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aForschungszentrum Jülich GmbH, IBG-1:Biotechnology, Wilhelm-Johnen-Str. 1, 52425 Jülich, Germany
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Abstract

The water flow rates of commercial sterilizing grade 10” filter cartridges were simulated by Computa-

tional Fluid Dynamics (CFD) and compared to experimental data. This study compares four methods used to

reconstruct the internal pleat geometry ranging from generic designs to analysis of microscopic images. The

impact of the cartridges’ plastic cage on flow resistance was studied and found to be negligible. A systematic

overestimation of the simulated filter flow rate was attributed to additional hydrodynamic resistance of the

non-woven material between the pleats. The permeability of the non-woven material was estimated by fitting

CFD models to experimentally determined water flow rates and compared to the permeability of this material

as directly measured with a flow cell. Good correlation between CFD-based estimations and directly mea-

sured values was found at low pressures, while differences at high pressures indicated the existence of further

flow resistance, which is hypothesized to be caused by deformation of the pleat geometry under pressure.

Keywords: filter cartridge, membrane filter, non-woven layer, pleat reconstruction, computational fluid

dynamics, flow resistance

1. Introduction1

1.1. Pleated Filter Cartridges2

Pleated filter cartridges for fluid filtration are widely used in a vast range of industrial applications, in-3

cluding waste water treatment, food and beverage, or water clarification for the microelectronic industry. The4

present study focuses on sterilizing filters used in pharmaceutical and biopharmaceutical processes ranging5

from cell culture media filtration to final fill applications. The products in this industry such as large protein6

therapeutic agents are highly sensitive to mechanical stress during the purification process (Aldington and7

Bonnerjea, 2007). Hence, a comprehensive understanding of the fluid dynamics in these filtration processes8
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is of particular interest. Nevertheless, the findings of this work can be transferred to filter cartridges in other9

industrial applications.10

Fig. 1 shows a typical filter cartridge in which the pleated membrane is attached in the annular region11

between two concentric plastic cylinders with windows that serve as fluid inlets and outlets. The device12

contains two membrane layers, a pre-filter and a main filter that are pleated to increase the area per filter13

element. Located between the pleats are two non-woven layers to maintain a certain distance between the14

pleats and serve as drainage to ensure complete usage of the membrane area during filtration. Higher pleat15

density and more pleats enable a larger membrane area to be packed inside one filter cartridge. In particular,16

pleat height, pleat type and packing density can be varied.17

Despite the importance in biopharmaceutical processes, little is known about the hydrodynamic flow in18

filter cartridges at operational conditions. Several research groups have shown that besides the permeability19

of the filter medium such as membrane, the pleating design of the filter cartridge can significantly impact20

the overall filter flow rate (Brown et al., 2009, 2010; Lutz, 2009). Dense pleating can decrease the flow rate21

in a filter cartridge by more than 50 % as compared with flat sheets of the same filter medium. Hence, the22

performance of industrial-scale pleated membrane cartridges, i.e. water flow rate at a given pressure, cannot23

easily be predicted from corresponding flat sheet data. However, previous studies are mostly empirical and24

lack a comprehensive analysis of several factors that impact on the fluid flow, such as pressure loss in the25

spacer material between the pleats or pleat shape deviations under operational pressure.26

Overall, a better understanding of the fluid flow in pleated filter cartridges can help to predict shear27

stress in filter cartridges, and in-silico development can improve the design of pleated filter elements. Future28

in-silico development of filter cartridges can support faster optimization of filter geometry with regard to29

membrane, non-woven and pleating design as well as the plastic parts of the cage and the housing.30

Figure 1: Filter cartridge. Full device with plastic cage (left), schematic diagram (middle), detail of cross section with pleated membrane

(right).
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1.2. Model-Based Analysis31

