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ARTICLE INFO ABSTRACT

Communicated by Volodymyr Tarabara The influence of pleat geometry on the operating behavior of cleanable surface filters was investigated using
harmonized regeneration conditions and complementary modeling approaches. An adapted DIN ISO 11057
procedure was applied to isolate geometric effects for differently aged filter media by maintaining consistent
regeneration intensity, raw gas concentration, and filter media face velocity across all geometries. The results
demonstrate that under these harmonized experimental conditions pleat geometry influences the operating
behavior from the first filtration cycle. The resulting differences in cycle time, residual differential pressure,
and clean gas particle number concentration persist for the duration of the experiments. While aging leads
to increased residual differential pressure and reduced particle emissions, similar trends across all geometries
indicate comparable macroscopic aging behavior. No significant loss of effective filter media surface area was
observed for the different geometries under the investigated operating conditions using a coarse, free-flowing
test dust. A geometric model describing dust deposition on pleat sidewalls and in the pleat bottom suggests
that the observed differential pressure development can be explained by the dust deposition inside the pleat
in combination with the pleat geometry. In summary, the results show that increasing the pleat ratio leads to
a shorter cycle time under the investigated harmonized conditions, and the geometry influence was evident
from the very first cycle.
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1. Introduction

Surface filters are widely applied in different industries to comply
with emission limits or for product recovery. Compared with depth fil-
ters, the particles are mainly collected on the surface of the filter media.
The resulting particle layer, the so-called dust cake, is a highly efficient
separator for particles from particle-laden gas streams [1]. Generally,
surface filters are operated cyclically, with each cycle consisting of a
filtration and a regeneration phase. During the filtration phase, dust
accumulates on the surface of the filter medium, resulting in a pro-
gressively thickening dust cake. This leads to an increase in differential
pressure between raw and clean gas side, due to the increasing flow
resistance of the dust cake. To reduce the differential pressure, the filter
medium is regenerated periodically. The regeneration (partially) re-
moves the dust cake, resulting in a residual differential pressure, which
is lower than before the regeneration of the filter media, but does not
return to the differential pressure of a clean, unused filter medium [2].
A widely used method for regenerating cleanable filter media is the use
of a short pulse of pressurized air directed against the nominal flow
of the gas through the filter media (pulse-jet). During regeneration,
the pulse intensity must be sufficiently strong to counter the main
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flow direction and reverse the flow through the filter media [3]. Flow
reversal can result in the detachment of the dust cake due to the flow
force of the reversed flow through the filter cake, the inertia of the dust
cake, and the acceleration and deceleration of the filter media, as well
as shear forces inside the dust cake and between the dust cake and the
filter media [2]. The completeness of dust cake removal directly affects
the operating behavior of surface filters. An insufficient removal of dust
(patchy cleaning) can result in a transient differential pressure increase
due to the non-uniform flow through the filter media and/or permanent
blocking of a part of the filter media [4]. Furthermore, regeneration
frequency and the particle emission are linked to the efficiency of dust
removal, as a higher residual pressure results in a shorter filtration cycle
(for a set maximum differential pressure) and therefore requires more
frequent filter medium regeneration and leads to an increase in particle
emission, as the highly efficient dust cake is removed [1,5]. More
frequent regeneration also increases the mechanical stress experienced
by the filter media due to the pulse-jet [2].

Different designs of surface filters exist, with a common design
being the use of pleated (folded) filter media in a panel or cartridge
design [1,6]. The filter medium is pleated to increase the available
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filter media surface area, either to accommodate spatial boundaries for
the filter system or to reduce the differential pressure of an existing
filter system by increasing the surface area in the existing filter system.
The seemingly advantageous increase in filter media surface area is
accompanied by the disadvantage that pleating the filter media and
operating pleated filter media elements can influence the operating
behavior of surface filters. Even in the absence of dust, pleated filter
elements can exhibit certain problems, when fluid flows through them.
Due to deformation of the filter medium during fluid flow, the effective
filter media surface area can be reduced when neighboring pleats close
up. Pleat closure is a result of a high pleat density, where pleats
can interact with each other, either by being forced apart by fluid
or being dragged together by viscous forces of the fluid [7,8]. The
closure leads to an increase in differential pressure due to the loss
of effective filtration area. The filter medium can also be compressed
(especially in the pleat bottom and the pleat tips) as a direct result
of the pleating process or hydrodynamic effects. Compression alters
the permeability of the filter medium and affects the development of
differential pressure, as the combined compression and effective area
loss results in a higher differential pressure even for dust free filter
systems [8,9].

Numerous experimental and numerical studies have been conducted
in the past concerning pleated filter elements and media for depth
and surface filtration with regard to dust deposition inside the pleats,
the development of differential pressure and, for surface filters, the
dust cake removal. The following paragraphs provide an overview of
existing research for both depth and surface filtration, but focus on
relevant phenomena for surface filters.

A key aspect of evaluating pleated filter media is the geometry of
the pleats, often quantified by the pleat ratio (PR). The PR describes the
ratio of pleat height to pleat width, with a high pleat ratio resulting in
more pleats per filter element length compared to a low PR. Increasing
the pleat ratio influences the development of differential pressure and
the dust loading of the pleats. Numerical studies in particular have fo-
cused on this relationship for model pleats and pleated filter cartridges.
Increasing the pleat ratio leads to an increasing inlet velocity into the
pleat and a non-uniform velocity distribution over the length of the
pleat. The increased inlet velocity results in more viscous drag and
leads to higher differential pressure even in the absence of dust [10—
13]. The inhomogeneous flow inside the pleat leads to a change in
streamlines, which affects the deposition location of particles inside the
pleat and the filter media. The inhomogeneous cake build-up results in
an increase of differential pressure [14-16]. A high inlet velocity in
combination with a high pleat ratio leads increased particle deposition
in the pleat bottom, resulting in a non-homogeneous dust cake [15,
17-19]. As dust not only accumulates in the pleat bottom, but also on
the sidewalls of the pleat during filtration, the flow distribution inside
the pleat can become inhomogeneous. The uneven flow distribution
can result in further uneven particle deposition inside the pleat which
results in an increase in differential pressure [18,20,21]. Although these
studies provide important insight into flow and deposition mechanisms
within pleats, many are based on numerical simulations or simplified
geometries and do not consider repeated filtration and regeneration
cycles typically carried out for filter elements in surface filtration.

In addition to dust deposition, the dispersity of the particles in
combination with the PR influences the cake build-up, where large
particles tend to migrate to the bottom of the pleat due to inertia, while
fine particles form a more homogeneous dust cake on the sidewall of
the pleats. The resulting non-uniform dust cake leads to the blocking
of surface area by particles in the bottom of the pleat or by forming
dendritic structures, which can block the underlying filter surface area
during filtration [21-23]. This blocked surface area again can result
in a steeper increase of differential pressure over the course of the
service life of the filter element. In summary, a higher pleat ratio
results in a steeper increase in differential pressure due to non-uniform
flow distribution and dust deposition within the pleat, which further
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increases the non-uniform flow inside the pleat and through the filter
media.

The experimental research on pleated surface filters is mainly fo-
cused on two key aspects: the regeneration of pleated filter elements
(panel and cartridge) and the eventual loss of effective filtration area
during continuous operation. The main cause of effective surface area
loss is the accumulation of dust inside the pleats, leading to temporary
or permanent blockage of effective filtration area. This phenomenon
is often cited as the cause for cycle time reduction and residual pres-
sure increase [24-27]. For both, pleated cartridges [24,25,28] and
panels [26,27], an increasing PR is associated with a lower effective
filtration area during dust loading, which leads to an increase in
differential pressure at constant volumetric flow rate through the filter
element. In addition, Teng et al. [29] showed, that after exceeding a
PR of 5 the increase of differential pressure increases strongly due to
blockage of the pleats by the dust, and thus reducing the effective filter
media surface area.

In experimental investigations, the PR is often increased by using
different filter elements with different filter media surface areas, while
keeping the length and the diameter of the element constant. Certain
operating parameters, such as dust feed rate and volumetric flow,
are adapted to enable comparison between the filter elements with
different surface area. However, the regeneration intensity is often
not adapted [25,28,30]. With increasing filter media surface area, the
same regeneration parameters (tank pressure and electric valve opening
time) lead to a less thorough cleaning of the filter media, as the
pulse intensity is reduced due to the larger filter media surface area
to be cleaned. This makes it difficult to distinguish purely geometric
effects from operational influences on the (irreversible) reduction of the
available filter media surface area. Li et al. [31] varied the PR while
keeping the surface area constant, and thus the regeneration parameters
were not adapted. They found that increasing the pleat ratio for panel
filters leads to a higher residual differential pressure and a shorter
cycle time over the first nine cycles of new, non-aged filter media
when regenerating the filter media by back-blowing. Furthermore, they
found that the pleat ratio influences the slope of differential pressure
increase [31]. However, the regeneration intensity was not character-
ized for the investigated pleat geometries, and the study was limited to
the first nine filtration cycles of new, non-aged filter media regenerated
by back-blowing. Consequently, the influence of pleat geometry under
harmonized regeneration conditions for pulse-jet cleaning and after
long-term aging remains partially unclear.

