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Abstract
Depth filtration is widely used for clarification of liquid feeds, including the purification of biopharmaceuticals. The performance characteristics of these depth filters can be strongly influenced by the local flow and pressure distribution within the filter capsule, but there is currently little information on these phenomena in commercial depth filter modules. This work used a combination of computational fluid dynamics (CFD), residence time distribution (RTD) measurements, and dye binding experiments to obtain detailed information on the pressure and flow distribution within a small-scale SupracapTM depth filtration capsule, containing two layers of depth filter media with different pore size, that is of high interest in bioprocessing. The results confirmed the presence of four distinct flow paths through the capsule, with less than 40% of the flow passing completely through even a single layer of the depth filter media and only 11% passing through both layers. Model calculations were in good agreement with the measured RTD and images of dye binding, providing further confirmation of the flow phenomena. These studies provide important insights into the performance characteristics of these depth filters, while providing a framework that can be applied to analyze the pressure and flow distribution in other membrane and depth filtration modules. 
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1. Introduction 
Depth filters are widely used for clarification of process streams encountered in the biopharmaceutical, wastewater treatment, dairy, and beverage industries [1] – [3]. Depth filters can provide high removal of particulate matter on both the filter surface and throughout the tortuous pore matrix [4]. Previous studies have demonstrated the potential of using depth filtration for clarification of mammalian cell culture broth [5] – [7], removal of HCP and DNA impurities [8] – [10], clearance of retrovirus and parvovirus [11], and reduction of high and low molecular weight species [12]. 
	The performance of a depth filter will depend on the local pressure / flow distribution within the capsule that houses the filter.  For example, Collins et al. [13] measured the pressure variation within a large-scale depth filtration system employing a stacked array of ten 2 m2 capsules each with an added pressure sensor. Some module configurations showed more than a 2.5-fold variation in pressure between the different capsules, which would be expected to provide a similar variation in local filtration rate. However, this specially-designed system only allowed pressure measurements at several distinct locations, potentially under-estimating the actual pressure variations throughout the system. Krupp et al. [14] subsequently evaluated the pressure and flow profiles within this system using a simple model accounting for the hydrostatic and hydrodynamic pressure drops, with the latter determined using a Darcy’s law expression. The authors also proposed a process for using this model to estimate the filter capacity and scale-up based on limited experimental data for filter clogging. 
	A much more detailed description of the local pressure / velocity distribution can be obtained using computational fluid dynamics (CFD) for the specific geometry of interest. For example, Iliev et al. [15] used a multiscale modeling approach to evaluate the effects of particle deposition on the flow and pressure profiles in fibrous depth filter media. Other studies have used CFD to evaluate flow and mass transfer in spacer-filled channels [16], hollow fiber cartridges [17], and spiral wound modules [18]-[20], among other membrane devices.  
	Although CFD studies can provide highly detailed information on the fluid velocity profiles, it is difficult to properly validate the model calculations since one typically has data only for the average filtration rate as a function of the inlet and outlet pressures. Wang et al. [21] obtained additional validation of their CFD model for flow in an electrochemical membrane bioreactor by measuring the residence time distribution (RTD), with the results used to identify dead zones within the bioreactor. RTD measurements have also been used to study the performance of hollow fiber membrane contactors [22] and spiral wound reverse osmosis modules [23], although there have, to the best of our knowledge, been no measurements or analysis of the RTD in any commercial depth filter modules. 
The objective of this study was to use a combination of CFD, RTD measurements, and dye binding experiments to evaluate the pressure and flow distribution within a small-scale SupracapTM depth filtration capsule that is of high interest in bioprocessing. This filter contains two layers of lenticular filter media with different pore size. The combination of these experimental and computational studies provides important insights into the performance characteristics of these depth filters, while providing a framework that can be applied to analyze the pressure and flow distribution in other membrane and depth filtration modules. 

