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ARTICLE INFO ABSTRACT

Communicated by V. Tarabara The testing, characterization and evaluation of cleanable filter media for gas-cleaning applications are
standardized in different standards and VDI guidelines. These procedures characterize flat filter media coupons
and rely on specific test setups, methodology and experimental parameters such as the tank pressure for
regeneration and filter media face velocity. However, if the geometry of the filter media deviates from the
standardized flat coupon, characterization cannot be conducted in the test rig according to these standards.
A common modification is pleating/folding the filter media, which allows for an increasing filter media
surface area in a smaller installation space. Typically, pleatable filter media are evaluated using flat filter
media coupons, with the results subsequently being applied to characterize pleated filter media. Direct
characterization of pleated filter media in the pulse-jet-cleaned test-rig can prevent inaccurate conclusions
transferred from flat to pleated geometries. To address this limitation, a novel filter holder was developed to
enable the direct testing of pleated filter media in a standardized, pulse-jet-cleaned test-rig with harmonized
experimental parameters for both media geometries. This allows the same experimental parameters and
regeneration efficiency. The operating behavior was evaluated based on cycle time and residual differential
pressure. The results show differences between the flat and pleated geometry under identical test conditions.
These findings highlight the need for direct characterization of pleated filter media to accurately determine
their performance.
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1. Introduction resulting in longer filtration periods between regenerations. A thicker

dust cake and the deposition of particles inside the fibers of the filter

Surface filtration has a long-standing history in applications aimed
at separating particles from dust-laden gas streams. After an initial
depth filtration stage, during which particles are primarily collected on
the fibers within the filter medium, a dust cake forms on the surface of
the filter medium. Particle separation within the dust cake, along with
the continued accumulation of further particles on the upstream side of
the dust cake, results in a high collection efficiency [1]. This enables
the reduction of emission levels or the virtually complete recovery of
particles from the gas stream [1,2].

Surface filters are commonly operated in cycles, wherein each cycle
consists of a filtration period followed by the regeneration of the filter
medium. Regeneration is necessary to reduce the differential pressure
due to increasing flow resistance of the growing dust cake during
filtration. A widespread method for online regeneration is the short-
term use of pressurized air directed against the normal flow of filtering
gas (pulse-jet) [3]. During stable operation the differential pressure
increases due to a progressive thickening of the dust cake on the filter
medium and drops to a repeatable low level after each regeneration,
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medium result in more efficient particle separation from the gas stream
and a decrease in emitted particle size after the filter [4,5]. Conse-
quently, this leads to low emission levels on the clean gas side [4].
However, reducing the differential pressure through regeneration at
sufficiently short intervals is essential for maintaining an economical
and stable filter operation [6]. Online regeneration of the filter results
in a short-term increase in particle concentration on the clean gas side
due to particle penetration through the filter medium after the dust
cake is removed [7]. This trade-off between longer filtration cycles
(which lead to lower emissions, but higher energy consumption by the
fan) and shorter cycles (which reduce energy consumption by the fan,
but increase emissions) must be carefully considered [8].

One type of surface filters are pleated filter elements, such as pleated
filter cartridges or flat pleated panels. Pleating the filter media allows
an increase in filtration surface area compared to a flat filter element
if both are implemented in the same installation space [9-11]. An
important factor in evaluating pleated filter media is the pleat ratio a or
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pleat count, both of which quantify the degree of pleating. The pleat
ratio is defined as the ratio of pleat height to pleat width, while the
pleat count describes the number of pleats across the width of the filter
element [9,11,12]. The pleat ratio impacts the differential pressure,
regeneration efficiency, dust loading characteristic of the filter media,
and the effective filtration area. Furthermore, pleating can affect the
emission behavior.

Filter media used in pleated elements are generally tested as a
flat filter medium coupon, following standards or guidelines, such as
DIN ISO 11057 [13] or VDI 3926 [14]. These guidelines evaluate
cleanable filter media for surface filtration in a pulse-jet-cleaned test-
rig. The assessment is mainly based on the development of residual
differential pressure and on the duration of the filtration cycles. Particle
emission is measured gravimetrically. The findings from testing the flat
filter medium coupon can only partially be transferred to the pleated
geometry of the same filter medium. This is due to effects such as the
change in medium geometry or in medium properties as a consequence
of pleating.