A wide range of studies has investigated the regeneration and dust
cake removal from pleated filter elements. For effective filter medium
regeneration the maximum peak pressure, as a result of flow reversal by
the pulse-jet and the uniformity of the peak pressure across the filter
element are often considered. Uniformity is essential to avoid patchy
cleaning for large filter elements and ensure a near-complete dust cake
removal and the maximum peak pressure should exceed 400-500 Pa.
These values should be exceeded to sufficiently reverse the flow during
regeneration, as pleated filter elements often allow little to no filter
media movement, making the reversal of flow the dominant regener-
ation mechanism [32,33]. Studies have investigated the deflection of
the pulse-jet, which leads to varying peak pressures dependent on the
distance of the blow pipe and the angle of the blow pipe opening [34].
The installation of cones (pleated and non-pleated) was investigated
by Li et al. [35] and Qiu et al. [36] to increase the maximum peak
pressure and uniformity of regeneration across the height of the ele-
ment, showing that using a cylindrical inner cone leads to an increasing
uniformity and height of the maximum peak pressure. The effect of an
induced airflow on the maximum peak pressure to increase its magni-
tude and improve uniform pressure distribution in filter cartridges was
investigated by Yan et al. [37], showing that an induced airflow assists
with uniformity of the peak pressure across the height of a cartridge.
Li et al. [38] found that increasing the peak pressure reduces the resid-
ual dust on the filter element, correlating a high peak pressure with
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effective filter element regeneration. Other operating parameters, such
as tank pressure, electromagnetic valve opening time [39], and clean-
on-time or clean-on-demand modes [6,40] have also been investigated,
offering advice for what PR what regeneration mode should be used.
Xing et al. [41] investigated different nozzle shapes, showing that using
a slit nozzle increases the pressure uniformity of regeneration compared
to a typical, circular nozzle. Xie et al. [42] tested the simultaneous
pulse-jet regeneration from the top and the bottom of a filter cartridge,
with the result that regenerating the cartridge from both sides yields
the highest peak pressure and the longest cycle time with the lowest
residual differential pressure. The large number of studies highlights
the importance of effective regeneration for stable and economical
filter operation. However, while regeneration parameters have been
investigated extensively, few studies have systematically harmonized
the regeneration conditions when comparing different pleat geometries.
Consequently, the isolated influence of pleat geometry on filter opera-
tion under comparable regeneration intensities has not yet been fully
clarified.

Furthermore, the size of the separated particles is relevant for filter
element operation and regeneration. Small particles can irreversibly
block filter media pleats due to stronger adhesive and cohesive forces
between the particles and the filter medium [43-45]. Irreversible clog-
ging leads to non-uniform dust deposition and velocity distribution
within the pleats because, after regeneration, the non-blocked surface
area offers lower flow resistance and the dust-laden gas preferentially
flows through these patches. This leads to local increases of the face
velocity and different cake heights across the surface of the filter media
and results in shorter filtration cycles due to a steeper differential
pressure increase [44,45].

Despite the existence of numerous studies investigating pleated
filter elements under various criteria, the isolated influence of pleat
geometry on filter operation remains insufficiently understood, as many
studies simultaneously vary filter surface area and regeneration con-
ditions. This makes it difficult to distinguish geometric effects on
operating behavior, particularly with respect to irreversible surface
area loss, residual pressure development, and cycle time development.

Therefore, the objective of this study is to systematically investigate
the effect of filter medium geometry on the operating behavior of sur-
face filters under harmonized operating and regeneration conditions.
To achieve this, a methodology employing harmonized experimental
parameters (maximum peak pressure, raw gas concentration, and filter
medium face velocity) and identical filter media, based on the DIN ISO
11057 standard [46] is applied [47]. This allows the isolated evaluation
of the effects of filter medium geometry and medium age on filter
operation. Furthermore, the comparison of flat and pleated geometries
under standardized conditions and a consistent experimental procedure
enables an assessment of the transferability of flat media coupon tests
to pleated filter media.

To evaluate the geometry influence, the different filter media ge-
ometries were investigated in a test-rig with pulse-jet cleaning in
accordance with DIN ISO 11057. Differences in cycle time, residual dif-
ferential pressure, and particle emission can thus be directly correlated
to the respective geometry of the filter media.

In addition, a simple model describing the time-dependent dust
loading of filter media pleats and the permanent blockage of filter
media surface area by dust is introduced to qualitatively describe dif-
ferential pressure increase as a result of the influence of filter medium
geometry.

2. Methodology
2.1. Experimental setup, methodology and materials
2.1.1. Filter media test-rig

The test-rig for conducting experiments is based on the international
guideline DIN ISO 11057 and is depicted schematically in Fig. 1.
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The dust is dosed and dispersed by a rotating brush dust feeder (NDF
100 BD, Filtration Testing Equipment & Services GmbH). The generated
aerosol is neutralized using a KR-85 neutralizer. The neutralized aerosol
is drawn through the raw gas duct, and the raw gas concentration is
continuously monitored by extinction measurement. The dust-laden air
is partially drawn through the filter medium, while the cleaned gas
is released into the ambient air as excess air after passing through
an absolute filter (Versapor, Pall Corporation). The remaining dust-
laden gas stream is drawn through the raw gas duct, cleaned using a
filter cartridge (Viledon®, Freudenberg Filtration Technologies GmbH
& Co0.KG), and then released into the ambient air. Mass flow controllers
are used to regulate the volumetric flow rates through the raw (58538,
Brooks® Instruments) and clean gas duct (SLA 5851, Brooks® Instru-
ments). The raw and clean gas flow are indicated in Fig. 1 as the dark
and light blue arrows, respectively.

After either surpassing a set differential pressure or a defined time
interval, the filter medium is regenerated by pressurized air (pulse-
jet) to dislodge the dust cake and reduce the differential pressure
between the raw and clean gas side. When regeneration is triggered, an
electromagnetic valve (262, ASCO™) opens and releases pressurized
air through the blow pipe (3.3cm diameter) and the nozzle (0.3cm
diameter) directed towards the filter medium. The pressurized air is
supplied by the in-house pressurized air system, and the pressure inside
the pressure tank (Hosokawa Mikropul) with a tank volume of 2.3L is
controlled by a pressure regulator (ITV3050, SMC) to set the desired
regeneration pressure.

Unlike DIN ISO 11057, the particle emission is not measured gravi-
metrically, but with an optical particle counter (OPC). The measure-
ment principle of the Promo® 2000 with a Welas® 2300 sensor by
the manufacturer Palas® is based on optical light scattering of white
light by single particles. The sensor was calibrated using MonoDust
1500 provided by Palas® with an equivalent scattered light diameter of
1.26 um. The Welas® 2300 has a detection limit of 4-10* particles cm™3.
The sampling point on the clean gas side was positioned 80 cm behind
the backside of the filter media. The particle counter enables time-
and size-resolved measurements of the particle number concentration,
providing a more detailed evaluation of emission events compared to
gravimetric measurement. The measurement range of the sensor was
set to the smallest range of 0.2-10 pm to better capture the size range
of the most penetrating particle size (MPPS) of surface filters, which
is assumed to be between 0.3-1 pm [5]. Below 0.2 pm the counting
efficiency of the optical is reduced, because air molecules start to
scatter the light, resulting in false counting events from the OPC. The
emission measurement was primarily used for monitoring the clean gas
emissions.

2.1.2. Filter medium

The filter medium used to characterize both the flat and pleated
geometries in the test-rig consisted of thermally bonded PES fibers
with an ePTFE membrane on the upstream side. The medium has a
thickness of 0.09cm. The membrane is laminated onto the fibers to
enhance dust separation efficiency and reduce dust penetration into the
filter medium. Furthermore, the membrane can facilitate the dislodging
of the dust cake during regeneration. This filter medium has a base
weight of 290 g - m™2 and an air permeability (at 200 Pa) of 35L -dm™> -
min~'. Both geometries, flat and pleated, were fabricated from the
same filter medium, allowing a comparison of their operating behavior,
without the influence of differences in material properties. Neverthe-
less, slight sample-to-sample variations in filter media resistance and
the homogeneity of the laminated ePTFE membrane cannot fully be
excluded.
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Fig. 1. Schematic of the adapted filter media test-rig with pulse-jet-cleaning based on DIN ISO 11057.

2.1.3. Configuration of different pleat ratios for testing

Due to differing filter media geometries, both flat and with varying
pleat ratios, the filter media samples are implemented differently into
the test-rig. The flat filter medium coupon is implemented into the test-
rig as intended by the DIN ISO 11057 standard. A circular metal filter
holder with a flow cross-section of 154 cm? is used. The filter medium
is placed into the holder, and a support bar structure for more stability
is added on the clean gas side behind the filter medium. If correctly
dimensioned the filter holder with the flat filter medium is self-sealing.
The flow cross-section corresponds to the implemented filter media
surface area of Agjje; = 154 cm? for the flat geometry. PRO was included
as a flat reference geometry. Although its filter media surface area
and holder geometry differ from those of the pleated samples, the
operating conditions at the filter media face were harmonized to enable
comparison of the operating behavior.