2. Experimental procedures
2.1. Residence Time Distribution (RTD)
The RTD was determined for SupracapTM 50 capsules (Pall Corp., Port Washington, NY) containing PDH4 depth filtration media with 22 cm2 exposed surface area. The PDH4 media consists of a dual layer structure with a lenticular grade 700 filter (K 700P), with 6-15 µm nominal pore size, directly on top of a grade 50 filter (KS 50P), with 0.4 – 0.8 µm nominal pore size (Figure 1). The capsule is designed so that the flow enters between Layers 2 and 3 (K 700P), moves through the two layers of PDH4 media, passes along the upper and lower surfaces, and then exits through a central annulus. The SupracapTM 50 capsules were initially flushed with 180 L/m2 DI water obtained from a Direct-Q® 3 UV Water Purification System (MilliporeSigma, Billerica, MA) followed by an additional 90 L/m2 of 200 mM Phosphate Buffered Saline (PBS, AM9625, Thermo Fisher Scientific, Waltham, MA). The buffer was then flushed from the filter / capsule using pressurized air at 4 psi for approximately 10 min. 
The RTD was evaluated using Cibacron blue dye (Sigma-Aldrich, B1064) dissolved in DI water at a concentration of 3 g/L; the high concentration was used to rapidly saturate any binding / adsorption sites within the filter media. Data were obtained at constant flow rates of 1.0 and 4.0 ml/min (corresponding to filtrate flux of 0.45 and 1.8 L/m2/min), which were set using a Masterflex L/S Peristaltic roller pump (Gelsenkirchen, Germany) placed upstream of the SupracapTM 50 capsule. The feed was started with DI water and then rapidly switched to the dye solution at t = 0. Permeate samples were collected for offline analysis of the dye concentrations by UV–vis absorbance at 622 nm using a 96-well GENiosFL microplate reader (Tecan, Hombrechtikon, CH). All experiments were performed at room temperature (20-25 °C). 
[image: ]
[image: ]Figure 1. (a) Side view and (b) top view of the model configuration for the (c) Pall SupracapTM 50 depth filter capsule (https://shop.pall.com/us/en/biotech/depth-filtration/zidgri78l9d). The PDH4 media has two separate layers of grade 700 filter (K700P with 6-15 µm pore size) and grade 50 filter (KS50P with 0.4 – 0.8 µm pore size) with a small gap between the layers. Grey and black arrows represent porous media flow and bulk flow, respectively. All lengths are in mm. 




2.2. Dye binding 
Additional information on the flow distribution within the Pall SupracapTM 50 capsule was obtained using dye binding studies. A dilute (3 g/L) solution of the Cibacron Blue dye was filtered through the capsule and images were taken of the upper and lower surfaces of the capsule as a function of time. At the end of the experiment (when all the feed was filtered through the capsule), the capsule was cut open using a Dremel (4000-2/30) High Performance Rotary Tool and the individual layers of the PDH4 media were examined to map the location of bound dye. 

3. CFD simulations
To understand the flow structure within the depth filtration capsule, three-dimensional CFD simulations were performed in the model geometry shown in Figure 1, which was virtually reconstructed from a cut-open device. The cylindrical capsule contains four washer-shaped filter layers with nominal permeability of 3.1 x 10-14 m2 for the top and bottom layers (KS 50P) and 3.1 x 10-13 m2 for the two internal layers (K 700P) based on corresponding water flow rates of 93 L/min/m2 and 935 L/min/m2 at a differential pressure of 100 kPa (14.5 psi) as reported by the manufacturer. (https://shop.pall.com/us/en/biotech/depth-filtration/zidgri78l9d)
The 2.7 mm-thick KS 50P and K700P filter media are arranged symmetrically about the mid-plane, with the two filter media in the top and bottom halves separated by a 2.7 mm spacing. The filter media are radially bounded by outer and inner open cylindrical annuli through which the feed and permeate streams flow, respectively. The top of the upper filter layer is separated from the upper surface of the capsule by a 1.5-mm spacing that is open to the inner (permeate) annulus, while the inner filter layers are separated by a 2.5-mm spacing that receives fluid from the outer (feed) annulus.  A similar geometry exists on the bottom. The open space between the KS 50P (Layers 1 and 4) and K 700P (Layers 2 and 3) is radially blocked from the feed and permeate annuli, allowing net flow only in the axial direction.  The feed enters the outer open annulus of the capsule through a 3-mm diameter cylindrical feed port on top of the capsule, while the permeate is removed from the inner open annulus at the bottom of the capsule. Disregarding the asymmetric placement of the feed port, the capsule configuration is otherwise axisymmetric. 
	Steady incompressible flow of a Newtonian fluid of density  and viscosity  through the open spaces in the capsule is described by the steady-state continuity and Navier-Stokes equations: 


