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Abstract: Fundamental microscopic investigations are based on the interaction between filter fiber
and particles. The fibrous filter theory is based on a single fiber of a fiber array, and experiments
focus either on a single fiber or a fiber array. This study investigates the particle loading process of
a fiber array and focuses on the microscopic development of particle structures on the fiber array.
Gravimetric measurements and image analysis of the array were used to study the development
of the particle structure and morphology. Microscopic analysis of the video data focused on the
evolution of particle accumulation within the fiber spacing, the development of boundary lines of
the particle structure, and the number/size of bridges and pores within the particle structure. For
the tested flow velocities, an increase in mass was observed to increase the duration of the filtration
process. An extreme increase in deposited mass was observed at the moment of complete blocking
(clogging) of the fiber spacing at flow velocities of 0.65 m/s. The size of pores (hydraulic diameter)
increased with the flow velocity during the loading procedure. However, the total number of pores
was higher in tests with lower Stokes numbers due to the dendritic and more porous structure. This
work provides insights into the growth kinetics and structural setup of the particle structure (on a
microscopic level). This will improve the understanding of the change of the filtration process from
the transition phase to the clogging phase in fibrous filters.
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1. Introduction

Fibrous filters are applied for various purposes, including the removal of particles
from gases in process plants or maintaining the safe air quality of air-conditioning systems.
The behavior of pressure drop, separation efficiency, and total loading capacity is critical for
characterizing a filtration process with depth filters and the filter lifetime. The characteristic
trend of the pressure drop can be divided into three stages during the filtration process.
Filter hardware parameters that affect the duration of these stages include the porosity
of the filter medium in the initial state (fiber diameter and spacing) and the thickness
of the filter medium. The characteristics of the concentration of aerosol, such as particle
size/distribution, particle material density, aerosol flow velocity, and viscosity of the
continuous phase, also play a role in influencing the different stages of the pressure drop.
The pressure drop across the filter is caused by the clogging of particulate material in
the unobstructed area between the fibers. The kinetics of the clogging process, which is
dependent on the morphology of the particle structure, directly affects the development of
the pressure drop. The morphology of particle structures within a filter may vary with the
applied filtration parameter. At the beginning of the filtration process, a unique particle
structure forms on each individual fiber. Later on, structures on neighboring fibers may
interact and even merge.

In the initial phase of filtration, particles are deposited on the unoccupied fibers of
the filter, resulting in a slow increase in pressure drop with the deposited mass. The

Separations 2023, 10, 462. https://doi.org/10.3390/separations10090462 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations10090462
https://doi.org/10.3390/separations10090462
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0003-4715-187X
https://orcid.org/0000-0001-6715-2568
https://doi.org/10.3390/separations10090462
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10090462?type=check_update&version=1


Separations 2023, 10, 462 2 of 22

progression of the pressure drop in the depth filtration phase and subsequent phases is
shown in Figure 1 on the left. If the particle size and density are constant, the morphology
of the particle structure on each fiber is primarily influenced by the flow velocity. Figure 1
right (a) illustrates the deposition process on the unoccupied fibers during this first phase,
assuming a constant density and size of the particles. In the second phase (Figure 1
right (b)), particles continue to separate on already existing structures, causing changes in
the flow field around the fibers. The previously deposited structures reduce the free space
between fibers, resulting in an increase in pressure drop [1,2]. This non-linear increase in
pressure drop is visible in the transition phase in Figure 1 on the left.

Particle structures built at positions on the fiber with a large angle to the stagnation
point are more likely to grow into the fiber spacing. As shown by Kanaoka et al., Müller
et al., and Zoller et al., a dendritic type of structure develops at low Stokes numbers [3–5].
Structures deposited by inertia when flow stagnates may also grow into the spacings.

In addition to the increase in pressure drop in the second stage (transition phase), the
area for separation at the collector increases, too. The transition stage is between the depth
filtration stage and the subsequent surface phase.

In the third phase (surface filter phase), the particles start to build a filter cake on the
surface of the filter (see Figure 1 right (c)). The pressure drop increases proportionally to
the deposited particle mass and filtration time (see Figure 1 left) [1,6,7]. The deposition
of particles on the filter surface comes along with a complete closing (clogging) of fiber
interspaces. This produces a gradient in the deposited mass along the filter depth because
further particulate material cannot travel deeper/downstream into void filter layers [8].

Figure 1. LEFT: Pressure drop as a function of particle mass during the filtration time. RIGHT:
Schematic of the filtration phases during a depth filtration process. (a) Depth filter phase, (b) Transi-
tion phase, (c) Surface filter phase.

A possible solution to open closed interspaces within a filter is to introduce stress
into the separated particulate material by stretching the filter matrix. Previous studies
have shown that particles can be detached by vibration or magnetic excitation of the
collector [9,10]. Experiments with a single fiber collector have demonstrated that stretching
up to 39% can initiate the re-arrangement and detachment of particle structures from the
surface of the collector [11,12]. During stretching, the elongation of the substrate generates
shear and tensile stresses within the particle structure, resulting in cracking and a reduction
of contact points that weakens the particle structure. As the polymer substrate is stretched,
the fiber’s surface changes, reducing the adhesive forces between individual particles and
the fiber [13]. In experiments with a single fiber, only one-dimensional stress states have
been investigated so far. Stretching of arrays of stretchable fibers is expected to result
in a multiple stress state. However, to ensure the best knowledge about the initial state
of the particle structure on the array, it is necessary to generate and characterize particle
structures of different morphologies before the stretching experiments. Furthermore, it is
crucial to understand the detailed development of structure morphology on the collector
before and at the clogging point (CP), which is the primary cause of pressure drop and
filter cake formation. While pressure drop analysis is often sufficient to evaluate the
performance of the filtration system, it is important to recognize the role of particle structure
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development on the collectors and its influence on pressure drop development. In addition,
understanding the timing and conditions under which particle structures build up, as well
as their stability and fragility during tests (before or at the clogging point), is important
when applying shear stress to detach structures. As previously mentioned, the clogging
point represents a changing point where the structures in the filter close upstream pores,
and the structure may change. Consequently, this study investigates the evolution of
various particle structures on a fiber array. The fibers have a defined spacing representing a
simplified version of the overall filter system, similar to the studies by Müller et al. [14,15].