The pleated filter media geometries are implemented differently. To
stabilize the pleated structure and ensure sealing, a two-part 3D-printed
structure is used to fix the filter medium inside the holder with a set
PR. The filter medium is sealed within the structure using silicone. The
two-part structure is then inserted into a circular metal filter holder
and the gap between the structure and the metal filter holder is sealed
using a gasket.

As this study aims to compare different pleat ratios under identical
experimental conditions, the implemented filter medium surface area
for the pleated geometries was kept constant at Agy,, = 320cm? for
all pleat ratios, corresponding to nine pleats for each filter element.
The pleat ratio (2-5) is adjusted by varying the distance between pleats
(Pwidn) while maintaining constant pleat height (Pyeigh)- A pleat ratio
of 1 is omitted due to the assumed negligible influence of very shallow
pleats. The distance between the pleats is changed by reducing the
cross-flow section of the 3D-printed structure, forcing the pleats closer
together. Pictures (front view) of the different filter holders and a
schematic showing the cross-sectional view and the reduction of the
distance between the pleat tips, thus increasing the PR, are depicted
in Fig. 2. The difference in filter surface area between the flat and
the pleated geometry was due to the effort to implement as much
pleated filter media surface area as possible within the existing circular
boundaries of the clean gas duct.

Table 1
Summary of geometric data for the different pleating variants of the filter
media.

Geometry  Pygign/cm  Pyjam/cm  Actual PR Acrogesection/Cm”  Agjier/cm’
PRO - - - 154 154

PR2 1.0 1.96 81

PR3 0.67 2.93 54

PR4 1.96 0.5 3.92 40.5 320

PR5 0.4 4.90 32.4

As shown in Fig. 2 the reduction of the cross-flow section for the
pleated filter medium leads to an increase of the PR. The number
of pleats and the implemented filter media surface area remained
unchanged. The reduced cross-flow section forces the pleats closer
together, resulting in a higher PR. The flat filter medium is depicted
for the sake of completeness, even though no pleating occurred. The
designations PR2-PR5 are nominal labels based on the actual PR and
are obtained by rounding for simplicity. The geometric dimensions and
the corresponding actual PR for each pleated variant are summarized
in Table 1. As a result of changing the pleat width, the pleat height
changes slightly, but owing to the small pleat opening angles, the
vertical pleat height is approximately equal to the pleat sidewall length,
which remains unchanged. Further details are given in Appendix A.

2.1.4. Harmonization of experimental parameters

Due to differences in filter media surface area (flat vs. pleated)
certain experimental parameters must be adapted to ensure compara-
bility. The clean gas flow V is increased for the pleated geometries
to maintain the same filter medium face velocity wg; and the dust
dosage rate is adjusted to achieve the same raw gas concentration
CRaw gas+ A comparative overview of the experimental parameters is
listed in Table 2.

For meaningful comparison, the different filter media geometries
should be regenerated with the same intensity. In this study, the maxi-
mum differential pressure caused by the pulse-jet at the same electrical
valve opening time #y,, was used as a reference and target vari-
able for the intensity. This is consistent with previous studies, which
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Front view of filter holder for pleated filter media
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Fig. 2. Front views of the filter holders for the flat and pleated filter media (left) and schematic cross-sectional views illustrating the reduction in pleat spacing

with increasing pleat ratio (right).

consider the maximum peak pressure as a governing parameter for
regeneration intensity evaluation [33,35,37,38]. Besides the maximum
peak pressure, the duration of the differential pressure pulse was also
evaluated. Since the electric valve opening time was kept constant
for all geometries, the pulse duration was similar for all geometries
(700-750 ms). The corresponding pressure-time curves and additional
information on the harmonization of the regeneration intensity are pro-
vided in Appendix B. The intensity measurements were conducted using
a fast differential pressure sensor (DS-010, Kalinsiky Sensor Elektronik
GmbH & Co. KG). The maximum peak pressure during regeneration
was measured directly on the surface of the flat filter medium and
inside the pleats for the pleated geometries on the raw and clean gas
side. The specific experimental setup and detailed explanation of the
measurement and the adaptation of the tank pressure for regeneration
of a flat and a pleated geometry are shown in our previous study [47].

The results of the intensity measurements for PRO are shown in Fig.
3 on the left. The intensity for each tank pressure pr,,; was measured
ten times and the depicted data points represent the mean value of the
ten measurements. The error bars represent standard deviation. Due to
the linear dependency of the maximum peak pressure to the tank pres-
sure, the required tank pressure for the flat filter medium for certain
maximum peak pressures can be calculated. The intensities measured
for the pleated filter media geometries (at a tank pressure of 0.5 MPa)
and for the adapted tank pressure for the flat filter medium are depicted
in Fig. 3 on the right. Again, each data point represents the mean value
of ten intensity measurements and the error bars quantify standard
deviation. The maximum peak pressure for the flat filter medium at
a tank pressure of 0.5 MPa is 2.2 times higher than the intensity of the
pleated geometries at pr,, = 0.5MPa. This is due to the increase of
filter medium surface area for the pleated geometries. The increase in
surface area results in a decrease in regeneration intensity, because
the volumetric flow from the regeneration system counteracting the
nominal flow of the gas remains unchanged for the same regeneration
settings (Pranks fvalve)- This results in a decrease in regeneration force
per unit filter media surface area for the pleated samples. Thus, to keep
regeneration conditions constant, the tank pressure for PRO has to be
reduced.

Tank pressure for the flat filter medium is lowered to 0.19 MPa
(calculated value from the linear regression). Further measurements for

the flat filter medium with the reduced tank pressure were conducted,
which resulted in the data point in the right graph in Fig. 3 (indicated
by the arrow). The reduction of the tank pressure for the flat medium
and the measurements for the differently pleated geometries show a
similar maximum peak pressure with a negligible relative deviation of
5% around the mean value of 1134 Pa (indicated by the dotted line).
This enables the comparable regeneration for the different geometries
with respect to the maximum peak pressure.

2.1.5. Experimental methodology and parameters

To characterize and compare the different filter media geometries,
the experimental procedure outlined in the DIN ISO 11057 guideline
was adapted. A schematic depicting the experimental procedure is
shown in Fig. 4.

The experimental procedure for characterization of cleanable filter
media consisted of three phases, where each phase should represent
a different stage in the life cycle of the filter medium. A detailed
description of the adapted procedure from DIN ISO 11057 is provided
by Knisley et al [47]. The first phase started with a new filter medium
sample and consisted of three Ap-controlled cycles with regeneration
using a pulse-jet after exceeding a given differential pressure threshold
Apyr., between raw and clean gas side of 500Pa. These cycles were
conducted to assess the behavior of a factory-new filter medium, such
as initial particle penetration of the new, non-aged filter media or
the development of the differential pressure during the first cycle.
The second phase (aging) consisted of an accelerated laboratory aging
procedure intended to reproduce the effects of repeated filtration and
regeneration on the filter media. The aging stage in this study con-
sisted of 500 At-controlled cycles with a cycle duration t¢yge of 30s,
resulting in a regeneration of the filter medium every 30s. The aim
of the aging stage was to stabilize the operating behavior in respect
to particle number concentration and development of residual differ-
ential pressure. A stable aging state was assumed if the slope of the
differential pressure and particle number concentration during the last
100 aging cycles remained below predefined thresholds of 0.1 Pa cycle™!
and 4 particles cm™3 cycle™!, respectively. Detailed explanations are
provided in Section 3.2. Following the accelerated aging phase, 10
stabilizing (required to stabilize experimental parameters after aging)
and 30 measurement cycles (both A4p-controlled) with regeneration
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Fig. 3. Mean maximum peak pressure dependent on tank pressure for the flat filter medium geometry (left), and mean maximum peak pressures obtained for
PRO and PR2-PR5 under harmonized regeneration conditions (right). Error bars indicate the standard deviation of ten measurements at fy,,, = 60ms.

500 aging cycles with a regeneration every 30 seconds (At-controlled)

!

10 stabilizing and 30 measurement cycles with a regeneration
after exceeding Apyax = 500 Pa (Ap-controlled)

Fig. 4. Adapted experimental procedure consisting of conditioning, acceler-
ated aging, stabilization, and measurement cycles.

at a differential pressure of 500 Pa were conducted. These cycles are
essential to characterize and evaluate the operating behavior of the
different filter media geometries. The procedure was performed for
the flat and pleated geometries of the same filter media. To evaluate
the operating behavior, the development of differential and residual
differential pressure, the cycle time between regenerations, and the
particle number concentration in the clean gas were considered.