Several authors apply model-based methods for analyzing the performance of pleated cartridges in dif-32

ferent application areas, including filtration of gases and liquids. Computational fluid dynamics (CFD) is33

commonly applied for analyzing hydrodynamics, using finite elements or finite volumes. However, previous34

studies are limited to simplified geometries. The models are mostly set up in two spatial dimensions and with35

generic pleat shapes. The latter implies the assumption that all pleats have precisely the same geometry and36

properties.37

As illustrated in Fig. 1, there are three domains: 1) upstream of the membrane 2) the membrane 3)38

downstream of the membrane. The flow resistance of the layers of non-woven material is often neglected, as39

they have a much higher permeability than the membrane due to larger pores and a more open pore structure.40

However, these layers are key to maintaining the membrane in a specific shape, which is represented in the41

computational geometry.42

Chen et al. (1995) study pleated filter panels with six commercial filter media for various air filtration43

applications. Their model describes one rectangular pleat in two spatial dimensions and is solved using the44

finite element method. The model is validated against experimental data from Yu and Goulding (1992).45

Depending on the pleat height, there is a specific pleat count that minimizes the pressure drop of the device.46

The model is applied to optimize the performance of rectangular pleated filters with varying geometry and47

filter media. In a similar study, Théron et al. (2017) evaluate the influence of pleat geometry on the pressure48

drop and air velocity field in coarsely pleated fibrous filters. They simulate half of one representative pleat49

in three configurations with different heights and widths. As expected, the pressure drop decreases as the50

pleat height diminishes and the pleat width increases. These results are validated against data obtained from51

experimental prototypes.52

Chen et al. (2017) perform three dimensional simulations of single pleats in air filtration cartridges using53

the finite volume method. Four different pleat shapes are compared with respect to maximum and uniformity54

of the pressure field, which is important for reverse puls-jet cleaning. Subrenat et al. (2003) investigate a55

cylindrical pleated filter that is packed with activated carbon cloth for treating volatile organic compounds.56

They compare filters with 10, 30, 45 and 60 pleats. The computational domain describes one half pleat in57

three spatial dimensions and is also solved using the finite volume method. The model is applied to analyze58

the aerodynamic behavior in terms of pressure drop and flow structure. Additional criteria are homogeneity59

of the flow and utilization of the filter surface.60

Gas filtration applications are often in the turbulent flow regime (Caesar and Schroth, 2002), whereas liq-61

uids are mostly incompressible and in the laminar flow regime. Hence, CFD simulations of gas filtration runs62

performed by several authors have limited transferability to liquid filtration trials. In the latter case, the re-63

gions upstream and downstream of the membrane are governed by Navier-Stokes equations, and Brinkman’s64
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equation is used for describing media resistance in the porous region.65

Wakeman et al. (2005) study laminar flow of an incompressible fluid in a filter cartridge similar to Fig. 1.66

Their model describes two pleats in two spatial dimensions and neglects the plastic parts of the housing.67

The model equations are solved using the finite element method. A separate model describes the effect of68

membrane compression and loss of filtration area due to geometric and hydrodynamic effects. When both69

models are combined, the simulated pressure drop of the cartridge matches experimental data. The percentage70

of effective filtration area was found to decrease with increasing pleat number due to pleat crowding and71

membrane compression, particularly towards the center of the device. On the other hand, increasing pleat72

height creates more space that can cause pleat deformation in the periphery of the device. Nassehi et al.73

(2005) study similarly shaped devices that are used for filtration of hydraulic fluids employed in aeronautical74

applications. They compare four different computational geometries with an increasing level of detail and75

two numerical solution schemes for the finite element method. The simulation results are validated against76

one another, but not compared with experimental data.77

Other authors apply mathematical modeling for studying service life (Saleh et al., 2015) and fouling78

(Sanaei et al., 2016) of pleated filter cartridges, for example. However, these studies are related to intrinsic79

membrane properties rather than hydrodynamics between the pleats. Hydrodynamic flow patterns are also80

important for the performance of membrane adsorbers (Ghosh et al., 2013). They are usually studied under81

non-binding conditions. Understanding hydrodynamic effects in such devices is a key prerequisite for trans-82

ferring membrane-related data across devices with different arrangements of the same membrane type. This83

particularly applies to scaling from small discs to large filter cartridges (Giglia et al., 2010).84

1.3. Scope of this Study85

The main objective of this work is to systematically analyze the performance of pleated filter cartridges86

for liquids using CFD simulations and to quantitatively compare the simulation results to experimental data.87

