging by upstream growth of the cake from the pleat channel bottom. Experimental confirmation of this finding would be of great interest.

From a practical standpoint, the proposed model can be used as a design-sizing tool to limit for example the number of trials in the development of a filter. This has been illustrated in the present work by determining the pleat density maximizing the filter capacity.

Fig. 2 -

 2 Fig. 2 -Sketch of flow configuration and pleated filter element. The regions in grey correspond to the porous medium (in light grey for the pleat bottoms and in darker grey elsewhere along the pleat). The red arrows schematize the flow through the porous medium whereas the blue arrows are for the flow in the entrance and exit channels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

  Fig. 1 -Four scales of interest for the analysis of filtration in a filter. In this work, we concentrate on the pleated filter element scale (box with the dashed frame).
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 5 Fig.5-Evolution of pressure drop P as a function of mass M T of deposited particles for a pleated filter of uniform pleat aperture with impervious pleat bottoms or fully porous pleat bottoms. The frontal area is 220 mm. 89 mm and the pleat height is 55 mm. The total number of pleats is 26. The fibrous medium is a two-layer medium with an overall thickness and permeability of 2.84 mm and 2.28 × 10 -10 m 2 , respectively. The flow rate is 389 m 3 /h. Note that Kozeny-Carman model has been used for this simulation instead of the empirical model described by Eqs. (16)-(18).
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 7 Fig.7-Evolution of the filtration velocity v w (scaled by the averaged filtration velocity) and dimensionless pleat half-width H 1 along the pleat at different stages of clogging in a pleated filter with impervious pleat bottoms. The frontal surface of pleated filters is 220 mm. 89 mm, the pleat height is 55 mm and the pleat density 31 pleats/100 mm. The fibrous material is a two-layer medium with an overall thickness and a permeability of 2.84 mm and 2.28 × 10 -10 m 2 respectively. The flow rate is 386 m 3 /h. Simulation has been performed with impervious pleat bottoms.
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 8 Fig. 8 -Optimal pleat density. (i) without clogging (clean filter): variations of net pressure drop P (Pa) as a function of pleat density N (pleats number/100 mm), (ii) with clogging: variations of pleated filter capacity FC as a function of pleat density N (pleats number/100 mm) for an extra pressure drop of ıP = 15 mbar.
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 10 Fig. 10 -Evolution of pleated filter capacity as a function of pleat density N (number of pleats number/100 mm) for different flow rates. The pleated filter frontal surface is 220 mm. 89 mm and the pleat height is 55 mm. The pleat bottoms are impervious. The fibrous material is a two-layer medium with an overall thickness and permeability of 2.84 mm and 2.28 × 10 -10 m 2 , respectively.
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 11 Fig. 11 -Evolution of the filter capacity as a function of pleat density N for different pleats heights. The pleat aperture is uniform and the pleat bottoms are impervious.The flow rate is 389 m 3 /h. The frontal surface of pleated filter is 220 mm. 89 mm. The fibrous material is a two-layer medium with an overall thickness and permeability of 2.84 mm and 2.28 × 10 -10 m 2 , respectively.
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 12 Fig. 12 -Evolution of filter capacity as a function of pleat density N for two pleat heights 55 and 75 mm with uniform (ı = 1) and non-uniform (ı = 0.2) pleat aperture. The flow rate is 389 m 3 /h. The frontal surface of pleated filter is 220 mm. 89 mm. The pleat bottoms are impervious The fibrous material is a two-layer medium with an overall thickness and permeability of 2.84 mm and 2.28 × 10 -10 m 2 , respectively.
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 13 Fig.13-Evolution of overall pressure drop P (mbar) of pleated filter as a function of mass of deposited particle mass. The frontal surface of pleated filter is 220 mm. 89 mm and pleat height is 55 mm. The fibrous material is a two-layer medium with an overall thickness and permeability of 2.84 mm and 2.28 × 10 -10 m 2 , respectively. The flow rate is 389 m 3 /h.