Clogging Point and Characteristic Morphology of Structures on a Collector

Clogging of particulate material on or in a collector matrix occurs when the contin-
uous accumulation of particle mass causes a transition from depth filtration to surface
filtration [16]. This transition point, also known as the upper transition point, is the point
at which the pressure loss vs. mass curve returns to a linear slope [1]. Alternatively, it
may be identified as the intersection of tangents at the beginning (depth filter phase) and
during the surface filter phase [17]. ASHRAE 52-76 defines the clogging point as the point
where mass accumulation occurs at the end of the pressure drop curve [18]. Kanaoka et al.
describe the clogging point where particles start to separate on the filter cake or by particles
that have already been separated, resulting in a continuous linear increase in pressure drop
across the filter [2]. DEM simulations have shown closure of spaces between fibers starts
in the transition phase and is completed by the end of this phase [19]. Similarly, Valdes et
al. demonstrated that there is a critical gap distance for bridge formation, above which a
bridge is well-formed and difficult to dissolve. They used the force chain model to describe
the forces of particle contacts [20]. Some studies refer to the second phase as the clogging
phase, representing the change from depth filtration to surface filtration. Zhang et al. note
the lack of a clear definition of the clogging point with regard to particle separation on the
collector [21].

The velocity rate for the filling of fiber interspaces during the filtration process is a
function of the development of morphology of the particle structure on the collector, which
is influenced by the applied process conditions [3]. The pressure drop is a function of the
unobstructed area in the filter.

A lateral dendritic structure on the fibers promotes the formation and merging of
numerous small bridges in the interspaces of the fiber, while a compact structure is likely to
grow in the direction of flow and may never merge with neighboring particle structures. Tao
et al. investigated this angle-dependent behavior in their calculations [19]. To consider these
effects, dendritic structures, structures in transitional state, and pure compact morphologies
are examined in this study.

To understand the deposition process of particles in a complete filter, investigations
and observations on a single fiber or a fiber array are a common research method in the
field of depth filtration [4,22]. Hardly any studies in the literature have been published
on the particulate accumulation process prior to and during clogging at a single fiber
array containing polydisperse materials. Previous studies focused on the overall filtration
performance in a complete filter [23–27]. To conduct these observations, the focus should
shift from a whole filter medium to a fiber array or a single fiber collector, as Zhang et al.
suggested [21]. Particle separation on the microscopic level can be observed and quantified
better in these arrangements. An interesting aspect on the microscopic level is the evolution
of the number and size of individual pores and bridges as a function of the morphology
within a certain range of Stokes numbers (0.52–10.05). Further aspects for research are the
development kinetics of single structures and their shape and appearance on the fiber array.

2. Experimental Methods
2.1. Fiber Array and Particulate Material

In previous investigations, experiments concerning the behavior of separation and
detachment were conducted on a single fiber [11,12]. To investigate the influence of the
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neighboring fibers as in a real filter medium, in this paper, all experiments were performed
on an array consisting of five equally spaced parallel fibers in a plane perpendicular to
the flow. For uniform spacing of the fibers, they were tightly clamped in combs with a
spacing (center-to-center) of exactly 246µm [15]. The fibers were made of polyurethane
and had a diameter of 82µm. The material composition enabled reversible stretching up
to 75% [11]. Prior to clamping, the fibers were in a crimped state. Figure 2 depicts the
clamping device with the five parallel fibers. The fibers had a clamped length of 53 mm.
Before each gravimetric detection of the collected mass and growth analysis, the fiber
clamping device was cleaned with isopropanol and compressed air to obtain a blank mass
for each test. Any contamination by fat or particulate material was avoided.

Figure 2. Fiber clamping device with five fibers. Enlarged view on the right: The fibers fixed to the
comb have a spacing of 246µm [28].

The fibers were loaded with polydisperse and inert particle material (Spheriglass
5000CP00, soda lime A-glass). The x50,3 = 7.73 µm of the distribution were used to calculate
the characteristic Stokes, Péclet, and Reynolds numbers and the interception parameter.
The particulate material had a material density and a bulk density (ρmaterial = 2.46 g cm−3,
ρbulk = 1.28 g cm−3, nre f ractive index = 1.51) and was obtained from Potters Industry [11].

2.2. Particulate Loading and Gravimetric Measurements of Particle Structure on the Fiber Array

The particle loading process of the array was performed in a 16 mm free jet airflow at
different flow velocities.

Figure 3 shows the flow diagram of the loading procedure. The aerosol with a volume
flow of 26.3 l/min (feed flow) was generated with the SAG 410/U by Topas, which was
already used in the studies of Zoller et al., Wang et al., and Papapostolou et al. [5,29,30].
Particle dispersion is achieved by sucking the particulate material from a steel ring using a
venturi nozzle. Any interruptions or irregularities in the particle loading of the ring can
lead to irregular dispersion. Because of that, continuous monitoring and a constant scraper
height are necessary. Further, the aerosol is neutralized using an 85Kr-neutralizer.

A loading flow was discharged from the feed flow. The rest of the feed flow was
drained off as an excess flow. The particulate material was removed by a HEPA filter. The
loading flow was directed through the inlet pipe, which includes a flow rectifier (diameter
16 mm), and passed into the loading chamber where it approached the array. The camera
and optical equipment were positioned at the top of the inlet pipe, where an air junction
provided optical access for observation (see Figure 3). Downstream of the fiber array, an
HEPA filter was used to remove the remaining particulate material. The loading flow rate
was controlled using a mass flow controller (MFC).
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Figure 3. Process flow diagram of the array loading procedure, including the optical equipment at
the top of the inlet pipe for the observation of the clogging process on the fiber array.