In particular, the study focused on the impact of important design characteristics, such as the outer support88

screen, the inner core and the drainage layers between the pleats on cartridge performance. Experimental data89

is obtained by measuring the flow rates of clean water in prototype cartridges such as shown in Fig. 1. The90

CFD simulations are solely based on the geometry of pleats and the housing and on material properties, i.e.91

permeability and porosity of membrane and non-woven layers. Here, the intrinsic permeability of the porous92

membrane is calculated from measured water flow rates of flat sheet membranes. Service life or fouling is93

not considered in this study.94

Four different methods for reconstructing the pleat geometry in 2D cross-sections of the filter cartridges95

are implemented and compared to experimental data with regard to predicting water flow rates. Next, 3D96

simulations are applied to study the impact of the plastic cage on water flow rate.97
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For these simulations, the permeability of the non-woven layers that serve as drainage is assumed to be98

infinite. Differences observed between the CFD-simulated water flow rates and corresponding measurements99

are attributed to the hydrodynamic resistances of the non-woven. Hence, as a next step, the permeabilities of100

the non-woven material were directly measured using a flow cell. In addition, apparent permeabilities of the101

non-woven were estimated by fitting CFD simulations of the studied filter cartridges with finite non-woven102

permeability to the experimentally determined flow rates. These CFD estimated non-woven permeabilities103

were compared to the directly measured values.104

2. Experimental setup105

2.1. Water Flow Rate Measurements106

Sterilizing grade 10′′ filter cartridges with a pleat height of 11.5 mm were used. Prototype cartridges107

contained a heterogeneous double layer membrane, which is made of polyethersulfone and has a thickness108

of 160 µm for the pre-filter and 150 µm for the main filter. Four different prototype filters were built and109

measured in this study. One filter with 104 pleats (cartridge A) was used to compare different pleat recon-110

struction methods and to study the impact of the plastic cage. Three additional filters with 95 (cartridge B),111

102 (cartridge B) and 110 (cartridge C) pleats were employed to study the influence of the pleat density.112

Fig. 2 shows the experimental setup for water flow experiments. The cartridges were placed in a stainless113

steel housing and vented. The cartridges were first wetted for 300 s at a constant differential pressure of114

0.3 bar between the inlet and outlet of the housing. Differential pressure was measured using two pressure115

sensors (Wika, 0− 4 bar). Subsequently, the water flow measurement was started. A pressure drop of 0.5 bar116

was applied to cartridge A. Pressure drops of 1.5, 1.0, 0.5, 0.3, 0.2 and 0.1 bar were applied to cartridges B,117

C and D. The differential pressure was controlled by a rotary pump (Koch, 0 − 4 bar). The water flow rate118

was measured using a flow meter in the upstream piping next to the cartridge inlet. Each measurement was119

performed for 300 s. The temperature was controlled at 20 ± 0.5 ◦C.120

2.2. Membrane Permeability121

In the CFD simulations, the membrane properties are defined by two parameters, porosity ε and intrinsic122

permeability k. The porosity is a fundamental membrane property, which is tightly controlled in the manu-123

facturing process. The permeability has to be determined from experimental data. Typically, the water flow124

rate Q with the unit m3

s
is measured using membrane samples with surface area A and thickness L at a defined125

pressure drop ∆p. Flat disc membranes with an effective membrane area of 14.7 cm2 were placed in a stain-126

less steel housing. Before the flow was measured, the filters were wetted with water for 300 s at a pressure127

of 0.3 bar. The flow rate was then determined by gravimetry for 300 s at a pressure of 0.5 bar. Given the128

dynamic viscosity µ of the liquid, which is pure water in this study, Darcy’s law permits to calculate the129
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The microscopic image provides information on a cross section of the whole device, but in many cases173

only a sector is shown (Fig. 1). In the latter case, side boundaries of this sector need to be added to the174

computational geometry. In order to represent the whole capsule, periodic boundary conditions are applied175

at both sides of the sector. To do so, the ends of the reconstructed membrane region have to be manually176

adjusted such as to match each other’s positions. Boundary conditions are defined at the inlet and outlet as177