During the pleating process the filter media undergoes mechani-
cal stress, which can alter the local medium thickness and medium
permeability (mainly at the tip and the bottom), thereby altering the
flow behavior [15]. Pleated filter elements often exhibit shorter cycle
times compared to flat elements, primarily attributed to incomplete
dust cake detachment during regeneration [16]. Poor regeneration can
be attributed to several factors, such as the lack of medium movement
during regeneration or the fact, that the dust cake is lodged in the bot-
tom of the pleat [17]. The understanding of the regeneration behavior,
such as the maximum peak pressure after the regeneration is triggered
or the distribution of the peak pressure across the filter element has
been the subject of many studies in the past [18-20], highlighting the
arising challenges from altering the filter medium geometry from flat
to pleated.

Comparisons between flat and pleated geometries of filter media
have been conducted in the past for different size scales. Kim et al. [21]
compared a pleated filter cartridge with a cylindrical filter bag, showing
that under the same experimental conditions the pleated filter cartridge
displayed shorter cycle times, mainly due to the loss in filtration area
over time. Li et al. [12] compared a flat filter medium with different
pleated geometries and also observed the decrease in cycle time for the
pleated geometry compared to the flat medium geometry. Similarly,
Teng et al. [10,22] investigated the influence of filter geometry in
pleated panel filters, comparing flat and pleated setups while adjusting
experimental parameters to maintain identical face velocity and raw-
gas concentration. Their results showed varying rates of differential
pressure increase for pleated media compared to flat media during
dust loading, again emphasizing the influence of geometry on key
operational parameters.

Despite numerous studies investigating pleated filter elements, dif-
ferences in regeneration and operating behavior compared to flat filter
elements remain. The most relevant differences concern the devel-
opment of the residual differential pressure and the cycle time for
different geometries. Previous research often lacked harmonized ex-
perimental parameters, such as regeneration intensity for different
dimensioned filter elements or long-term evaluation of the aged filter
media, making the isolation of the influence of geometry on the oper-
ating behavior difficult. This study addresses this gap by providing a
standardized, directly comparable evaluation of flat and pleated filter
media under the same experimental conditions. Furthermore, directly
evaluating both geometries under standardized conditions and the same
procedure enables an assessment of the transferability of flat media
coupon tests of pleatable filter media to the pleated filter media.

To achieve this, pleated filter media with a pleat ratio of two
were implemented in a pulse-jet-cleaned test rig based on the DIN
ISO 11057 standard to directly characterize pleated filter media. This
included the use of a novel filter holder to implement the pleated filter
media into the existing test-rig geometry. In addition, a comparative
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analysis was conducted between a flat medium coupon and one pleated
configuration of the same filter medium to evaluate differences in
filtration behavior due to a differing geometry. To enable comparison,
the experimental parameters for both geometries have to be adapted
to ensure identical operating conditions at the media face. Resulting
differences in operating behavior for the different media geometries can
thus be attributed to the influence of different filter media geometry.

2. Experimental setup, methodology and materials
2.1. Filter media test-rig and filter media implementation

2.1.1. Pulse-jet-cleaned filter media test-rig

The experiments were conducted in a pulse-jet-cleaned test-rig
based on DIN ISO 11057, illustrated schematically in Fig. 1. Test dust
is fed into the raw gas duct by a dust feeder and the raw gas concentra-
tion is continuously monitored using an extinction measurement. The
aerosol is partially sucked through the filter medium in a cross-flow
from the raw gas side to the clean gas side. The rest of the aerosol
is sucked through the raw gas filter and the cleaned air is released
as excess air. The regeneration unit consists of a blowpipe, a pressure
tank, an electromagnetic cleaning valve, a pressure regulation valve
and a connection to the pressurized air line. After the filter regeneration
is triggered, the electromagnetic valve opens and releases a pulse-jet
directed towards the filter medium through the blow pipe a nozzle
with a diameter of 3 - 1073 m. The dislodged dust after regeneration
is collected in the dust hopper.

Unlike the standard (DIN ISO 11057) the particle emission is not
measured gravimetrically, but with an optical particle counter (OPC).
The measurement principal of the Promo® 2000 with a Welas® 2300
sensor by the manufacturer Palas® is based on the optical light scat-
tering of single particles. This OPC offers a time and size resolved
number concentration as an output. The measurement range of the
sensor was set to 0,2-10 pm to better depict the size range of the most
penetrating particle size (MPPS) of surface filters, which lies between
0,3-1 pm [7]. The emission measurement in this study was mainly used
for monitoring the clean gas emissions.