Table 1 shows the volume flow of the corresponding airflow velocity, the characteristic
numbers Reynolds Re, Stokes St, Péclet Pe, the interception parameter R, and the bounce
parameter β. The particle bounce parameter β introduced by Kasper et al. is proportional
to the ratio of Stokes St and interception parameter R for a constant combination of
materials (see Equation (1)). The calculation of the onset of the bounce of particles is
based on the diameter of the particle x (inµm) and the velocity of air flow u (in m). The
parameter enables a categorization of the morphology of particle structures (consisting of
monodisperse particles) on the fiber [31]. A description of this relationship has also been
shown by Hiller et al. and Brach and Dunn [32,33].

St
R

= β
ρmaterial

18µ
(1)

β = x · u (2)

To compare experiments with different airflow velocities, a characteristic time-integrated
flux (TIF) is defined, which serves as the independent variable, describing the evolution of
the fiber loading process. This enables comparison of experiments with different particle
concentrations and airflow velocities.

Table 1. Characteristic numbers for the tested flow velocities.

Flow
Velocity u

/m/s

Volume Rate
(Loading Flow)

/L · min−1
Re/- Stokes St/- Pe/- R/- β/-

0.1 1.21 0.54 0.51 2.72 × 106 0.09 0.773

0.15 1.76 0.78 0.82 3.97 × 106 0.09 1.12858

0.25 3.05 1.35 1.30 6.88 × 106 0.09 0.95569

0.65 7.84 3.48 3.62 1.77 × 107 0.09 5.0245

1.2 14.48 6.42 6.70 3.26 × 107 0.09 9.276

1.8 21.71 9.63 10.05 4.90 × 107 0.09 13.914

To calculate the TIF for the respective airflow velocity, the particle number concentra-
tion was measured at different airflow rates and particle feed rates in the loading chamber
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using an optical particle counter (OPC). The particle flux density j is determined from the
particle concentration cp and the mean airflow velocity u.

j = cp · u (3)

The time-integrated flux density TIF in particles per mm2 can be obtained by combin-
ing the particle flux density j with the respective loading time t for a specific time interval.

TIF = J(t) =
∫ t

0
j dt (4)

For a constant j:

TIF = J(t) = j · t (5)

Gravimetric methods were used to measure particle accumulation on the fiber array
directly after the experiments. The clamping device and fibers (including particulate mate-
rial) were weighed after the loading process using a METTLER TOLEDO XR205DU balance
(0.01 mg readability; 81 g capacity). Before weighing, the mass of separated particulate
material on the fiber array, the surface of the fiber clamping device was cleaned with a
cotton pad. Two replica tests per airflow velocity were conducted. After the weighing
procedure of the loaded fiber array, the complete fiber clamping device and the fiber array
were cleaned and reinstalled in the loading chamber for a new experiment.

2.3. In Situ Observation of Particulate Structure Development

To quantify the progress of the loading process and the associated formation of pores,
it was necessary to observe the array through an inspection glass in the direction of aerosol
flow as described in Section 2.2. The whole loading process was recorded by video. A Basler
acA4024 29uc USB 3.0 camera and Navitar lens system (1-6010, 1-6020, 1-50330, 1-50011)
were used to observe the accumulation process of particulate material on the fiber array.
The camera had a resolution of 4024 × 3036 pixels, and the optical equipment provided a
working distance of 341 mm with a magnification of 3.5. The observation was conducted
in the direction of flow. During all experiments, a video was recorded at a frame rate of
4 frames per second, and the observation area covered a total length of 16 mm of the fiber.

The recorded video was analyzed using a MATLAB procedure. A complete progress
diagram of the MATLAB program can be found in Support Material.

As observations took place in the direction of flow, parameters on the horizontal level
were detected only. The MATLAB analysis was performed in the central section of the
recorded fiber length at 5.8 mm. Image processing provided information about the image
scale and the average spacing of the fibers. For the characterization of the morphology of
the particle structure, the following parameters were recorded:

• Particulate mass on the whole fiber array and relative projection area of the particulate
material in the spacing between the fibers (accumulation of particulate material on the
whole fiber array and in the spacing between the fibers; see Figure 4);

• Length of borderline (see Figure 5);
• Number and size of bridges;
• Number and size of pores.

2.3.1. Accumulation of Particulate Material

Figure 4 (top) shows images of the non-loaded fiber array at the beginning of the
experiment (left) and loaded fiber array at the end of the experiment (right). The MATLAB-
processed images are presented below. As filling of the inner fiber spaces only was consid-
ered, the non-shaded areas were used for analysis.

In the left image, the free space between the fibers is marked red. In the right image,
the particulate material in the free-space area is marked bluish/turquoise. The fraction of
those marked areas describes the ratio between the area coated/occupied by accumulated
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particulate material in the fiber spacing at time i (Figure 4, turquoise) and the uncoated
area. This parameter (relative accumulated particulate material in the spacing between the
fiber; see Equation (6)) is a measure of the degree of openness of the fibrous structure. Thus,
the fraction of accumulated particulate material is 0 at the beginning of the experiment
and approaches 1 as the (complete) accumulation of particle material in the interspaces
increases (see Equation (6)).

Figure 4. Images of the non-loaded and loaded fiber before (top) and after processing (bottom) with
MATLAB. (right) The free space is marked red. (left) The accumulated particle material in the spacing
is marked turquoise.

(6)

2.3.2. Borderline

The length of the borderline is given by the summarized pixels at the border between
the particulate structure and an open space between the fibers. Its length depends on the
shape of the particulate structure on the fiber array. The structure of particle loading is
between compact and dendritic. For a dendritic structure, a ragged and long borderline is
expected. For a compact structure, a short and straight borderline is expected. To classify
the experiments, a quotient is calculated by dividing the length of the current borderline
by the length of the borderline of the unloaded fibers. Figure 5 illustrates a section of the
borderline of both an unloaded fiber (orange) and a fiber with a dendritic structure (white
lines). Only the middle two fiber interspaces are considered for evaluations. The quotient
is calculated from the colored lines, and if a dendritic structure is present as shown in the
figure, the quotient is greater than 1. If the structure is more compact, the quotient is close
to 1.