where p and u denote the pressure and velocity, respectively.  The filter layers were modeled as homogeneous porous media, with laminar flow within the filter media described by Darcy’s law:

 where  is the permeability of the porous medium, which is assumed to be uniform in each filter layer. The assumption of an isotropic permeability is consistent with SEM images of cross-sections through the PDH4 media [24]. These equations are solved subject to no-slip conditions on all solid boundaries within the capsule, zero viscous normal stress at the outlet, and uniform velocity profile with a prescribed volumetric flow rate at the inlet. 
The computational domain was created and meshed in ICEM-CFD (Ansys, Inc., Canonsburg, PA), and the resulting mesh structure was subsequently imported into Fluent (Ansys, Inc., Canonsburg, PA) to solve the governing equations using a pressure-based finite volume method. Convergence to steady state was achieved when the residuals for the governing equations were reduced to less than 10-5. Mesh refinement near the walls was performed until the converged solution became insensitive to mesh size. For the flow rates considered in this study, a refined mesh consisting of about 21 million tetrahedral elements was found to be sufficient for capturing the flow field.
	After computing the steady state velocity distribution within the capsule, the residence time distribution was determined by introducing a tracer (Cibacron Blue in the experiments) at the inlet and monitoring the tracer concentration at the outlet as a function of time.  For a dilute binary mixture, the tracer distribution within the capsule is governed by the time-dependent species (tracer) conservation equation 

where C is the tracer mass fraction, u is the steady-state velocity distribution computed earlier, and D is the binary diffusion coefficient of tracer in water.  For the Cibacron Blue tracer used in the experiments, the value of D was estimated to be 3.9 x 10-10 m2/s using the Stokes-Einstein equation for a hard sphere with density of 1.8 g/cm3 and the molecular weight of 774 Da (http://www.chemspider.com/Chemical-Structure.150712.html). Equation (4) was marched in time starting with a step increase in tracer concentration at the inlet at time t = 0, subject to no-flux conditions at solid boundaries within the capsule and zero diffusive flux at the outlet. The flow-weighted mass fraction of tracer at the outlet of the module was monitored in time to compute the residence time distribution.

4. Results and Discussion
4.1	Flow structure
Streaklines of flow within the capsule, color-labeled by flow speed, are shown in Figure 2 for a flow rate of 1.0 ml/min (see also supporting video 1). Two different views, parallel and perpendicular to the plane of symmetry of the capsule, are shown in this figure. The flow structure for a flow rate of 4.0 ml/min (supporting video 2) is qualitatively similar to that shown in Figure 2. The flow Reynolds numbers based on the average inlet velocity and inlet tube diameter are 0.7 and 2.8 for flow rates of 1.0 ml/min and 4.0 ml/min, respectively. 
The fluid entering the outer annulus through the feed port behaves qualitatively similar to an impinging jet that spreads azimuthally outward (relative to the inlet) within the annulus, thereby creating a predominantly-tangential flow within the outer annulus that is symmetric about the capsule’s symmetry plane. The tangential flows on the two sides of the symmetry plane converge at an azimuthal location diametrically opposed to the inlet port to form a stagnation point flow that is driven into the central gap between the internal K 700P media. Fluid within the outer annulus can also enter this gap at other azimuthal locations.  From the central open space, fluid moves through the filter media and exits the module through the inner annulus. 