The experimental parameters influencing the operating behavior of
surface filters are characterized in DIN ISO 11057 and were adapted
in this study. The experimental parameters for the flat and the pleated
geometries are listed comparatively in Table 2. The filter medium sur-
face area varies between the flat and pleated geometries, as explained
in Section 2.1.3. This meaning that the tank pressure has to be adapted
for the flat filter medium to ensure the same intensity of regeneration,
represented by the maximum peak pressure. The detailed explanation
of the adaptation of pr,y is given in Section 2.1.4. The filter medium
face velocity in this study was adjusted to wgje; = Im - min~!, to
reproduce typical operating conditions for pleated or pleatable filter
media and elements according to VDI 3766 [48]. To enable the same
filter medium face velocity, the volumetric flow through the clean gas
duct has to be increased for the pleated geometries. As a result of the
increased volumetric flow the dust dosage rate also has to be increased
to generate the same raw gas concentration for both flat and pleated
geometries. The raw gas concentration is measured gravimetrically
by flowing through a filter medium sample for a set amount of time

Table 2
3 cond}tlonmg cycles with a regeneration after Experimental parameter for the flat and pleated filter media geometries.
exceeding Apyax = 500 Pa (Ap-controlled)
Afiter/  Wrilter/ CRaw/ Apvax/  Prank/  tvawe/  Tcyee/
cm? m-min~'  g.-m3  Pa MPa ms s
PRO 154 1 10 500 0.19 60 30
PR2-PR5 310 1 10 500 0.5 60 30

(6 min) and weighing the sample before and after the loading process.
With a known volumetric flow, the raw gas concentration can then be
calculated [46].

2.1.6. Test dust

The test dust used was the coarse Boehmite (AIO(OH)) PURAL®SB
by (Sasol) with x5y3 =25 pm. The cumulative mass-based particle size
distribution, measured using laser light ensemble scattering (Sympatec
Helos & Rodos dry disperser), is shown in Fig. 5.

The dust is non-agglomerating and free-flowing, making it easy to
dose and beneficial for regeneration due to an easy removal of the dust
cake. Previous studies [49,50] using the same test dust have shown that
it leads to reliably detectable emission events on the clean gas side after
regeneration, despite its low fine-dust fraction. This indicates that a
sufficient number of particles in the assumed size range of the MPPS for
surface filters is present and capable of penetrating the filter medium,
especially for the free-flowing test dust.

2.2. Model concepts of differential pressure development for pleated filter
media

For the evaluation of the differential pressure development for the
different filter media geometries, two simple approaches were chosen
and are discussed in this study. Previous studies [24-28] often identify
the reduction of effective filter media surface area, and the resulting
increase of filter media face velocity due to dust deposition inside the
pleats as a determining factor for the differential pressure development.

However, reduction of effective filter media surface area can oc-
cur in different ways, depending on whether the area loss is tempo-
rary or permanent: effective filter media surface area can either be
lost permanently over many subsequent cycles or can be periodically
blocked within a cycle and released in the regeneration process. Both
mechanisms are described and discussed in the following sections.
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/v" Summary of data used for the model calculations of the differential pressure
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5 y Parameter PR2 PR3 PR4 PR5
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o &=, P by/m 9510 6.3-10 4710 3.8-10
O =] v So/m 0.019
s -2 ) L/m 0.09
= Y p/kg - m™ 2800
a g 60 &/- Variable
g £ v CRaw gas/kg - m™ 0.01
. / V/m?.s7! 59.107°
g Fg V K|/Pa-s-m™! 6-10°
£ N 4 v K}/Pa-s-m-kg! 96- 103
E 3
£ ¥
&) g v resistance due to higher areal dust loading on the sidewalls. Both effects
2. 20 v contribute to an increase in differential pressure.
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vvvvvvv based on a simple geometric model of a triangular model pleat with the
0 A length L. The model pleat, including all relevant geometric parameters,
1 10 100 for both models is depicted in Fig. 7. Relevant data for modeling is
listed in Table 3.
X/ um The model pleat has a sidewall length of s,, a width of b, and

Fig. 5. Cumulative mass-based particle size distribution of PURAL®SB mea-
sured with Sympatec Helos & Rodos dry disperser.

2.2.1. Reversible reduction of filter media surface area during a filtration
cycle

The simple, geometric model discussed in this section addresses the
(reversible) accumulation of dust inside a model pleat, with the aim
of reproducing the differential pressure increase for differently pleated
filter media (excluding reference geometry PRO) within one filtration
cycle. The model idea consists of two different mechanisms of dust
accumulation inside the pleat. The two resulting, limiting models are
schematically depicted in Fig. 6.

Initially, the model pleat, whose geometric data is listed in Table
3, is dust free, and no dust is assumed to be deposited inside the filter
medium during the model calculations. The dust cake is assumed to
be incompressible. As a result of dust accumulation, the effective filter
media surface area is reduced at the pleat bottom by the deposited
dust, leading to an increase in filter medium face velocity under the
assumption of constant volumetric flow through the pleat. The dif-
ference between the model concepts lies in the mechanisms of dust
accumulation.

In Fig. 6 a new, dust-free pleat with the available filter media
surface area (indicated in green) is depicted. During filtration (after a
certain amount of elapsed time 4r) for the bottom filling model all sep-
arated dust accumulates in the pleat bottom, forming a non-permeable
dust cake (shown in red). With increasing filtration time the height of
the non-permeable dust cake increases, thereby reducing the available
filter media surface area. The resulting increase in differential pressure
is solely attributed to the increasing filter medium face velocity and the
filter medium resistance of the clean filter medium. This model concept
may describe conditions with very narrow pleats and coarse test dust,
where high inlet velocities cause particles to deposit predominantly in
the pleat bottom due to inertia.

The sidewall cake growth is shown in Fig. 6 on the bottom. Here,
the dust cake grows homogeneously along the sidewalls of the pleat,
while remaining permeable (indicated by the lighter red shading). Only
the dust accumulated in the pleat bottom, below the intersection of the
growing sidewall cakes, remains non-permeable. This simplification is
permissible, because the flow path through the dust cake in the pleat
bottom is significantly longer than the flow path through the dust cake
on the sidewalls. This results in a reduction of effective filter media
surface area over time, as well as a thickening dust cake with increasing

an opening angle 0, both of which vary for different pleat ratios. The
relevant parameters for calculating the differential pressure for the first
model are the time (or dust mass) dependent parameters sp(®) and
by (1), where the index p denotes a plug, as the blocking dust inside the
pleat bottom can be interpreted as a plug lodged into the pleat bottom.
With increasing filtration time sp(t) increases due to the growth of the
plug and thus reduces the available filter medium surface area. The
equations used for calculating the differential pressure rise are given
below. A detailed derivation of the relevant equations can be found in
Appendix A.

The differential pressure for the bottom filling model, which is
influenced only by the filter media resistance K| and wgjye,, can be
calculated with Eq. (1).

Appottom filling(H) = K7 - m €3]

For the sidewall cake growth, which consists of a continuously
growing dust cake on the sidewalls with the thickness z(t) and a non-
permeable plug in the bottom of the pleat, as shown in Fig. 6, a different
calculation is used. By definition the plug begins, where both the dust
cakes on the sidewalls meet, indicated by the dotted red lines in Fig.
7. The differential pressure increase for the sidewall cake growth can
be calculated by Eq. (2), where p.s represents the bulk density [peg =
(1-¢)-p] and Ké the specific cake resistance.

! ! V
Apgigewall growr_h(t) = (K1 + K2 ~T(1) - pegp) - (2)

2 Losp- (1- 22
0

Using the expressions for the differential pressure (Egs. (1), (2)),
a comparison with experimental data can be performed to evaluate
the dust loading behavior of the pleats and potentially offer qualitative
insights on dust loading mechanisms. The porosity of the dust cake was
used as an adjustment parameter in the range of 0.6-0.8, as was found
by Schmidt [2].

2.2.2. Irreversible loss of filter media surface area over numerous cycles due
to dust deposition inside the pleats

The second model approach is the irreversible loss of filter media
surface area due to deposited dust inside the filter medium pleats,
which cannot be removed by regeneration, and thereby continuously
blocks filter media surface area. It is important to note that in this con-
sideration the exact location of the blocked surface area is irrelevant.
The differential pressure of surface filters can be calculated according
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Fig. 6. Exemplary accumulation of dust inside the pleat for a bottom filling scenario and a continuous cake growth on the sidewall of the pleat with a non-

permeable dust cake in the pleat bottom.
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Fig. 7. Model pleat and relevant geometric parameters used in the bottom-filling and sidewall-cake-growth models.

to Loffler [1] by Eq. (3), where W represents the deposited areal dust
mass.

’ ’
Apgilter = K] * Wrilter Kz - Wrilter * W (€))

The filter media face velocity can be calculated using Eq. (4) and
the areal dust mass over a certain time interval following Eq. (5), with
t being the elapsed time since the last regeneration.

14
WEilter = ——— 4)
et AFilter

& CRaw gas ot

W = 5)

AFilter

Exemplary calculated differential pressure curves for the different
aging and surface area blocking scenarios are depicted in Fig. 8. Four
different mechanisms are shown. The differential pressure curve for
the non-aged filter medium increases over time, while the available
surface area (indicated in green) is completely accessible and no dust
has deposited inside the filter medium. For an aged filter medium, the
deposited dust inside the filter media is indicated by the dotted red
lines beneath the available surface area. If the filter medium ages the

resistance K| increases. When this is the case the differential pressure
curve depicts a y-axis intercept on a higher differential pressure level.
When no blocked area occurs the curve will be shifted parallel to the
higher differential pressure level, but with the same slope as the new,
non-aged media during the filtration cycle.