well as at the sides in case only a sector is provided.178

3.2. Regular Generic Design179

In this approach, the center line of the membrane is described by a simple mathematical function, Eq. (3),180

assuming that all pleats are identical. This function depends on the number of the pleats, Np, a form factor,181

p, and on the radial extension of the pleated region between r2 and r3. The radii r1 and r4 will later be used to182

confine the computational domain (Fig. 5, left). The function is defined in four steps (Fig. 5, right): First, a183

periodic curve h(φ) with the specified number of pleats is created in the Cartesian coordinate system using the184

sine function, Eq. (3a). Then, the shape of the pleats is adjusted using the form factor, p, according to Eq. (3b).185

In the Cartesian coordinate system, increasing the form factor makes the pleat edges more parallel and the186

outer and inner caps more spherical (Fig. 5, right). In other words, the form factor determines the width187

of the turn of the pleated membrane. Third, the resulting function is stretched and shifted according to the188

radial position, Eq. (3c). Finally, the created membrane curvature is transformed from Cartesian coordinates189

into radial coordinates using the standard transformation rules for the resulting x and y positions as given in190

Eq. (3d). Bézier points are calculated in MATLAB, using Eq. (3a) to Eq. (3d) and imported to the Inkscape191

vector graphics editor. In Inkscape, the same procedure as for the image analysis design is then followed.192

h1 = sin(φNp) with φ ∈ [0, 2π] (3a)

h2 = sign(h1) ∗ abs(h1)1/p (3b)

h3 = r2 + (r3 − r2) ∗ (1 + h2)/2 (3c)

x = h3 ∗ sin(φ) and y = h3 ∗ cos(φ) (3d)

193

3.3. Deterministic Irregular Design194

This approach combines features of image analysis and generic designs. The membrane path is not195

followed in full detail, but the microscopic image is used only for measuring the width of each pleat. A196

generic design is created with the same number of pleats, which are then individually stretched or compressed197

in order to match the measured widths. This procedure is implemented in MATLAB before the Bézier points198
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incompressible. The free regions, which are situated between the membrane pleats and at the inlet and outlet,230

Fig. 5 (left), are described by Navier-Stokes equations:231

ρ(
∂υ

∂t
+ υ∇υ) = −∇p + ∇(µ(∇υ + (∇υ)T ) (4a)

∇υ = 0 (4b)

In Eq. (4), ρ is the density, υ the velocity and p the local pressure of the liquid. The membrane region, as a232

porous domain, is described by Brinkman’s equation:233

ρ(
∂υ∗

∂t
+ υ∗∇υ∗) = −∇p + ∇(µ(∇υ∗ + (∇υ∗)T ) −

µ

k
υ∗ (5a)

∇υ∗ = 0 (5b)

In Eq. (5), υ∗ = υ
ε

is the interstitial velocity.234

Stationary solutions of eqs. (4)-(5) are computed in COMSOL Multiphysics 5.2a for specific pressure235

drops across the outer boundaries of the imported geometry. For the 2D simulations, the outer boundaries236

are given by the arcs at r1 and r4 in Fig. 5 (left). Periodic boundaries are implemented by identifying the237

dashed lines at both sides of the grey area in Fig. 5 (left). For the 3D simulations, the inlet is defined at the238

front side of the outer ring in Fig. 6 and the outlet at the back side of the central disc. Vanishing normal flow239

is used as boundary conditions at all other outward faces in Fig. 6. No slip boundary conditions are applied240

at the inner and outer surfaces of the membrane layer, i.e. the tangential component of surface velocity241

between the void and porous regions is zero. This is justified by the fact that the largest pressure drop in the242

system occurs across the membrane layer, and consequently the liquid flow is practically orthogonal to both243

sides of the membrane. For the same reason, the intrinsic permeability, k, is assumed to be isotropic. The244

computational domain is meshed using unstructured triangular elements, and the direct MUMPS solver is245

used. All simulations are performed on several meshes with increasing element numbers until the resulting246

flow rates varied by less than 1 %. Tab. 1 provides an overview of the geometric parameters of the filter247

cartridges used for the CFD simulations.248

6. Results and Discussion249

6.1. Comparison of Pleat Reconstruction Methods250

Fig. 7 shows the results of 2D simulations using the four pleat geometry reconstruction methods at a251

pressure drop of 0.5 bar. As expected, the flow rate strongly increases in the gaps between the membrane252

pleats. Due to the constant thickness and homogeneous material properties of the membrane layer(s) and253
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Table 1: Geometric parameter of CFD simulated filter cartridges.