[image: ]
Figure 2. (a) Parallel and (b) perpendicular views (relative to the symmetry plane) of streaklines showing flow within the capsule at a flow rate of 1.0 ml/min, color-labeled by velocity magnitude.


The corresponding pressure distribution within the capsule, viewed parallel and perpendicular to the symmetry plane, is shown in Figure 3. The pressure drop across the filter as a whole is 210 Pa at a flow rate of 1 ml/min and 840 Pa at 4 ml/min. Since the permeability of the top and bottom (KS 50P) media is an order of magnitude lower than that of the two internal (K 700P) media, most of the pressure drop occurs axially across the KS 50P media. With notable exceptions in the immediate vicinity of the inner edge of the K700P media and both edges of the KS 50P media, the pressure is radially uniform within the filter media. The large pressure gradients at the inner edge of the internal layers and both edges of the top and bottom layers are indicative of radial bypass through the edges of the filter media.

[image: ]Figure 3. (a) Parallel and (b) perpendicular views (relative to the symmetry plane) of pressure distribution within the capsule at a flow rate of 1.0 ml/min. 




The ideal flow path in the SupracapTM 50 capsule would be one that takes the fluid from the outer annulus into the central gap between the internal K 700P media, followed by axial flow through both filter media into the permeate collection reservoirs at the top and bottom of the capsule before leaving the capsule through the inner annulus (labeled as path 2 in Figure 4). However, as suggested by the pressure distribution in Figure 3, there are three other flow paths arising from radial bypass through the edges of the filter media. These bypass flows are identified by paths 1, 3, and 4 in Figure 4; the fractions of the flow passing through each path are summarized in Table 1.  Path 1 corresponds to radial bypass from the outer annulus to the permeate collection reservoir through the outer edge of the KS 50P media, and accounts for 11% of the total flow. This implies that the K S50P layer would perform about 11% of the clarification by itself (at the start of the filtration, i.e., before any filter fouling), without the K 700P layer providing a “polished” feed.  Paths 3 and 4 represent radial bypass into the inner annulus through the inner edges of the KS 50P and K 700P media, respectively.  Remarkably, only 36% of the flow follows the ideal path (completely through both layers of filter media) at flow rates of 1.0 and 4.0 ml/min. The predominant flow path is Path 4, which allows 51% of the flow to leave the capsule through the inner edge of the internal filter layers. More than 60% of the flow is able to leave the capsule without passage through even a single complete layer of filter media (from bottom to top), although these bypass flow paths do traverse significant radial distances within an individual layer of the filter.  The presence of defects in sealing of the filter media could potentially exacerbate these problems, creating additional non-uniformity in the flow distribution through the PDH4 media.
[image: ]
Figure 4. Streaklines showing different flow paths through the SupracapTM 50 capsule at a feed flow rate of 1 mL/min: (a) Path 1, (b) Path 2, (c) Path 3, (d) Path 4. 
 





In addition to simulations of the actual PDH4 media, we also evaluated the flow distribution for capsules containing (i) 4 layers of the K 700P media, (ii) 4 layers of the KS50P media, and (iii) media in which each layer has a permeability that is 10X that of the permeability of the PDH4.  The resulting flow fractions for the different paths are summarized in Table 1.  The flow fractions for the different paths in the module depend only on the ratio of the permeabilities of the media layers used in each half of the capsule, with the results for the capsule having 10x the permeability of the PDH4 being identical to that of the actual capsule. Filters in which the two layers have similar permeability show significantly less bypass through Path 4, with an increase in the fraction following Path 1. Results for capsules in which the two layers have the same permeability show that bypass through Path 4 is reduced by 80% (compared to PDH4), rendering Path 1 the predominant bypass route. 