If filter medium surface area is blocked by dust (and thus, im-
permeable), as indicated by the red areas in the pictograms above
and besides the curves in Fig. 8, the differential pressure curves vary
from the non-blocked filter medium. For the calculation of the curves
(parameters are given in Fig. 8) the effective surface area was reduced
by 40%. The reduction of surface area in combination with a constant
volumetric flow results in an increase of wpg;e,. This leads to a steeper
differential pressure increase and a higher starting differential pressure.
If, in addition to the loss of effective filter medium surface area, the
medium is aged, the initial differential pressure increases further, but
the slope of the differential pressure curve is equivalent to the slope
with blocked filter medium surface area with a non-aged media with
the same blocked surface area.

To evaluate potential filter medium aging and the blocking of
effective/active surface area, the rise in differential pressure is used.
For a set time interval A7 two points (at the beginning and the end of the
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Fig. 8. Exemplary calculated differential pressure curves for differently aged filter media and effective surface area blocking scenarios.

interval) for the differential pressure are extracted and the application
of Egs. (3) and (5) results in Eq. (6). For the model consideration no
dust is deposited inside the filter medium during one filtration cycle,
resulting in a constant Kl’ during each filtration cycle.

Ap; — Ap, _ A(4Ap)New V - CRaw gas ©)
Ip—1h At ATheoretical
Similarly the same procedure can be conducted for the aged stage

of the filter medium, resulting in Eq. (7).

_ !
= K2 * Wrilter *

A(Ap)Aged " & CRaw gas

Ap, — A
& Po - 2 * Wrilter *
At

) )
Effective

Forming the quotient and applying Eq. (4) yields Eq. (8). If this is re-
arranged and the new, unblocked filter medium surface area Ary,coretical
is interpreted as the total theoretical filter medium surface area and
Agsective Tepresents the available effective filter media surface area of
the aged or potentially blocked filter medium, the potential loss of
surface area can be quantified by Eq. (9).

Iy—1

vV 1
A(Ap)New _ ATheoretical ATheoretical (8)
A(Ap)aged Vv 1

AEffective AEffective

By applying Eq. (9) a factor for the loss of filter media surface
area can be calculated using differential pressure data gained by ex-
periments. This approach enables indirect quantification of effective
filter medium surface area using measurable differential pressure data.
Furthermore, it offers insight on the mechanisms of permanent dust
accumulation occurring during the experiment.

AEffective _ A(4p)New ©
Atheoretical A(Ap)Aged

3. Results and discussion

To characterize the impact of different filter medium geometries
on the operating behavior the methodology described in Section 2.1.5
was applied. The following section will address the different stages of
the methodology. Each geometry was tested three times except PR3,
which was tested twice. Mean values were calculated from the available
experiments. Consequently, the statistical reliability of the PR3 results
is slightly lower than for the remaining geometries.

3.1. Conditioning cycles for different filter media geometries

The conditioning phase is conducted to evaluate the behavior of
new, unused filter media. To eliminate ramp-up effects of the dust
feeder, the raw gas concentration was first set in the raw gas duct,
before initiating the flow through the filter media. This enables the
evaluation of the initial particle penetration through the filter media
under identical experimental conditions at the media face for each
geometry.

Fig. 9 depicts the rise of the differential pressure during the first
conditioning cycle for each medium geometry (left) and the initial
particle penetration, represented by the particle number concentration
measured on the clean gas side, through the filter media on the right.
The differential pressure curves are representative raw-data curves
from individual experiments. The particle number concentration shown
represents the mean number concentration for the conducted experi-
ments for each filter media geometry during the first cycle. Standard
deviation from the mean is indicated by the shaded (lightly colored)
areas. This depiction was chosen throughout this study, if error bars
would reduce readability of the figures.

At the beginning of the cycle the increase of differential pressure is
similar for all geometries, reflecting the harmonized operating condi-
tions. The flat geometry (PRO) shows a decreasing differential pressure
curve over time, whereas the pleated geometries exhibit a similar be-
havior up to approximately 5 min. Beyond this point PR2 and PR3 depict
an almost linear increase in differential pressure, whilst PR4 and PR5
show an accelerated (non-linear) increase. This indicates a geometry-
and time-dependent difference in differential pressure rise during dust
loading, affecting the cycle time until the maximum allowed differential
pressure is reached. For the pleated geometries a simple geometrical
model was developed to describe and evaluate this behavior (Sec-
tion 2.2.1). The decreasing slope for the flat filter medium (PRO),
especially in the first cycle, suggests a non-homogeneous membrane
laminated on the surface of the fibers. This can lead to non-uniform
flow through the filter medium, an inhomogeneous cake build-up and
a non-linear differential pressure rise with a decreasing slope, as the
flow homogenizes during cake build-up.

The particle number concentration (Fig. 9) also varies for the differ-
ent geometries. PR3 and PR4 exhibit the highest peak concentration of
3370 particles cm~3 and 2025 particles cm™ respectively. Furthermore,
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Fig. 9. Experimental differential pressure increase of the new, non-aged filter medium during a representative filtration cycle (left) and the mean particle number
concentration during the first particle penetration through the filter medium (right), where the shaded areas represent standard deviation.

these two geometries emit particles for the longest, before reaching a
near-zero particle number concentration after about 3-4 min. PRO and
PR5 exhibit a maximum of 560 particles cm™=> and 400 particles cm~3,
and show a decrease to a near-zero concentration after 1-2 min. PR2
shows intermediate behavior, but exhibits a similar trend in particle
number concentration decay as PRO and PR5. Since no residual dust
cake is present during the first cycle, the emission behavior can be
directly attributed to filter geometry and the resulting dust deposition
patterns.

A possible explanation is that PRO promotes homogeneous dust
cake build-up, and in combination with the ePTFE membrane on the
upstream side this results in a short emission event, with a low emission
level. PR2 has very wide pleats, which lead to a low inlet velocity
into the pleats and allows the formation of a homogeneous dust cake
on the sidewalls and inside the pleat bottom. As the geometry is not
completely flat, the resulting emission level is higher, compared to
PRO, but shows the same, fast decrease to a near-zero emission level.
For increasing PR the inlet velocity into the pleats increases and the
particles cannot follow the streamlines towards the filter medium,
resulting in the deposition of larger particles into the pleat bottom,
while small particles mainly penetrate through the sidewalls of the
pleats, before the dust cake is formed. This inhomogeneous cake build-
up results in a higher emission level and a longer emission duration for
PR3 and PR4. This effect should lead to the highest emission levels for
PR5, as the highest pleated geometry. It can be seen that this is not the
case. This could be due to the faster, temporal pleat filling with dust,
due to the narrow pleat. As the test dust was free-flowing an optical
evaluation of the formed dust cake is not possible, as the dust flows
out of the pleats if the holder is disassembled offline after testing.

Applying the model calculations introduced in Section 2.2.1 results
in the differential pressure curves shown in Fig. 10 for a new, non-aged
filter media. The experimental data curves for PR2 and PR5 are shown
for illustrative purposes to assist with interpretation, as these geome-
tries represent the least (excluding PRO) and highest pleated geometry.
On the left the calculations for the bottom filling are depicted, where
the increase in filter media face velocity and the filter media resistance
are dominant for the differential pressure increase. The bottom filling
as a deposition pattern underestimates the experimental results, leading
to the conclusion that omitting the influence of the dust cake above
the plug at the pleat bottom is not correct and that dust also has to
accumulate on the sidewalls of the pleats. The dust cake on the sidewall
has to be considered, as is the case for the model with continuous
dust cake growth on the sidewalls. The differential pressure curves
for sidewall cake growth are shown in Fig. 10 on the right. It is
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shown that the experimental data act as an envelope for the modeled
differential pressure curves. This suggests that considering the dust
cake on the pleat sidewalls and reducing the effective filtration area by
assuming the -smaller- dust plug in the pleat bottom better represents
the experimental data and thus will be considered further.

For further evaluation of the sidewall cake build-up the differential
pressure for the dust cake porosity of 0.6 and 0.8 was calculated, to
create an envelope for a relevant porosity range of the dust cake in
regards to surface filtration [2]. The results for the differently pleated
filter media geometries are shown in Fig. 11. The model is in good
accordance with the experimental data for all geometries for the first
7.5 min. This can indirectly indicate that the initial dust cake deposition
inside the pleat is a combination of a dust cake forming on the sidewalls
of the pleats and a small amount of dust accumulated in the pleat
bottom. As the dust cake on the sidewalls is not very thick in the
beginning of the cycle, the blocked area in the pleat bottom is small and
most of the pleat area is effective filtrater media surface area. For PR2
and PR3 the model overestimates the differential pressure increase after
the initial 10 min. The qualitative trend of differential pressure increase
for PR4 and PRS is represented well.