Parameter Value Unit

Membrane thickness 313 µm

Non-woven thickness 260 (B, C, D) µm

Membrane permeability 1.03 · 10−14 m2

Membrane porosity 79 %

Non-woven porosity 79 (B, C, D) %

Pleat height 11.5 mm

Inner boundary (r1) 44 mm

Outer boundary (r4) 71 mm

Pleat number 104 (A), 95 (B), 102 (C), 110 (D) −

because the largest part of the pressure drop occurs across these layer(s), the flow rate is very uniform within254

the membrane region. It is also rather uniform in the inlet channel, but jets occur in the outlet channel that255

are caused by the membrane pleats. With all four pleat reconstruction methods, the periodicity at the side256

walls of the simulated sector is clearly visible. Only in the regular generic design, Fig. 7b, are all pleats257

identical, while various differences can be observed in the other panels of this figure. The image analysis258

design, Fig. 7a, is most elaborate in following every detail of the membrane curvature. Only the width of259

each pleat is precisely reproduced in the irregular generic design, Fig. 7c, while the random generic design,260

Fig. 7d, features the same pleat width distribution.261

The simulated flow velocity profiles resulting from the four different pleat reconstruction methods, as262

compared in Fig. 7, exhibit some distinct qualitative differences of the local flow velocities in the pleats.263

Unfortunately, the local flow rates cannot be directly compared to measurement data, as such experiments264

cannot be performed with sufficient precision. However, the simulated water flow rates can be extrapolated265

from the simulated cross section for the entire cartridge in order to calculate the total water flow rate of the266

10” cartridge. This allows direct comparison with measurement data. The results for 0.5 bar are shown in267

Fig. 8.268

Deviations between the predicted and the measured flow rates are between 9.71 − 16.25 %, depending269

on the pleat reconstruction method. Theses differences are mainly caused by the differing flow field between270

the pleats. The flow field in the channels upstream and downstream of the membrane has very little influence271

on the resulting water flow rates, as the pressure drop across these regions is very little (Fig. 9). In all 2D272

simulations, the predicted flow rates are systematically larger than the measured ones. This can be attributed273

to the fact that several flow resistances were neglected in the simulations. Subsequently, these potential274

additional flow resistances are analyzed in more detail. The flow rates simulated using the image analysis275
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the local flow profile is supposed to be more accurate as well. However, the pleat reconstruction by image279

analysis is more labor-intensive than it is for generic designs.280

6.2. Impact of Plastic Cage281

Further simulations are performed to analyze the difference between simulated and measured flow rates.282

These simulations explicitly account for the flow resistance caused by the plastic cage. Hence, they need283

to be performed in 3D and require the membrane pleating to be reconstructed for a full 2D cross section of284

the cartridge. The regular generic design is used in the 3D simulations, which are computationally much285

more expensive. The simulated velocity profiles with and without considering the plastic cage as well as the286

simulated pressure profiles are shown in Fig. 9 for a pressure drop of 0.5 bar. The simulated flow rate of the287

2D simulations is 51.5 L
min

, whereas the flow rate of the 3D simulation without the plastic cage is 51.8 L
min

288

and that with the plastic cage is 50.5 L
min

.289

Figure 9: Simulated velocity profiles (top) and pressure profiles (bottom) in a 3D ring for a pressure drop of 0.5 bar and pleat geom-

etry reconstructed by regular generic design. For comparison with 2D simulations, plastic parts are modeled as a) permeable and b)

impermeable. Both panels show a central cross section through the simulated ring.
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Comparison between 2D and 3D simulations without the plastic cage allow quantification of the numerical290

approximation error of the CFD simulations in this case study. For all three pressure drops studied, the impact291

of the plastic cage on the flow rate is in the same order as the numerical approximation error. In conclusion,292

the flow resistance caused by the plastic parts can be neglected, independently of the pleat reconstruction293

method. Furthermore, the pressure drop in the inlet region upstream of the membrane pleats as well as in294

the core is negligible compared with the pressure drop across the pleated membrane region. The remaining295

difference between simulations and measurements, which is between 9.7 % and 16.3 % at a pressure drop of296