Table 1. Flow fraction (%) for different paths in capsules containing PDH4 media, K700 media alone, KS50P media alone, and media with 10X the permeability of PDH4 media. 
	
	PDH4
	K700 / K700
	KS50P / KS50P
	10X Permeability of PDH4

	Path 1
	10.5
	34.7
	34.7
	10.5

	Path 2
	36.0
	50.6
	50.6
	36.0

	Path 3
	2.3
	3.7
	3.7
	2.3

	Path 4
	51.2
	11.0
	11.0
	51.2




It is important to note that all of the calculations presented in Figures 2 to 4 (and Table 1) are for the pristine (unfouled) filter.  Fouling due to the presence of solids in the feed stream (as in the case of cell culture fluid) would significantly alter the flow distribution in the depth filter by increasing the resistance to flow in the fouled regions. Since Path 4 has the largest flow fraction and the smallest area, we would expect fouling to reduce the flow through this path first, causing a larger fraction of the flow to be shifted through Path 2 (the ideal path) and also through Path 1. The net result would be a more uniform flow distribution as the filter fouls, similar to the results in Table 1 for filters in which both layers have the same permeability. Since fouling will likely occur non-uniformly in each layer, the actual flow distribution through the partially fouled filter will be even more complex than that shown in Figures 2 to 4.
Figure 5 shows images of the upper and lower surfaces of the four layers of media within the SupracapTM 50 capsule that was used in the dye-binding experiments.  The layers are numbered from top to bottom. The lower surface of Layer 2 and the upper surface of Layer 3 both show a nearly uniform blue color, as do the upper surface of Layer 1 and the lower surface of Layer 4; these are the filter surfaces exposed to the inlet feed and the exit permeate.  In contrast, the upper surface of Layer 2 and the lower surface of Layer 3 show non-uniform color that is localized mostly around the inner edge of the filter media, consistent with the CFD analysis showing that much of the flow leaves through the inner edge of these layers (path 4). Similarly, the bottom surface of Layer 1 and the top surface of Layer 4 are only blue around the outer edge of the filter media, confirming that fluid enters these layers from the outer radial surface and largely bypasses the filter media through path 1, consistent with the results of the CFD analysis. 


[image: ]Figure 5 – Images of the top and bottom surfaces of the four layers of PDH4 media within a single Pall SupracapTM 50 filter capsule at the end of the dye binding experiment.  Layers are numbered in the order in which they are housed within the capsule. Inlet flow enters between Layers 2 and 3 as shown in Figure 1.



















4.2	Residence time distribution
The computed and experimentally measured residence time distributions for flow rates of 1.0 and 4.0 ml/min are shown in Figure 6. CFD predictions are in qualitative agreement with experimental data, with two notable discrepancies. First, the simulation results predict a greater time lag before breakthrough at both flow rates, and a slightly faster increase to complete breakthrough at long times.  This is shown more quantitatively in Table 2, with the lag times evaluated as the time at which the dye concentration at the outlet reaches 5% of the feed concentration, i.e., C/C0 = 0.05.  The time lag predicted by simulation is 24% larger than the experimental measurement for 1.0 ml/min, with this difference increasing to 40% at 4.0 ml/min.  A possible explanation for this difference could be greater radial bypass through path 4 in the experiments compared to the simulations. Path 4 has the shortest lag time of the four flow paths identified in the simulations; about 4 min at a flow rate of 1.0 ml/min, consistent with the experimentally observed lag time. More extensive radial bypass through path 4 could occur as a result of channeling arising from non-uniformity in the permeability of the filter media, a feature that is not included in the CFD simulations. 

[image: ]
Figure 6. Comparison of residence time distributions in the SupracapTM 50 capsules from experiments and CFD simulations. 