Figure 5. Borderline of a loaded fiber after processing with MATLAB. The orange line symbolizes a
single borderline of an unloaded fiber. bottom: Equation for the calculation of the ratio between the
borderline of the particle structure to the borderline of the initial structure. Only the two inner fiber
spacings are considered.

(7)
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2.3.3. Pores and Bridges

The left of Figure 6 depicts an original image of the loaded fiber array captured by the
camera system. In the schematic representation on the right (processed with MATLAB) of
this frame, the blue-purple object represents the fiber position at the start of the experiment,
which allows precise tracking of the growth of particulate material. The particulate material
is marked white. The red objects are detected bridges. The black areas between the two
bridges are identified to be pores.

Figure 6. (left) Cut-out of a frame—original image. (right) Cut-out of a frame/schematic with bridges
(red) in the interspaces between the fibers. Particulate material is colored white. The fiber is purple.

The two inner fiber spacings can be viewed as large pores without bridges. A pore is
identified as a closed object (black) and can be characterized using the MATLAB function
“regionprops”, which gives the area A, perimeter P, diameter of the equivalent circle dequi,
and size in the direction of x and y xi. The hydraulic diameter of the pores can be calculated
using the area (A) and circumference (P) of the pore, as shown in Equation (8).

dh = 4
A
P

(8)

When bridges are formed, a pore is turned into two or more objects. This enables
the detection of the number of bridges in the space between the fibers. The algorithm
assumes that a bridge (red) has formed between two adjacent pores (black) and detects
it accordingly.

The detection of the size of bridges between fibers of the array requires a more
complex algorithm, since the edges of a bridge are not firmly fixed. The left side of one pore
corresponds to the right side of a bridge. The variables x and y indicate the position in the
image. To detect a bridge and determine its size, the left side of a single pore is approached
and checked whether it meets the bridge requirement.

Figure 7 shows a bridge (black) and white-colored pores on the right and left sides.
First, the left side of a pore (black object) is marked (indicated here by the red arrow).
Then, starting from this position, the left side of the white pore is scanned upwards
and downwards to check whether it meets the bridge requirement. If the difference
∆x = x(y − 1)− x(y) is greater than 4 pixels (threshold), the coordinates x and x(y) are
saved as the upper right corner of the bridge. The same procedure is performed for all
three remaining corners of the potential bridge. The found coordinates are connected and
saved as the corners of the bridge. The area between the corners and the scanned edges
gives the area of the bridge. If a bridge is located at the border of an image, the upper and
lower borders of the nearest pore are drawn horizontally to the border of the image. The
detected positions and sizes of bridges are saved in a separate black-and-white image. The
“regionprops” function in MATLAB is used to process the numbers and horizontal sizes of
the bridges.
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Figure 7. Schematic detection procedure of a bridge within the emerging particle structure on the
array. The bridges are formed in the interspace between two fibers. A bridge divides one pore into
two pores.

3. Results and Discussion
3.1. Gravimetric Measurements of the Particulate Material

To characterize the deposited particle mass on the fibers, experiments were terminated
at a pre-defined TIF. Subsequently, a gravimetric analysis was conducted. Then, a new
experiment was started. Experiment times varied between 3 and 210 min, depending on
the flow velocity and feed rate of the aerosol generator (see Section 2.2). All experiments
shown were carried out with the aerosol generator described in Section 2.2, whose dis-
persion technology is based on VDI 491-3 and ISO 5011. Continuous control of the ring
loading is intended to exclude the possibility of ring loading failure and thus inconstant
dispersion conditions. Any deviations in the deposited mass can thus also be attributed to
inconsistencies in the dispersion or to the occurrence of electrostatic effects, whereas the
latter is counteracted by neutralizing the aerosol with an 85Kr.

Gravimetric analysis of the particle material on the 16 mm long array (5 fibers) is
presented in Figure 8. For experiments executed at a face velocity of 0.15 m/s, no de-
position was detected below a TIF of 108 particles · mm−2. Similarly, for experiments
conducted at airflow velocities of 0.25 m/s and 0.1 m/s, no loading was detected below
6 × 107 particles · mm−2. At high TIF, however, the mass on the fiber array increases con-
tinuously with increasing TIF at airflow velocity below 0.25 m/s, reaching a maximum of
5.5µg · mm−1 in the experiments at 0.1 m/s.

The investigation revealed particle deposition on the fibers in experiments with com-
pact morphology. Increased deposition occurred at airflow velocities greater than 1 m/s
(Stokes greater than 5.1). Particles with large diameters, which represent the high-mass
fraction of the particle distribution (PD), were most probably deposited by inertia. After
reaching a TIF of 1.73 × 108 particles · mm−2, the increase in mass slowed down because of
the poor growth of compact-shaped structures. The structure likely grows in the direction
of flow and is compacted by incoming particles. Hence, the collector size increases slightly
only. In the experiments with the compact structures (1.8 m/s and 1.2 m/s), increases
in particle mass on the array are observed at similar TIF. Given that the TIF is a time-
dependent metric and each data point is a result of three measurements, the probability of
a random increase in mass due to discontinuous dispersion is negligible with the duration
of the experiments.