0.5 bar, is presumably caused by the omitted hydrodynamic resistances due to the non-woven layers between297

the membrane layers.298

6.3. Impact of Non-Woven Material299

Three prototypes (cartridges B, C and D) are used to analyze the impact of the non-woven material in the300

drainage layer on the water flow rate. These cartridges have similar material properties to those of cartridge A.301

Since high quality microscopic images of the full cross section are available for these prototypes, the image302

analysis design was used for reconstructing the geometry. Fig. 10 depicts the experimentally determined303

water flow rates of the three cartridges as well as the predicted water flow rate with the assumption of infinite304

non-woven permeability. In the CFD simulations, infinite permeability is implemented by replacing the305

respective porous region by a void region. As for cartridge A (104 pleats, shown above), the predictions for306

cartridge B (95 pleats) and cartridge C (102 pleats) at 0.5 bar deviate from the corresponding water flow rate307

measurements by less than 10 %. However, the predictions for cartridge D with a higher pleat density (115308

pleat) deviate more strongly (17.4%) from the corresponding measurements. At an increased pressure drop309

of 2.0 bar, the simulations overpredict the measured water flow rates even more by up to 33 % for cartridges310

B and C and up to 44 % for cartridge D. In other words, the simulation error increases as do the pleat density311

and pressure.312

The non-woven permeabilities of cartridges B, C and D are estimated by fitting CFD simulations to313

experimentally measured water flow rates at different pressure drops. The results in Tab. 2 to Tab. 4 indicate314

that the non-woven material is more permeable than the double layer membrane with a permeability of 1.03 ·315

10−14 m2 by about four orders of magnitude. Nevertheless, it has a significant influence on the flow of316

water through the filter cartridge. This can be attributed to the fact that membrane is crossed by the bulk317

flow in an axial direction while flow passes through the majority of non-woven layers in a lateral direction..318

Consequently, the length of the flow path through the membrane, which is the membrane thickness, is shorter319

by two magnitudes than through non-woven material, which can be as long as the pleat height. Conversely,320

the cross-sectional area of the membrane that is effectively exposed to the water flow is larger by two orders321

of magnitudes than the area of the non-woven layers.322

The CFD estimated non-woven permeabilities depend on the pressure drop even though the permeability323
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Table 3: Water flow rates of cartridge C as measured and simulated in 2D with and without non-woven layer, and CFD estimated

non-woven permeabilities. The difference between measured and simulated values is shown in parentheses.

Pressure Experimental 2D Simulated water flow rate CFD estimated

drop water flow rate without non-woven layers non-woven permeability k

bar L
min

L
min

m2

0.1 11.2 10.1 (-9.8 %) −

0.2 20.7 20.2 (-2.4 %) −

0.3 29.4 30.3 (+3.1 %) 3.80 10−10

0.5 46.5 50.4 (+8.4 %) 1.27 10−10

1.0 85.1 100.6 (+18.2 %) 0.55 10−10

1.5 119.3 150.6 (+26.2 %) 0.37 10−10

2.0 150.9 201.6 (+33.6 %) 0.28 10−10

Table 4: Water flow rates of cartridge D as measured and simulated in 2D with and without non-woven layer, and CFD estimated

non-woven permeabilities. The difference between measured and simulated values is shown in parentheses.