As the models, based on a simple, triangular geometry, do not
consider effects such as compression of the dust cake and filter media,
deposition of particles inside the filter media, the permeability of the
plug in the pleat bottom and the resulting influences on the differential
pressure increase, only qualitative insights can be drawn from the
modeling results.

Nevertheless, the model qualitatively represents the experimental
data, especially for PR4 and PR5, and is consistent with the assumption
that dust deposits on both the pleat sidewalls and in the pleat bottom.
Furthermore, the combined experimental and modeling results suggest
a direct influence of pleat geometry on the dust loading behavior.
A narrower pleat distance leads to a steeper increase in differential
pressure, which results in shorter cycles (4p-controlled), even under
the same experimental conditions and during the first cycle, where
no previously deposited dust and patchy cleaning can influence the
differential pressure evolution. As a result, the cycle time decreases for
PR4 and PRS5, as shown in Fig. 12. The results of the experimental data
and the model calculations are also in accordance to more extensive
numerical investigations that show an increasing differential pressure
during dust loading for a higher pleat ratio [15,17]. Furthermore,
experimental studies for both surface and depth filters show the same
qualitative trend of an increasing differential pressure for a higher
pleat ratio during dust loading already in the first cycle [30,31,51].
In addition, Teng et al. [27] showed that under the same dust mass
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Fig. 10. Model calculations for bottom filling (left) and sidewall cake growth (right) for differently pleated filter media geometries (PRO excluded, as the geometry

is not pleated) and representative differential pressure curves for PR2 and PR5.
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Fig. 11. Representative experimental data and the modeled envelope for dust cake porosities of 0.6 and 0.8 of the differential pressure for PR2, PR3, PR4, and

PR5.

deposited per unit area for different filters, a higher PR results in
a higher differential pressure. These findings support the proposed
hypothesis that the time-dependent dust deposition within the pleats
is an important factor for the development of differential pressure.

The development of the cycle time (left) and the residual differential
pressure (right) for the conditioning cycles are shown in Fig. 12.
The error bars represent standard deviation. In addition, the initial
differential pressure for all filter medium geometries are shown on the
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for every filter media geometry (PRO, PR2-PR5).

right under cycle 0. The cycle time decreases for all geometries for each
cycle. The decrease amounts to 1.8 min for PRO and PR2 and 1.0-1.3
min for PR3 and PR4 respectively. The lowest reduction in cycle time is
observed for PR5, which decreases by only 0.25 min. The flat geometry
(PRO), PR2, and PR3 show a similar trend in cycle time, both in terms
of decrease and cycle duration. All three geometries start with a cycle
time of approximately 26 min and end the conditioning phase with a
cycle time of 25min. In contrast, PR4 and PR5 exhibit shorter cycle
times from the first cycle onward, with PR5 showing the shortest cycle
duration of 15 min.

In contrast, the residual differential pressure (shown on the right)
increases with each filtration cycle. This is attributed to an increas-
ing particle deposition within the new filter medium. The geometries
PR2-PR5 exhibit a differential pressure increase of 10-15 Pa over the
conditioning cycles, indicating similar particle deposition behavior. The
flat geometry (PRO), however, shows an increase of 25 Pa, resulting in
the highest residual differential pressure after conditioning. This may
be attributed to more complete removal of the dust cake of the flat
geometry, allowing deeper particle penetration and deposition into the
filter medium, which leads to a higher residual pressure during the first
cycles.

The variation of the initial differential pressure between the differ-
ent geometries is below 10%, with mean initial differential pressure
of 99 Pa. Compared to the maximum allowed differential pressure of
500Pa, only 2% of the usable differential pressure range is lost due
to fluctuations in the resistance of the new filter media. Therefore,
differences in initial differential pressure are neglected in the following
analysis. These variations may arise from local inhomogeneities and
minor damage to the filter medium or membrane during pleating and
manufacturing of the filter element.

Not just the initial particle penetration in the beginning of the first
cycle, shown in Fig. 9, but also the development of the particle emission
over the conditioning cycles is an important evaluation criterion for the
operating behavior. The average emission per cycle (from regeneration
to the next regeneration) is depicted in Fig. 13. The average number
concentration for the first cycle is the highest for each geometry and
has the largest error bars, showing standard deviation. This is due to
the first penetration of particles through the new filter media, with no
particles deposited inside the media. Furthermore, by pleating the filter
media and by implementing the media into the 3D-printed structure
small defects to the membrane can occur, which result in a poorer
particle collection in the first cycle. These defects can be compensated
by particle deposition in the defect areas, but are not structurally
quantifiable. As a result, the height of the initial particle penetration
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can vary. The subsequent cycles show a similar level of emissions,
which is lower than in the first cycle due to particle deposition inside
the filter media, with again PRO and PR5 having the lowest average
number concentration of 10-30 particles cm=3. PR2-PR5 exhibit an
average number concentration between 40-85 particles cm~3.

3.2. Aging of the different filter media geometries

The second phase of the experimental procedure is the accelerated
aging of the filter media. This phase is used to simulate long-term
use of the filter media by regenerating the filter media in short suc-
cessive intervals. This enhances particle deposition inside the filter
media, resulting in an increasing filter media resistance and a better
particle separation and lower particle emission, as particle penetration
is reduced by the deposited particles.

The development of the differential pressure (left) and the particle
number concentration (right) over the 500 aging cycles is shown in Fig.
14. One characteristic value was determined for each aging cycle. For
the differential pressure the maximum differential pressure of each 30
s interval is chosen, as this correlates to the value directly before regen-
eration and quantifies the relevant increase of differential pressure. The
curves represent the mean value of the three experiments conducted for
each geometry, except for PR3, for which only two experiments were
conducted. For the particle number concentration the mean value for
each cycle is depicted to compensate the fluctuation in signals due to
the measuring device.

The qualitative trend of differential pressure increase, shown in Fig.
14 on the left, is similar for all geometries. The differential pressure
starts at OPa, as the residual pressure after the conditioning phase
was subtracted for each geometry for better comparison. After a steep
increase of the differential pressure the curves level off after about
100 cycles. The further increase of differential pressure for all pleated
geometries (PR2-PR5) is qualitatively the same, only on a slightly
different level. The differential pressure of PR2-PR5 rises between
45-50 Pa, which can be attributed to minor differences in each filter
media sample. Although PRO exhibits a similar initial trend, the total
increase during aging is higher (66 Pa). This can be the result of better
dust cake detachment after each regeneration pulse, compared to the
pleated geometries, which can benefit the particle deposition inside the
filter media.

The particle number concentration in Fig. 14 on the right also
depicts the same trend for all geometries. The emission level in the early
stages of aging is high and then decreases over the successive aging cy-
cles, as more particles are deposited inside the media and thus enhance
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mean values of the experiments, and the shaded areas indicate the corresponding standard deviations.

the dust separation ability of the filter media. The overall emission
levels correlate with the initial behavior shown in Fig. 9, where PR3
and PR4 emit the most particles followed by PR2. PR0O and PR5 exhibit
the lowest emission level. Considering the ratio between the highest
and lowest particle number concentration during aging, a reduction
by a factor of approximately 4-5 is observed for all geometries. Since
this reduction is similar across all cases, it can be concluded that the
macroscopic aging, based on development of differential pressure and
particle number concentration, is comparable. Therefore, differences in
absolute emission levels are likely associated with geometry-dependent
dust deposition patterns within the pleats.

Summarizing the aging phase, two aspects stand out. The increase
in differential pressure for PR2-PR5 was similar, considering the fluc-
tuations attributed to different filter media samples. The differential
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pressure increase for PRO could likely be a result of a more thorough
and uniform media aging. Furthermore, all geometries show a similar
reduction in particle number concentration (factor of 4-5). Both of
these aspects indicate a similar aging in respect to differential pressure
increase and particle concentration reduction of all geometries. This
suggests that the observed differences in differential pressure and the
particle emission are the consequence of different media geometries
and can already be seen in early stages of filter testing, as discussed
in Section 3.1.

3.3. Measurement phase of differently pleated filter media

During the measurement phase, the cycle time, the residual differ-
ential pressure, and the average particle number concentration were
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evaluated to assess the operating behavior of the different filter media
geometries.

3.3.1. Cycle time development during the measurement phase

Fig. 15 depicts the development of the cycle time for each con-
sidered geometry. The cycle time during the first three cycles (con-
ditioning phase) is shown to emphasize the effect of aging the filter
media. Again the shaded areas represent standard deviation for the
mean values. The aging and stabilizing phase are omitted for the sake
of clarity.

For all geometries three effects can be observed. The cycle time
decreases for all geometries during conditioning (see Section 3.1). The
aging reduces the cycle time as the filter media resistance increases
which reduces the usable differential pressure range until the allowed
differential pressure is reached. Thirdly, all geometries exhibit a sta-
ble operation behavior, as the cycle time does not increase over the
successive measurement cycles. This indicates a consistent removal of
dust cake and a stable residual differential pressure level. In contrast,
an unstable operating behavior would result in a decrease of cycle
time over successive cycles, due to an increasing residual differential
pressure and a smaller differential pressure range before regeneration,
when 4p — cycles are conducted. Furthermore, stable operation im-
plies sufficient filter media aging applying the described procedure in
Section 3.2.