Table 2.  Lag times for different flow rates evaluated at C/Co = 0.05
	
	Lag time (min) Experiment
	Lag time (min)
Simulation
	
% difference

	1.0 ml/min
	4.1
	5.1
	24

	4.0 ml/min
	1.0
	1.4
	40





The second discrepancy between the simulations and experimental data is the long-time behavior of the residence time distribution. The long-time plateau in the normalized concentration appears to approach a value of 0.95 after 200 min (not shown in Fig. 6) in the experiment with a flow rate of 1.0 ml/min, instead of the expected value of 1.0 exhibited by the simulation results. This difference is likely due to continued binding of dye within the filter media, which is not accounted for in the current CFD simulations.  Including dye adsorption in the model would change the shape of the RTD curve and could account for the observed discrepancy at long times. However, adsorption of such a small dye within the media should have no effect on the flow structure; thus, we expect the flow distribution within the capsule to remain unchanged with the bypass flow through Path 4 to be the predominant pathway even when dye adsorption is included in the simulations. 
Finally, the appearance of an inflection point in the simulation results is indicative of the presence of at least two dominant flow paths with widely different lag times; in this case paths 4 and 2 with respective lag times of 4 min and 40 min at a flow rate of 1.0 ml/min. The apparent absence of the inflection point in the experimental data is further indication that one of these paths is dominant in the experiments; namely, path 4 with the shorter lag time. Predominant bypass through path 4 in the experiments is also consistent with results from the dye binding experiments. The absence of overlap between colored regions on the top of Layer 2 and the bottom of Layer 1 (see Figure 5) indicates that very little flow occurs through the ideal flow path (path 2). The same behavior is seen with the bottom of Layer 3 and the top of Layer 4. In fact, the dye binding experiments suggest that most of the flow occurs through paths 1 and 4. This is most likely due to non-uniform permeability of the filter media, which can promote channeling through the larger pores. This channeling effect would be expected to be most pronounced in the K 700P media since it has much larger mean permeability, thereby rendering path 4 the dominant radial bypass route, consistent with the experimentally observed lag time in the residence time distribution. 

5	Conclusions
This paper presents the first detailed analysis of the flow and pressure distributions in a small-scale commercial depth filter, the SupracapTM 50 capsule containing 2 layers of K 700P and 2 layers of KS 50P media, each with diatomaceous earth. The inlet flow enters the outer annulus of the capsule through the feed port, spreading azimuthally outward around the annulus and creating a relatively uniform radial flow into the central gap between the internal K 700P media. The CFD analysis identified four distinct flow paths through the capsule. Surprisingly, only 11% of the flow followed the ideal flow path that passes through both the K 700P and KS 50P media, with 60% of the flow entering the more permeable K 700P layer and then exiting radially through the inner edge of media.
These surprising results were confirmed experimentally using a combination of residence time distribution and dye binding experiments. The Cibacron Blue dye uniformly colored the internal surfaces of the K 700P media as expected; a similar uniform flow was seen on the external surfaces of the KS 50P media where the permeate collects. However, the other surfaces of the media show highly non-uniform flow distribution, consistent with the dominant flow path that passes into the K 700P and then leaves radially through the inner edge of the annular disk. Model calculations for the RTD were in qualitative agreement with the experimental measurements, with the observed discrepancies likely due to non-uniformity in the filter permeability which leads to additional bypass flow. 
The high degree of bypass flow in this small-scale filter is likely to have significant implications for the performance of the SupracapTM 50 capsule. In particular, the CFD analysis indicates that more than half of the flow does not pass through the tighter pore size KS50P media, which could significantly compromise the filter’s ability to remove smaller particles and debris from the feed. In addition, the flow distribution in the depth filter modules used for large-scale commercial processes is likely to be very different than that in the SupracapTM 50, which would complicate the design and scale-up of depth filtration processes using the PDH4 media. It is important to note that the flow distribution evaluated in this study is for the clean (unfouled) filter. Particle / cell deposition on and within the filter will significantly alter the flow, shunting fluid away from blocked regions within the media, leading to a reduction in the amount of bypass flow through the K 700P layer. Future studies will be required to account for these phenomena to describe the performance and scale-up of depth filtration processes for clarification of bioprocessing streams.
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