In the experiments at 0.65 m/s, the deposited mass increased considerably above TIF
2.3 × 108 particles · mm−2. First, the deposited mass was below that of experiments with
a complete compact structure. Shortly after the TIF 1.73 × 108 particles · mm−2, a sharp
increase in the deposited mass on the fiber array is observed, indicating the complete closure
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of the structure and the resulting enlargement of the collector area. The increasing collector
area increased the probability of separation, which might increase the impact coefficient.
The steep increase in mass with increasing TIF was observed in all replicate experiments.
The deposited mass was nearly 22.6µg · mm−1 fiber length (five times 16 mm loaded fiber
length) in the experiments at 0.65 m/s. At TIF greater than 2.3 × 108 particles · mm−2, the
interspaces between the fibers were blocked. Unfortunately, measuring the pressure drop
in a fiber array is not feasible. To gain a better understanding of the phenomena, different
factors, such as accumulation of particulate material, size, and number of bridges and
pores, were considered.
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Figure 8. Development of mass on the array over fiber length (5 equally spaced fibers) as a function
of TIF.

3.2. Accumulation of Particulate Material before Clogging

To distinguish the different phases of the separation process on the fiber array and
to quantify the deposition kinetics during classical filtration, evaluation points were in-
troduced at selected TIF. The position of the evaluation points is based on the overall
course of an experiment with an airflow velocity of 0.65 m/s. In such an experiment
the fiber interspaces are completely clogged, and no bridges are detected at a TIF of
2.8 × 108 particles · mm−2 (relative accumulated particulate material in the spacing ≈ 1).
The TIFs corresponding to the evaluation points are shown in Table 2.

Table 2. TIF at the evaluation points for video-based analysis of the fiber array.

TIF at Evaluation
Point/Particle · mm−2

Feedrate Aerosol
Generator 1 2 3 4

10 5.5 × 107 1.15 × 108 1.73 × 108 2.8 × 108

Image analysis was used to quantify the growth kinetics of particle structures in
the fiber interspaces by measuring the increase in particle material in the inner fiber
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interspaces of the array. Figure 9 shows the relative accumulated particle material in
the fiber interspaces over the increase in TIF up to a TIF of 1.75 × 108 particles · mm−2

at different airflow velocities. None of the experiments revealed complete blocking at
these TIF values. The airflow velocities ranged from 0.1 to 1.8 m/s. The development
of accumulated particle material in the interspaces remained constant over the entire
experiment. The evaluation started at the smallest TIF where the fibers became visible. The
growth rate represents the rate at which the fiber interspace was occupied by particulate
material. The fiber array first was in the depth filter phase, followed by the transition phase
as in normal filters.
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Figure 9. Relative accumulated particulate material in the spacing at the initial three evaluation
points of the experiment, representing the depth filter phase and transition phase. A growth rate
analysis was conducted for each curve to determine particle accumulation in the interspaces of the
fiber array.

The average growth rates between the second and the third evaluation points were
determined by using a linear fit (black fit) for each curve, with a coefficient of determination
above 0.99. Regardless of the applied airflow velocity, the experiments passed the run-in
phase and were in the surface phase or at the beginning of the transition phase.

Analysis of experimental conditions revealed trends and mechanisms in particle
growth kinetics within the fiber interspaces. Dendritic particle growth was observed at
flow velocities ranging from 0.1 to 0.65 m/s. As shown in Figure 10, dendritic structures
develop in the region of interception in the experiment at a flow velocity of 0.15 m/s.

The same phenomenon had been found before in a computational simulation by
Payatakes and Tien [34]. Figure 11 shows the rate for particle accumulation on an array
plotted against the flow velocity and Stokes number, which is extracted from linear fit
in Figure 9. The rate reflects structure growth in the interspaces and on the fibers. An
increase in the particle structure within or outside of the image plane cannot be detected.
Compact structures formed in the experiments at 1.2 and 1.8 m/s result in a low growth rate
compared to the low airflow velocity experiments. The smallest growth rate of dendritic
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structures was observed at 0.1 m/s, while growth at 0.15 and 0.25 m/s was 27% higher
than in the experiments with an airflow velocity of 0.1 m/s. In the experiment with a flow
velocity of 0.65 m/s, the growth was 49% higher. The particle loading rate in Figure 11 is
on a higher level because particles accumulated opposite to the direction of flow.

Figure 10. Particulate material on the fiber for two different flow velocities. All experiments were
performed three times.

Figure 11. Rate of particle accumulation as a function of Stokes before CP.

Kanaoka et al. (1986) observed a change in the orientation of particle deposition from
upstream to cross-stream on the side of each fiber as the Stokes number decreased towards
zero and the Péclet number increased towards infinity [3]. The masses deposited on the
fiber at flow velocities 0.1 m/s, 0.15 m/s, and 0.25 m/s were approximately the same at the
same value of TIF (see Figure 8). Therefore, the higher growth rate at 0.15 m/s and 0.25 m/s
compared to 0.1 m/s in Figure 9 cannot be attributed to an increased deposition rate.

Instead, the particle bounce parameter β defined by Kasper et al. may explain the
observed horizontal widening of structures in the direction of the image plane [31]. As
particle velocity or diameter increases, the rebound parameter β increases, leading to
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re-arrangement and eventually to bouncing and dislodging of previously deposited parti-
cles [35]. In addition to the effect of interception, re-arrangement might occur, initiated by
the accumulation of particles that widen the structures at the horizontal level.

While previous studies cited in this work have used a narrow particle size distribution
or monodisperse material, whereas this study used a polydisperse particle size distribution,
which leads to overlapping deposition effects.

Therefore, the interception effect for small particles and the inertia effect for large
particles overlap. When considering the rebound parameter, the effects for impinging
particles and particles that detach before deposition overlap at the same flow rate for each
particle size. The predominantly dendritic particle deposition observed at flow rates below
0.65 m/s changes to a compact deposition on the fiber surface at flow rates of 0.65 m/s
and higher. The loading rate between the fibers decreases with increasing flow rate above
0.65 m/s. This indicates that particles hardly adhere in cross-stream or detach after adhesion
at the highest Stokes numbers.