2.1.2. Filter medium

The filter medium used to characterize both the flat and pleated
geometry in the test-rig consisted of thermally bonded PES fibers with
an ePTFE membrane on the upstream side. The medium has a thickness
of 9 - 10~* m. The membrane is laminated onto the fibers to enhance
dust separation efficiency and enables lower dust penetration into the
filter medium. This filter medium has a base weight of 290 g/m? and
an air permeability (at 200Pa) of 35L/dm’min. Both geometries, flat
and pleated, were fabricated from the same filter medium, allowing a
comparison of their operating behavior.

2.1.3. Implementation of pleated filter media into the test-rig

The implementation of both the flat and pleated filter media into the
test rig is shown in Fig. 2. The flat filter medium coupon is implemented
into the test-rig by using a circular metal filter holder with a flow cross-
section of 0.015m?. 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.

For the pleated filter medium, as shown in Fig. 2, a different
technique is employed. A two-part 3D-printed structure (black) is used
to secure the pleated filter medium with a defined pleat ratio. The
filter medium is sealed into 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 by using a
gasket. The flow cross-section of the pleated setup is 0.0081 m?, which
is smaller than that of the flat coupon, however, the filter surface area
is larger due to pleating. The flat medium coupon has a surface area
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Fig. 1. Adapted schematic setup of the test-rig based on DIN ISO 11057.

of Apyer = 0.015m?, whereas the pleated filter medium with a pleat
ratio of 2 has Agy,, = 0.031m?. This difference is due to the effort
to maximize the available medium surface area within the given test-
rig dimensions for the pleated geometry. The pleated filter medium is
implemented with a pleat ratio of 2, corresponding to a pleat height
of 19- 10~ m and a pleat pitch (tip to tip) of 9.5 - 10~ m. Due to the
different height of the filter elements the circular metal filter holder for
the pleated geometry is 0.017 m higher, compared to the holder for the
flat geometry. This difference is necessary, to accommodate the pleat
height within the two-part 3D-printed structure.

2.1.4. Adaptation of the pulse-jet intensity for both media geometries

Due to the use of different metal filter holders, an adaptation of the
flange on the clean gas side is necessary for the pleated filter media
holder. This modification altered the distance between the outlet of
the blow pipe and the surface of the filter medium, if the side of the
medium facing the raw gas duct is used as the reference point. To
evaluate the effect of this distance change on regeneration intensity, the
pulse-jet pressure was measured using a perforated calibration plate.
This plate, as specified in DIN ISO 11057, is used to calibrate the
pressure pulse of the regeneration unit. It matches the diameter of a
flat filter coupon and is perforated in a circular pattern with eight
perforations. A schematic of the perforated plate positioning relative to
the blow pipe is shown in Fig. 3. The new flange for the pleated filter
medium increased the distance to the blow pipe by 0.002 m compared
to the flat filter medium configuration. The height increase of the filter
holder is implied by the green markings in Fig. 3. A schematic figure
of the implementation for both medium geometries can be seen in the
Appendix of this manuscript. The measurement of the maximum peak
pressure was conducted directly on the surface of the perforated plate,
as implied by the red dots in Fig. 3.

To evaluate regeneration intensity, the maximum peak pressure dur-
ing pulse-jet regeneration was measured directly at the medium surface.
The schematic position of the measurement at the filter medium surface
can again be seen in Fig. 3. An exemplary pressure-time curve of a
pulse-jet with the perforated plate is illustrated in Fig. 4. The maxi-
mum peak pressure is the maximum of the differential pressure curve.
Another important factor is the duration of the peak. Due to the flow
resistance of the perforated plate the baseline signal of the differential
pressure is slightly negative. After the regeneration pulse is triggered
the differential pressure signal increases and becomes positive. After
a short time the signal decreases to reach the baseline signal again.
In this study the duration of the regeneration peak was determined
by the duration of the positive differential pressure signal. Both the
duration of the regeneration and the height in differential pressure
are critical indicators of regeneration intensities. A reduced maximum
peak pressure typically correlates with less effective dust cake removal,
especially for pleated media, where sufficient peak pressure is crucial
for thorough regeneration [17,18,23].