PRO ages the most during the aging phase, reaching a cycle time
of 19min during the measurement phase, and a decrease of 7.5 min
compared to the first cycle. The cycle time for PRO is decreased by
28% due to aging of the filter medium. As the pleated geometries age
similarly during the second stage, the decrease of cycle time for all
pleated variants (PR2-PR5) is 17%-18%.

Comparing the pleated geometries, (excluding PRO), the cycle time
for PRS5 is the shortest in average at 12 min, followed by PR4 with 18 min
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and then PR2 and PR3 with 21 min and 22 min. Again this qualitative
order can be seen directly at the beginning of the first cycle and is
consistent throughout the entire experiment. Nevertheless, evaluating
different aging stages of the filter media offers further insights into the
long term operating behavior.

3.3.2. Residual differential pressure development during the measurement
phase

The development of residual differential pressure shown in Fig. 16
indicates stable operating behavior for all geometries. This observation
is supported by the low coefficients of variation (CV) reported in Table
4. Again, standard deviation is shown by the shaded areas. The height
of the residual differential pressure is a result of different filter media
aging, if PRO and PR2-PR5 are compared. The flat geometry ages the
most if the differential pressure is considered, resulting in a residual
differential pressure of 185Pa, which is a 80Pa increase from the new
flat media. For the pleated geometries the slight differences in the
initial differential pressure are mirrored in different levels of residual
differential pressure. As the pleated geometries all exhibit similar aging
behavior, the increase of differential pressure from the initial values of
new samples results in a residual differential pressure level of 165 Pa for
PR2 and PR5 after aging and stabilization, while PR3 and PR4 exhibit
a residual pressure of about 152 Pa.

Notably, PR2 and PR5 exhibit similar residual differential pressure
but significantly different cycle times (difference of approximately
9 min). This demonstrates that not only the residual differential pres-
sure, but also the rate of differential pressure increase during a filtration
cycle must be considered when evaluating filter performance.

This observation confirms that the pleat geometry can strongly
influences the development of differential pressure, as previously dis-
cussed in Section 3.1. The results for the cycle time and the residual
differential pressure are summarized in Table 4 as mean values +
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Table 4
Summary of the mean residual differential pressure and the cycle time for the
measurement cycles with standard deviation.

Measurement cycles

Residual differential pressure/Pa CV/% Cycle time/min CV/%
PRO 185.99 + 2.09 1.12 19.33 + 1.44 1.03
PR2 165.02 + 1.56 0.95 21.38 + 1.89 1.23
PR3 154.73 + 1.46 0.95 22.39 + 3.43 1.12
PR4 152.06 + 1.52 1.00 18.13 + 1.48 0.99
PR5 168.75 + 1.50 0.89 12.53 + 0.92 0.70

standard deviations based on three experiments for PRO, PR2, PR4, and
PR5 and two experiments for PR3. Furthermore, the CV is shown as a
stability metric for the residual differential pressure and cycle time.

3.3.3. Loss of filter media surface area due to dust deposition inside the
pleats

To evaluate the loss of effective filtration area due to permanent
blocking of surface area by dust, the model described in Section 2.2.2
was applied. Fig. 17 depicts exemplary, raw-data differential pressure
curves for the first conditioning and the first measurement cycle for
each filter media geometry. These cycles are selected, as they represent
the new, unused filter media in the beginning and the filter media
after aging and stabilization. To obtain the necessary data to apply
Eq. (9), the differential pressure at the start and the end of a two
minute interval was determined, as indicated by the turquoise arrows
in Fig. 17. The interval for data collection was set at the beginning of
the respective filtration cycle (minute 2 and 3). At beginning of the
cycle effects on the differential pressure development, such as patchy
cleaning or surface area loss, are most prominent.

All filter media geometries show the same qualitative behavior.
The differential pressure curve of the conditioning cycle starts around
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Table 5
Mean differential pressure rise during the conditioning and measurement
cycles.

Differential pressure rise/Pa - min~"

1st conditioning cycle 1st measurement cycle

PRO 22.33 + 1.29 22.76 + 0.56
PR2 19.61 + 3.99 16.62 + 2.90
PR3 17.22 + 2.86 15.45 + 2.14
PR4 16.70 + 1.25 17.29 + 2.55
PR5 20.82 + 0.57 23.71 + 1.55

100 Pa for all geometries. After the aging and stabilization all geome-
tries exhibit a higher starting differential pressure, as discussed in
Section 3.2. If the available filter media surface decreases, the slope
of the differential pressure curve during the measurement cycle would
rise steeper compared to the slope of the new, unused filter media
under identical experimental conditions. The evaluation of the ratio
between effective and theoretical filter media surface area shows that
for PRO and PR2-PR4, aging does not lead to a noteworthy reduction
in effective surface area, as the ratio remains close to unity. PR5 shows
a slight decrease of approximately 6% of effective filter media surface
area in the chosen interval. The differential pressure increase rate for
the different geometries are summarized in Table 5.

This indicates that, with the same specific regeneration intensity,
harmonized experimental parameters, and the coarse, free-flowing
dust, the permanent loss of effective filter media surface area is negli-
gible, as the differential pressure rise for the new and aged filter media
is almost similar, with a slight decrease noticeable for PR5. This can be
attributed to the good dust cake removal of the free-flowing dust under
the chosen regeneration intensity (maximum peak pressure), which
leads to no occurrence of significant blocking inside the pleats. Kim
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evaluate potential filter media surface area loss due to permanent blocking.

et al. [25] and Cuiping et al. [28] attributed a decreasing cycle time to
a higher pleat ratio. The higher pleated filter elements in these studies
exhibited a varying filter media surface area, but the tank pressure
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was 0.4 MPa for all experiments, resulting in a differing maximum peak
pressure for the different filter elements during regeneration. A lower
intensity of regeneration results in a differing dust cake removal for
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Fig. 18. Average particle number concentration and standard deviation for each measurement cycle for PRO and PR2-PR5 measured with a WELAS 2300 sensor

(set size range: 0.2-10 pm).

the different pleated elements. This makes it difficult to assess the sole
impact of filter media geometry on effective surface area loss.

3.3.4. Average particle number concentration during the measurement
phase

The average particle number concentration per cycle, shown in Fig.
18, exhibit the same qualitative trend discussed in Section 3.1. PRO
and PR5 exhibit the lowest average particle number concentration of
approximately 4—6 particles cm™>. For the used sensor these values
correlate to the count rates of 2-3 particles per second on average on
the clean gas side. The low emission level shows the qualitative trend
depicted during the conditioning cycles.

The geometries between the flat and PR5 (PR2-PR4) exhibit the
same particle number concentration of 15 particles cm™, resulting in a
2.5-times higher emission level than PRO and PR5. This is primarily due
to higher peak particle emissions during regeneration and longer emis-
sion durations before reaching near-zero concentration, as discussed
previously.

4. Conclusion and outlook

The main contribution of this work is the isolated evaluation of
the influence of pleat geometry (spacing) on the operating behavior
of cleanable surface filters under harmonized operating and regener-
ation conditions. The investigation was conducted using one ePTFE-
laminated PES filter medium, one filter face velocity, one harmonized
regeneration setting, and a coarse, free-flowing Boehmite test dust. An
adapted DIN ISO 11057 procedure enabled the measurement of ge-
ometry effects while maintaining identical operating and regeneration
conditions for all investigated pleat geometries. Furthermore, a simple
modeling approach was used to assess the potential loss of effective
filter media surface area during dust loading.

The results demonstrate that the filter medium geometry influences
operating behavior from the initial conditioning cycles onward. Dif-
ferences in differential pressure, cycle time, and particle emission are

17

established immediately and persist throughout operation. Increasing
the pleat ratio resulted in shorter filtration cycles, but no pronounced
geometry-depended influence on the residual differential pressure was
observed under the investigated conditions. The comparison with the
flat reference geometry, with harmonized operating conditions at the
filter media face, revealed the same general trend, although the flat
geometry differs in filter media surface area and holder configuration.

The cycle time in particular depends on the pleat geometry, as a
higher PR results in shorter cycles: The observed differential pressure
development is consistent with the proposed deposition mechanism,
in which particles accumulate on the pleat sidewalls and in the pleat
bottom. According to the sidewall cake growth model, narrow pleats
reduce the effective filter media surface area with growing mass de-
position within a filtration cycle, leading to a reversible reduction
of effective filtration area and an accelerated increase in differential
pressure.

The observed aging behavior was comparable for all investigated
pleat geometries, indicated by similar increases in differential pressure
and decreases in particle number concentration during the accelerated
aging procedure. Only the flat filter medium exhibited a slightly larger
increase in differential pressure.