3.3. Development of Structures before and in the Clogging Phase

It is outlined in Section 3.2 that as the TIF increases, more particles accumulate in the in-
terspaces between the fibers. The complete closure of the interspaces between fibers was not
observed at values of TIF up to 1.75× 108 particles ·mm−2. To analyze bridge growth up to
the CP, three experiments were conducted with different flow velocities at higher terminal
TIF values. The flow velocity covered the range of deposition patterns (dendritic, transition,
and compact morphology). The final TIF value reached 2.8 × 108 particles · mm−2 after
a long experimental time. For one set of parameters, complete clogging was achieved.
Figure 12 displays the complete evolution of the structures up to the predefined evalua-
tion points.

Figure 12. Particle structures in experiments with three different superficial velocities at 4 evalua-
tion points.

In all experiments, a particle layer was initially visible on the fiber at Evaluation Point
1. In the tests an incident flow velocity of 1.8 m/s, deposition at the stagnation point of the
fiber was clearly visible. At Evaluation Point 2, the characteristic separation of particles
was observed in all experiments. The morphology of the particle structure was a function
of airflow velocity. In the experiments with a flow velocity of 0.25 m/s, dendritic structures
with small arms appeared in the interspaces between the fibers. In the experiments with an
airflow velocity of 0.65 m/s, growth of dendritic structures was observed, too. However,
more particulate material is separated at the stagnation point of the fiber, as shown by the
presence of a thick layer of particle material. In the experiment with an airflow velocity of
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1.8 m/s, the unobstructed fiber interspaces were clearly visible. The particulate material
just separated on the zenith/top of the fiber. At the third evaluation point, deposition of
particulate material in the interspaces of the fiber was visible though the compact structure
seems to bend into the interspaces. Merging particle structures across the interspaces were
found at the sites where the fiber bends.

In the experiments with airflow velocities of 0.65 m/s, and 0.25 m/s, increased growth
of the dendritic structures into the interspaces of the fiber was observed at this evaluation
point. The images of the experiments at 0.65 m/s reveal a few gaps in the particle structure
visible at Evaluation Point 3, where the fibers have dents and are slightly separate from
each other. These gaps only close as the number of bridges decreased towards Evaluation
Point 4. In addition, impacts on the already clogged particle structure were found and
attributed to large particles which hit the particulate structure. Compared to the total area,
these impacts are small in size. In the experiments with an airflow velocity of 0.25 m/s,
the dendritic structure grew into the interspaces of the fiber. The dendritic arms were
much more pronounced compared to the experiments with an airflow velocity of 0.65 m/s.
The compact structure of the fiber merged (formation of bridges) across the interspaces
of the fibers. The contact points of merging particle structures from different fibers were
found to be much wider for the compact structures than for the dendritic structures. The
clogging point will be reached soon when the free interspaces between the fiber are closed
completely. For all experiments with different airflow velocities, an increased separation of
particles at the outer fibers of the array is observed with increasing loading at Evaluation
Point 4. Thus, in the experiments with the airflow velocity of 1.8 m/s, the structure at
the outer fiber becomes a little bit bulky. The edges of the structure remain sharp and
smooth. However, the growth of the structure on the outer two fibers is observed in the
tests with incident flow velocities of 0.25 m/s and 0.65 m/s, too. Due to the separation
mechanism, the structure has more small arms and dendrites on the outer fiber surface.
The reason for this increased separation is the change of the flow around the fiber which is
a result of particle separation in the interspaces of the fibers. This effect was predicted in
the calculations of Müller et al. [4]. As described in Section 2.3, only the inner interspaces
of the array are considered during evaluation. The limit on using just 5 parallel fibers is
because the used motors are not able to stretch more polymer fibers at once due to the
restrain force that the fibers encounter.

In Figure 13, the fraction of accumulated particulate material and the total number
of bridges are plotted as a function of TIF for each flow velocity. The experiment was
conducted three times, and the data were analyzed using MATLAB.

For the highest flow velocity (u = 1.8 m/s), the graph shows a continuous growth
of the fraction of accumulated material in the transition phase, with a small decrease in
growth rate for a TIF above 2.0 × 108 particle · mm−2. This section comes with an increase
in the standard deviation. At the same time, the number of bridges levels off at around 10
for the experiments with a flow velocity of 1.8 m/s. In contrast, the experiments with a flow
velocity of 0.25 m/s and the dendritic structure on the fibers show a continuous increase
in the number of bridges starting at a TIF of approximately 7.5 × 107 particles · mm−2.
This effect is due to the growth of the structure vertical to the flow direction, which
tends to close the interspaces between the fibers. In these experiments, the fraction of
accumulated material increases from the start of the experiment with a steeper slope than
in the experiments with a compact deposit at a flow velocity of 1.8 m/s. The relative
accumulated particulate material starts to decrease slightly as bridge growth becomes
dominant at a TIF of 1.25 × 108 particles · mm−2. In the experiments conducted at an
airflow velocity of 0.65 m/s, the relative accumulation of particulate material within the
fiber spacing displayed the most rapid increase. The accumulation continuously increased
from the start of the experiment until complete closure of the filter occurred with minimal
pore sizes.

Significantly, the experimental conditions that involved an airflow velocity of 0.65/ex-
hibited the lowest standard deviation among the observed results. With increasing TIF,
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the number of bridges increases continuously at TIF of 1.6 × 108 particles · mm−2 to a
maximum of approximately 100 bridges. Initially, dendritic growth is observed with well-
developed bridge formation and the maximum number of bridges. The maximum value of
bridges occurs just before Evaluation Point 3. It is important to note that the generation
of bridges and the separation of particles at the fiber generally are processes that involve
a certain random component. This fact is highlighted by the high standard deviations.
Once the maximum is reached, the number of bridges decreases as the array becomes more
clogged and the pores and interspaces between the fibers continue to fill and multiple small
bridges merge into broader structures. A cake of particulate material forms on the array, as
illustrated in Figure 12.
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Figure 13. Particulate material on the array and the corresponding total number of bridges. All
experiments were performed three times.