Measurements were performed by inserting the perforated plate into
each circular metal filter holder and setting the volumetric flow to 2.6 -
10~* m3/s. This flow rate corresponds to a filter medium face velocity of
Wrier = 1 m/ min for the flat media coupon. The tank pressure was set
to 0.5 MPa, the electric valve opened for ty,;,, = 60 ms. The regeneration
pulses were manually triggered and the maximum peak pressure was
recorded three times for each setup. The exemplary differential pressure
curve in Fig. 4 shows that the maximum differential pressure exceeds
the required minimal value for the maximum differential pressure set
in DIN ISO 11057 [13] of 3200 Pa and the duration of the regeneration
peak is 700 ms. This means the required maximum peak pressure and
the peak duration achieved are in accordance to DIN ISO 11057.
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Flat filter medium

Fig. 2. Filter medium holder for the test-rig for a pleated filter medium (pleat ratio of 2) (a) and a flat medium coupon (b).
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Fig. 3. Positioning and distance of the perforated plate in the test-rig for the adaptation of flat filter media (a) and for pleated filter media (b).
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Fig. 4. Exemplary differential pressure curve of a regeneration pulse with the
perforated plate for a blow pipe distance of 0.763 m.

The results for the different blow pipe distances are shown in Fig.
5. The dotted lines illustrate the mean value, as a result of triple
determination, of the maximum peak pressure for each geometry. The
mean maximum peak pressure for the flat geometry was 6183 Pa and
6085 Pa for the pleated configuration, resulting in a deviation of only
1.5%. This indicates that the increased blow pipe distance introduced
by the new flange did not significantly affect the regeneration intensity.
The differences in the start time of the differential pressure ramp after
the regeneration was due to manually triggering the measurement.
During highly time resolved measurements the delay due to manu-
ally triggering the pulse-jet leads to a slightly different beginning of
the differential pressure curve, even while attempting to trigger the
regenerations in the same time intervals.

For a valid comparison between the two media geometries, experi-
mental conditions must be harmonized. Although the pleated medium
has a smaller flow cross-section (0.0081 m? vs. 0.015m?), its total filter
surface area is larger due to pleating. Therefore, the volumetric flow
and dust dosage rate were adjusted proportional to the filter face area
of the respective geometry to maintain a constant filter medium face
velocity and raw gas concentration for both configurations.

However, regeneration intensities also had to be harmonized, which
do not necessarily follow a simple proportionality with the filter face



J.P. Knisley et al.

8000

—— adaptation for pleated filter media (0.763 m)
adaptation for flat filter media (0.743 m)

6000_:”2:::::::::::: SES=S T =S=S=S=S=SFX=S=SSg=-s=s======91
Prank = 0.5 MPa

tyawe = 60 ms

4000 ~

differential pressure / Pa

N

o

o

o
1

: i

time /s

Fig. 5. Differential pressure curves of the regeneration for both adaptation
flanges for the pleated and flat geometry.

= 1 1 1 1 1
Pank = 0.5 MPajT— flat filter medium —— pleated filter medium
tyae=60ms [F~ "~~~ ~"F- "7 """~ ~1-" " [~~"1" "~ ke
o 2000 1 -
o
o
>
[}
7]
9 RSN TRDNUN R (S——— . — NSRS, (SR | | S T——
S
S 1000 -
=
@
&
°
0 T T T
0 10 20 30 40 50
time /s
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membrane filter medium.

area. Fig. 6 shows the differential pressure curves under identical regen-
eration conditions (pry,c = 0.5MPa, #y,,. = 60ms). Due to the larger
surface area of the pleated media, the maximum peak pressure is lower,
leading to reduced cleaning efficiency. The differential pressure curves
show, that the mean value for the maximum peak pressure (dotted
lines) is higher for the flat filter medium. This is due to the increase
in filter medium surface area for the pleated geometry. Conceptually,
the pulse-jet can be interpreted as a volumetric flow counteracting the
nominal flow direction; with a larger surface area, the face velocity of
the jet is reduced, resulting in less intense regeneration for the pleated
filter medium under the same regeneration parameters.

As the test-rig is limited to a maximum tank pressure of 0.5 MPa, the
tank pressure for the flat filter medium was adjusted (more precisely,
reduced) to enable the same maximum peak pressure for both geome-
tries. Fig. 7 presents the mean maximum peak pressure as a function of
tank pressure for the flat filter medium, showing a linear relationship.
Each mean value represents the mean of the maximum peak pressure
of 10 regenerations. Following the linear dependency of the maximum
peak pressure and tank pressure, a tank pressure of 0.19 MPa is required
for the flat medium to match the 1180 Pa maximum peak pressure of
the pleated medium at 0.5 MPa. The results of the changed tank pressure
for the flat geometry compared to the pleated are resembled by the red
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and purple data point. Both points again represent the mean value of
10 maximum peak pressures for each medium geometry. The purple
point is slightly offset from the intersection of the linear regression, as
the calculated tank pressure of about 0.19-0.2 MPa was subsequently
fine-tuned experimentally to achieve equal regeneration intensity for
the flat and pleated media. This showing, that the adjustment of the
tank pressure for the flat medium geometry to 0.19 MPa enables the
same maximum peak pressure for the flat and pleated filter medium.