Pressure Experimental 2D Simulated water flow rate CFD estimated

drop water flow rate without non-woven layers non-woven permeability k

bar L
min

L
min

m2

0.1 11.4 11.1 (-2.6 %) −

0.2 21.2 22.2 (+4.7 %) 2.97 10−10

0.3 29.8 33.3 (+11.7 %) 1.15 10−10

0.5 47.1 55.3 (+17.4 %) 0.75 10−10

1.0 86.3 110.1 (+27.6 %) 0.45 10−10

1.5 120.9 164.6 (+36.1 %) 0.34 10−10

2.0 151.7 218.8 (+44.2 %) 0.27 10−10

directions. As described in the experimental section, a flow cell was constructed to measure the non-woven331

permeability in a lateral flow direction. The flow cell has a slit with a defined height hslit in which the non-332

woven material can be compressed. Two, three and four layers of non-woven were measured at various333

differential pressures. Here, the compression factor c is determined by the height of the slit hslit and the334

thickness of the non-woven sample hnon−woven.335

c =
hnon−woven − hslit

hnon−woven

(6)

Fig. 11 compares the permeability of the non-woven material as measured using the flow cell with many336
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7. Conclusions and Outlook351

In the presented study, model-based analysis of different pleated filter cartridges was performed. Four352

different reconstruction methods for membrane pleats in a commercial 10” filter cartridge were compared353

with respect to their ability to predict the measured water flow rate at 0.5 bar. The pleat reconstruction354

methods are based on a microscopic image of a 2D cross section of the cartridge. In comparison of the355

simulated water flow rates to experimental values, the best results were obtained for the image analysis356

approach with an overestimation of about 10 %. In this approach, the membrane curvature is followed in357

full detail, which is laborious and potentially restricted to a sector of the cross section that is covered by the358

microscopic image. However, similar results can be achieved by adjusting the pleat width of a simple generic359

design such that the width of each pleat is exactly reproduced without considering further variations among360

the pleat shapes. Using this approach, the calculated water flow rates overpredict the experimental values361

by approx. 16 %. For all four reconstruction approaches, the CFD simulations systematically overpredict362

the experimental flow rates. Using 3D simulations of the filter cartridge, the impact of the plastic cage on363

the water flow rate was assessed. These simulations are computationally much more expensive. However,364

the results show that the plastic cage does not significantly contribute to the overall flow resistance of the365

analyzed cartridge at the pressure drops studied, indicating that the major hydrodynamic resistance is within366

the membrane and the membrane pleating.367

Subsequently, three cartridge prototypes with varying pleat densities were constructed and analyzed at368

different pressures. At higher pressures, the overestimation of the simulated flow rate increased by about 30 %369

at 2 bar. These deviations are attributed to the omission of non-woven layers in the cartridge, even though370

these are highly porous. In further CFD simulations, the non-woven was considered, and its permeability was371

estimated such that the simulated water flow rates match the corresponding experimental data. These values372

were compared to the non-woven permeability as determined experimentally by a tailor-made flow cell. At373

pressures below 0.5 bar, the CFD estimated non-woven permeability closely matches the directly measured374

one. However, the CFD estimated non-woven permeability decreases significantly as pressure increases. The375

non-woven permeability as a material property cannot depend on the pressure drop, as is observed for the376

directly measured values.377

Consequently, there must be an additional resistance that increases with pressure and is not considered in378

the CFD simulations. This is likely caused by the fact that the pleat geometry is assumed to be static, i.e.,379

independent of the applied pressure. Yet during filtration, potential shifts in the pleat geometry can influence380

the fluid flow through the cartridge. Moreover, changes in pleat geometry might decrease the permeability381

of the non-woven by compression. Geometry changes during operation of such filter cartridges have not382

been studied yet, since methods to investigate such effects under process conditions are challenging. Further383

investigations are needed in order to obtain more accurate CFD predictions of the internal fluid flow.384
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The significance of the non-woven layer for the performance of pleated filter cartridges has not been385

recognized so far in the scientific community, and in particular, the contribution of the three major mass386

transfer resistances could not be quantitatively distinguished. These findings provide crucial information to387

further improve the design of such cartridges both in academia and in the industry. The models provided388

in this study can help to further analyze and efficiently design these cartridges, thus save costs and time-389

consuming experiments. In summary, the flow rate of unused cartridge can be predicted with high accuracy.390

This development will pave the way for analyzing other retention mechanisms, including effects such as pore391

blockage and cake formation.392
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