The boundary line reflecting the deposition pattern is presented in Figure 14. The
boundary line is characteristic of the respective type of deposition morphology or mecha-
nism. For the dendritic structures in the experiments with airflow velocities of 0.25 m/s
and 0.65 m/s, a jagged and long boundary line can be observed. The boundary line of
the experiments with a compact deposit is similar to the original fiber. The boundary line
of the experiment at 0.65 m/s is initially jagged but becomes straighter with increasing
TIF. In comparison, the boundary line of the experiment at 0.25 m/s is more jagged. Once
complete closure of the interspaces is achieved, the boundary line disappears, as shown
here by the experiments at airflow velocity 0.65 m/s.

Figure 15 presents a quantitative analysis of the length of the boundary line (horizontal,
parallel to fiber axis) relative to the initial boundary line of the fiber for the three different
morphologies (dendritic, transition from dendritic to compact, compact) of particulate
structures. At an airflow velocity of 0.65 m/s, the ratio first increases slightly above 1 due
to the dendritic separation of particles. Just before the second evaluation point, the ratio
starts to decrease due to the formation of the first bridges. After the second evaluation
point, the curve continues to decrease due to the formation of bridges and clogging of the
interspace between the fibers. At the end of the experiment, the ratio reaches the value of 0
for the experiment with 0.65 m/s. At an airflow velocity of 1.8 m/s, by contrast, the ratio of
the boundary lines remains constant at almost 1 due to the horizontal increase in compact
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structure. However, a reduction below 1 is observed between Evaluation Points 3 and 4,
caused by the formation of bridges and the subsequent shortening of the boundary line
at the end of the experiment (see Section 3.4). As observed earlier, the boundary line of
the dendritic structure is more jagged, resulting in a larger ratio than for the compact and
transition structures. The ratio remains above one after the third evaluation point.

Figure 14. Images of the development of particle structure of the array in experiments with three
different superficial velocities.
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duration of the experiments. The particle concentration in the feed flow was 1.6×105 #/cm3. All
experiments were performed three times.
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3.4. Size of Pores and Bridges

The pressure in a filter drops due to friction between gas molecules and fibers or
deposited particle structures. Particle structure growth on the collector can lead to an
increased blockage area (fiber + particulate material) and reduced free cross-sectional area
for flow. Section 3.2 emphasized that particle structures grow at varying rates and extend
into interspaces of the fibers. While previous studies focused on the pressure drop as a
function of process parameters, the impact of structural morphology on particle separa-
tion/accumulation and the CP has yet to be investigated in sufficient detail. Observing
particle deposition on a single fiber or array of fibers is not sufficient to characterize pressure
loss in the filtration process. The particulate material is deposited on the fibers. The fiber
interspaces start to clog when more particulate material is separated onto a pre-existing par-
ticulate structure under a large angle to the stagnation point (refer to Section 3.3). Particle
bridges as illustrated in Figure 12, develop with progressing filtration time between/across
the fiber interspaces due to the growing of particle structures on neighboring fibers. As
described above, the formation of bridges reduces the unobstructed flow area of the initial
“pore” between the two fibers and generates two new pores on either side of the bridge. The
number and dimensions of formed bridges depend on airflow velocity and the deposition
mechanism as well as on the fiber’s structural morphology.

Figure 16 shows the development of maximal size (parallel to fiber axis) and number
of bridges with three characteristic airflow velocities as a function of the TIF. This figure
follows the principle of a heatmap. The total number of bridges (in the following pores) in
each section is visualized using a grayscale code.
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Figure 16. Size and number of bridges between the fibers in the experiments up to CP. At 1.8 m/s,
0.65 m/s, and 0.25 m/s. Scaling of colors (number) is logarithmic. Size of bridges parallel to the axis
of the fiber.
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At a flow velocity of 0.25 m/s, the first small bridges (71–81µm) develop just before the
second evaluation point. At first, the number of bridges simply increases to an average size
of 50µm. Then, starting at TIF of 1.6 × 108 particle · mm−2, more small bridges are formed
while existing bridges grow together to form larger ones. At Evaluation Points 3 and 4, the
number of medium-sized bridges (50–60 µm) does not increase any further, while the large
bridges continue to grow.

As shown in Figure 13, the curve for the increase in particulate material in the intersti-
tial spaces flattens somewhat at a TIF of 1.6 × 108 particle · mm−2. At Evaluation Points 3
and 4, the structures are not fully closed yet (see Figures 12 and 17). The size of bridges
reaches a maximum of 281µm.

Figure 17. Images of the characteristic pores and bridges at three different airflow velocities during
the loading procedure at the corresponding TIF.

At an airflow velocity of 0.65 m/s, bridge formation occurred earlier than at 0.25 m/s.
The size of the first bridges formed in the two sets of experiments was similar. There was
a significant growth of bridges between Evaluation Point 2 and Evaluation Point 3, with
a considerable number of large bridges (larger than 121µm) and small bridges (ranging
between 41 and 71µm) being formed. The bridges continued to grow towards Evaluation
Point 3, reaching a maximum size of 441µm. The number of bridges, however, was
smaller than that at 0.25 m/s. The number of small bridges continued to decrease towards
Evaluation Point 4, while bridges of medium size (between 121 and 201µm) increased in
size due to particle accumulation.

In the experiments at an airflow velocity of 1.8 m/s, the formation of bridges sized
41–81µm occured shortly before Evaluation Point 3 and continued to increase with in-
creasing TIF. The total number of bridges in this size range increased, too. The maximum
bridge size reached 401µm before Evaluation Point 4, which is twice the size of the bridge
observed at 0.25 m/s. The total number of bridges ranged from 8 to 14 and was lower than
in the other experiments. This might be due to the fact that the structure between and on
the fiber is growing more in the direction of the airflow. As a dendritic structure has more
side arms in the horizontal direction that can reach structures on other fibers, the chance of
bridge formation is higher.