The comparison of cycles from before and after the aging phase to
evaluate the potential surface area loss shows that no significant loss of
effective filter media surface area occurs when regeneration intensity is
properly adapted for the experimental parameters and test dust used in
this study. This finding contrasts with previous studies reporting surface
loss in pleated filter elements and suggests that such effects may result
from insufficiently aligned regeneration conditions and differing test
dusts, rather than pleat geometry.

The presented methodology enables the isolated evaluation of pleat
geometry under harmonized operating and regeneration conditions.
Under these conditions, it is shown that increasing the pleat ratio
did not necessarily improve filter performance and resulted in shorter
filtration cycles. However, the present results were obtained for defined
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operating parameters, one filter medium and one test dust. Conse-
quently, direct engineering recommendations for industrial filter car-
tridges cannot yet be derived.

Future studies should extend the presented methodology to different
filter media, dust types, operating conditions, and eventually filter
cartridges to evaluate the effect of pleat geometry on relevant oper-
ating parameters such as differential pressure, cycle time, and particle
emission. Furthermore, the effect of different regeneration parameters,
such as tank pressure and valve opening time should be considered to
deepen the under-standing of pleated filter elements and the effect of
geometry on the operating behavior further.
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Appendix A. Geometrical model of a pleated filter

The Appendix A is used to give detailed information on how the
equations in Section 2.2.1 were derived and what model assumptions
were made.

Model Assumptions
The following assumptions are applied to both models:

» The pleat is represented by a two-dimensional V-shaped geome-
try.

+ Both flanks have identical length s, and enclose a symmetric
opening width by, which varies for the different geometries.

+ The pleat is extruded uniformly over a depth L.

+ Dust is deposited homogeneously along the pleat depth L.

+» The dust cake is characterized by the bulk density peg.
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» The gas flow is assumed to remain constant and to be evenly
distributed across the available filtration area.

The total clean filter area of the model pleat is

Ag=2-L-s (A1)
The horizontal distance dy,(s) between the flanks at position s is
by
dy(s)= = -5 (A.2)

0

Bottom Filling

Additional assumptions

+ Dust accumulates exclusively in the pleat bottom.

+ No dust cake forms on the filter flanks.

+ The plug is impermeable to flow.

+ The plug forms a triangular shape in cross-section and increases
over time.

Geometrical approximation
The plug length sp is defined along the pleat flank. The vertical plug

height Ay is related to the flank length by
hp = sp - cos(6) (A.3)

For the pleat geometries in this contribution, the inclination angle
0 (shown schematically in Fig. 7) is small. Therefore,

cos(f) ~ 1 (A.4)
and consequently
hp = sp (A.5)

This approximation is used throughout the model. The small pleat
angles result in only in minor deviations from the exact and simplified
geometry between 0.5%-3% for the different pleat openings by,

Plug geometry
The width of the plug top surface is calculated with:
b
bp(t) = = - sp(t) (A.6)
So
The cross-section of the triangular plug is:
by
AP = E . SP(t) (A7)
Plug volume and deposited mass
by 5
Vo = —> . . s2(t A.8
= 2 sp(0) (A.8)
mp(t) = pesr - Vp (A.9)
Plug growth during dust loading
mp(t) =V - craw gas ' (A.10)
By rearranging Eqs. (A.8) and (A.9) sp(7) can be calculated.
25" t
sp(t) = 250 -mp(® (A.11)
e bo - L
Effective filter media surface area
Agffetive =2+ L+ (sg — sp(t) (A.12)
Filter media face velocity and pressure drop
Vv
Wrilter = A (A.13)
eff
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Following Eq. (3) and the assumption that only the free surface area
Aggtective 15 Used for the volumetric flow, the differential pressure for
bottom filling can be calculated by:

A[J = K{ * WrFilter (A14)

Continuous cake growth on the sidewalls with plug formation

Additional assumptions

* Dust is deposited uniformly on both pleat sidewalls (more spe-
cific, the fraction of the sidewall that is not blocked by a dust
plug at the pleat bottom).

» The cake grows symmetrically with a uniform thickness z(t) on
both sidewalls.

» The plug forms when both cake layers intersect and is imperme-
able to flow.

Geometrical approximation

The cake thickness z(t) is defined in horizontal direction for simplic-
ity. For small pleat angles, this description is approximately equivalent
for cake growth in horizontal direction and orthogonal to the media
surface. Due to the small opening angles the error introduced between
the exact and simplified cake thickness is between 0,5%-3% and thus
neglected for the model calculations.

Plug formation in the pleat bottom
The plug is formed, when the dust cakes on both sidewalls meet,

and as a result close the pleat bottom.
dp(s) =2 - 7(t) (A.15)

With Eq. (A.6) the covered sidewall length sp(t) can be calculated
with:

27(t) -
sp(t) = % (A.16)
0
Effective area
2-7(t)
Agfective =2 L - 59 <1 - b ) (A17)

Mass balance
The entire mass inside the pleat is the sum of the mass on the
sidewalls (flanks mg) and inside the plug (mp):

m(t) = mp(t) + mp(t) (A.18)
Cake build-up on the sidewalls of the pleat

Ve=2-1(t)- L3, <1 _2 'bz(t)> (A.19)
mg(t) = pegeVr (A.20)
Dust deposition in the pleat bottom (plug build-up)

Ve = 2f—o'sorz(t) (A.21)
mp(t) = preehp (A.22)

Total mass deposited inside the pleat
Using Eq. (A.18) and rearranging results in the following for the
entire mass inside the pleat

2
m®) =2 - pgee - L - 5 <T(t) - Tb—(t)> (A.23)

(]
Cake thickness on the sidewalls
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Rearranging Eq. (A.23) leads to the cake thickness on the sidewalls

b .
=2(1- o 2m0
2 PEst - L - sg - by

With the entire deposited mass inside the pleat the cake thickness
results in

(A.24)

by

=21~ 2 Ve gas !

1- (A.25)

pEse - L+ 50+ by
Surface mass on the sidewalls of the pleat

The surface mass density of the dust cake is defined as the deposited
mass per unit filter area. Assuming a homogeneous cake layer with
thickness 7 and effective density p.g, the local cake mass per unit area
is given by 7.

Thus, the corresponding mass per unit area follows as:

W = pgge - 7(0) (A.26)
Pressure drop

With Eq. (3) the resulting pressure drop for the sidewall model can
be calculated with:

Ap = wrier (K| +K) - W) (A.27)

Appendix B. Differential pressure curves for comparable regener-
ation of different filter media geometries

The Appendix B offers further information concerning the compara-
bility of the regeneration intensity of the different geometries. In this
study the maximum peak pressure was used as reference and target
variable for the regeneration intensity. The regeneration of cleanable
filter media is influenced by more factors, such as the duration of the
mechanical pressure pulse and the position inside the filter element.

Many studies investigating the pulse intensity in cartridge filters
measure the intensity at different positions over the height of the
cartridge. Feng et al. [52] placed three measuring points over 700 mm,
Li et al. [35] measured the intensity every 230 mm over a filter length
of 660 mm, and Ren et al. [34] measured the peak pressure at 100 mm,
500 mm, and 900 mm in a 1000 mm filter cartridge . Thus, the spacing
between adjacent measurement locations in previous studies ranged
from approximately 200-400 mm, which is considerably larger than
the total height of the filter element investigated in the present study
(90 mm). Due to the comparatively short filter element, whose total
height is smaller than the spacing between measurement locations re-
ported in previous studies the regeneration intensity was measured only
at the center of the filter element (45 mm). The measuring point in the
center was considered a reasonable approximation of the regeneration
intensity over the entire element.

To supplement the evaluation based on the maximum peak pressure
the duration of the mechanical pressure pulse for the different geome-
tries was considered. The duration is defined by the time, in which
the differential pressure signal is positive, indicating flow reversal by
the pulse-jet. The pressure-time curves for the different geometries are
shown in Fig. B.1. Each curve depicts the mean value of five intensity
measurements and standard deviation is shown in light colors around
the curves.

The differential pressure curves shown in Fig. B.1 show a similar
overall trend. After a steep increase of differential pressure curves for
PR2-PR5 decrease, only to rise again after about 180 ms. The secondary
rise is due to the continuous filling of the pressure tank with pressurized
air. The continuous filling enables more pressurized air to be released
while the valve is open, resulting in the maximum peak pressure for
PR2-PR5. The differences in maximum peak pressure are small and
are attributed primarily to sample-to-sample variations in filter media
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Fig. B.1. Mean differential pressure curves during regeneration for PRO and PR2-PR5 for unused filter media.

resistance and can be neglected, as discussed in Section 2.1.4. The
differential pressure curve for PRO differs slightly, as the initial slope of
the increase is smaller, compared to PR2-PR5 and no secondary peak
can be observed. This is likely caused by the decreased tank pressure of
0.19 MPa. Nevertheless, the duration of the differential pressure pulse
is similar for each geometry with a duration of 700-750 ms. Slight
deviations in duration can occur due to the closing time of the valve,
which can vary slightly or electrical latencies, which can influence the
electrical opening time of the valve slightly.

Data availability

Data will be made available on request.
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