As discussed in Section 2.3, bridges typically result in the formation of new pores.
At the beginning of the filtration process, there are empty spaces between neighboring
fibers that gradually become filled with deposited particles. Figure 18 presents the size
and number of those pores at the corresponding TIF for three different airflow velocities.
They are measured using the hydraulic diameter as a metric for pore size. The free fiber
interspaces are detected at the start of each experiment and appear as a single large pore per
fiber pair. At a TIF of 0 particle · mm−2 are the unobstructed interspaces between the fibers.
As the loading process continues, the size of the interspaces between the fibers narrows.
Subsequently, the hydrodynamic diameter starts to decrease. A newly created bridge splits
into a large pore into two new pores. The experiments at an airflow velocity of 0.25 m/s
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exhibit an initial steady decrease in pore size with a constant number of pores from the
beginning of the experiment. This indicates a stable growth of the particle structure within
the interspace of the fibers. Immediately after Evaluation Point 1, corresponding to a TIF of
1.5× 107 particle ·mm−2, the number of pores increases steadily. After the evaluation point,
there is a marked increase in the number of smaller and medium-sized pores, particularly
in the size range of 21–41µm, which may include small holes within the dendritic structure
(observed in Figure 12). After Evaluation Point 4, mainly small pores are formed, while
large pores above 100µm become less frequent. Just before the fourth evaluation point,
additional large pores may form in the deposited structure due to small demolition and
fracturing. Moreover, it is possible that formed dendritic arms of the structures may detach
and expose void areas between the fibers.
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Figure 18. Hydraulic diameter of the pores between the fibers in the experiments before reaching CP.
At 1.8 m/s, 0.65 m/s, and 0.25 m/s. Grayscale (total number) is logarithmic. The pores at TIF = 0 are
the interspaces between the fibers. Plot for 0.65 m/s: Hole in the clogged particle structure.

Further particle loading would lead to clogging in the interspaces of the fiber array.
The number of small pores continues to increase, which suggests further growth and
clogging of already existing pores. The exact TIF at which clogging occurs at this airflow
velocity is not known. Figure 12 presents images of the growing structure including pore
formation. Figure 17 illustrates the pores and bridges and their aspect ratios. In fiber
sections with a slightly smaller fiber spacing the structure recedes more quickly with large
pores/spaces and closing fast and almost completely.

At an incident flow velocity of 0.65 m/s, an initial linear decrease in pore diameter at a
constant pore number is observed again. The deposited structure, as shown in Figure 12,
exhibits a morphology transitioning from dendritic to compact. Pore growth in the size
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ranges of 41–61µm and 21–41µm starts just before the second evaluation point. Further
development of smaller pores and simultaneous reduction of larger pores indicates the
gradual closure of large pores and growth of the structure between the second and third
evaluation points. After Evaluation Point 3, the number of small pores continues to increase
as the structure slowly closes completely.

Large pores with hydrodynamic diameters of 81–121µm occur before Evaluation
Point 4. These are actually holes in the previously closed particle structure, which were
created by larger particles. The holes are closed by particulate material as the filtration
process continues (see Figure 18). Although some pores are still present at the end of the
loading process, the combination of different results (accumulated particulate material,
number of bridges, and pores) shows that the structure has reached the clogging phase.

When the airflow velocity increases by 1.8 m/s, a compact particle structure is formed
on the fiber array in agreement with the investigation by Kanaoka et al. [3]. As depicted in
Figure 18 on the lower left, the pores persist up to large values of TIF. The hydraulic diam-
eter decreases to 241–261µm because the structure grows in the direction of the stagnation
point, rather than horizontally. Large pores form right after the start of the experiment
and exist up until Evaluation Point 4. Before the third evaluation point, additional pores
develop in the range below 100µm. They are formed parallel to the bridges (see Figure 16).
The number of individual pores remains very low in the experiment with 1.8 m/s compared
to 0.65 m/s and 0.25 m/s. Pores in the size range of 3–21µm are found in all experiments.
The presence of pores until the end of the experiment, along with the observation of large
elongated pores between the fibers, suggests that the structure is not fully closed. These
results, together with the findings presented in Section 3.3, support the notion that the
structure is not in a completely clogged state. The structures merge due to their length, as
reflected by the horizontal bridge size data.

4. Conclusions and Outlook

In this study, the impact of airflow velocity on the formation and development of
particulate structures on an array of elastic filter fibers was investigated. The experimental
results revealed new details about the morphology of the particulate structures. It depends
on the airflow velocity, with dendritic structures forming at low velocities and compact
structures at higher velocities.

Visual observation took place in the airflow direction using a special camera that
allowed for a comprehensive analysis of the whole deposition process. This technique
facilitated the determination of the number and size of pores and bridges between indi-
vidual fibers or within the structure and of the relationship between the boundary line
and the relative accumulated particulate material in the spacing between the fibers. Those
investigations of the mass on the fiber array revealed a steeper increase when the fiber
structure’s clogging point was exceeded. The ratio of boundary lines for dendritic struc-
tures was found to be larger than that for compact structures, indicating a more jagged
boundary line in the former case. The technique was also used to determine the size of
pores within and between the individual particle structures. The hydraulic diameter of the
pores increased the size with an increasing Stokes number. The size of bridges decreased as
the Stokes number decreased. The number of bridges was significantly higher for dendritic
structures on the fiber than for compact structures, where long bridges are formed during
the experiment. The growth rate of the particle structure passes through a maximum at a
Stokes number of 3.62. In these experiments, the CP was reached.

Based on the above results, future investigation will focus on the behavior of the
separated particle structure (with different morphologies and growth progress) on the fiber
array during the stretching (up to 39% of the filter fibers). The elongation of the fibers
causes stresses in the deposited particle structure, which might result in re-arrangement and
detachment. The size and effects of particle structure re-arrangement and detachment will
be examined and predicted as precisely as possible. It is uncertain how much elongation
of the fiber structure is necessary/is possible with an entire filter medium, but it has
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already been shown in previous experiments that even at small elongations of 5% the first
detachment occurs during the first elongation cycle [12]. Overall, the use of elastic fibers in
filter media has the potential of paving the way towards the development of adaptive filter
systems in the future.
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