Pulse durations for both geometries varied between 600-800 ms,
independent of the respective geometry. The observed variations are
caused by electrical latencies within the communication system of the
regeneration unit and by the difference between the electrical signal
delay and the mechanical response time of the valve. The delays
between electric and mechanical opening time can lead to a longer
release of pressurized air during regeneration. Nevertheless, the peak
pulse duration is still in accordance with DIN ISO 11057.

Ultimately, comparable and reliable characterization of the filter
media geometries is only possible when the parameters filter medium
face velocity, dust loading, and regeneration intensity are consistently
aligned.

2.2. Experimental methodology

To characterize and compare the different filter media geometries,
the experimental procedure outlined in the DIN ISO 11057 guideline
was adapted. A comparison of the experimental procedures is shown
in Fig. 8.

The experimental procedure for characterization of cleanable filter
media consists of three phases. In the first phase (conditioning) 4p-
controlled cycles are conducted to assess the behavior of a factory-new
filter medium. The conditioning cycles in this study were reduced from
30 to three. The Ap-controlled cycles were conducted with a maximum
allowed differential pressure of 500 Pa. After exceeding the maximum
allowed differential pressure regeneration was triggered. The allowed
maximum differential pressure is reduced to enable comparable dust
cake thicknesses under adjusted operating conditions (see Section 2.3).
The reduction of the conditioning cycles, which are used to evaluate
the operating behavior of new filter media, was done to reduce the
duration of the experiments, as the focus of this study was primarily on
the aged stage of the filter media. The second phase (artificial aging)
is needed to simulate long term use of the filter medium. The artificial
aging stage in this study consisted of 500 Ar-controlled cycles with a
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Adapted procedure

1. Conditioning
30 Ap-controlled cycles with a
regeneration at 1000 Pa

v

1. Conditioning
3 Ap-controlled cycles with a
regeneration at 500 Pa

y

2. Artifical Aging
2500 At-controlled cycles with
a cycle time of 20 s

\

2. Artifical Aging
500 At-controlled cycles with a
cycle time of 30 s

4

3. Stabilization and
Measurement
10 stabilization- and 30
measurement Ap-controlled
cycles with a regeneration at
1000 Pa

3. Stabilization and
Measurement
10 stabilization- and 30
measurement Ap-controlled
cycles with a regeneration at
500 Pa

Fig. 8. DIN ISO 10057 and adapted experimental procedure for characterization of filter media.

cycle duration of 30s, resulting in a regeneration of the filter medium
every 30s. The cycle time was selected based on previous experiments
in the same test-rig, which demonstrated that this time sufficiently
ages filter media with respect to residual differential pressure and
particle emissions [24]. The reduction in aging cycles was based on
the sufficient aging of the filter medium after 500 cycles, as shown in
Section 3.2. Following the artificial aging phase 10 stabilizing (required
to stabilize experimental parameters after aging) and 30 measurement
cycles (4p-controlled) with a regeneration at a differential pressure of
500 Pa were conducted. These cycles are essential to characterize and
evaluate the operating behavior. The procedure was performed for the
flat and pleated geometry (pleat ratio 2) of the same filter media. Key
parameters for the evaluation of the operating behavior were the cycle
time and the residual differential pressure.

2.3. Experimental parameters

The experimental parameters influencing the operating behavior
of surface filters are characterized in DIN ISO 11057 and have been
adapted to fit the experiments conducted in this study. The experimen-
tal parameters are listed comparatively in Table 1. The deviation of the
parameters set by the ISO-norm has several reasons. The filter medium
surface area varies between the flat and pleated geometry, as explained
in Section 2.1.3. This meaning, 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, is given in Section 2.1.4.

The filter medium face velocity in this study was adjusted to
Wrilter = 1 M/ min, to reproduce typical operating conditions for pleated
or pleatable filter media and elements according to VDI 3766 [25]. Due
to the, compared to DIN ISO 11057, lower wg;je, in this study the raw
gas concentration cg,,, and the maximum differential pressure before
regeneration Apy,, had to be changed. These changes are necessary to
ensure the same amount of dust per time unit to reach the surface of the
filter medium as in the ISO-norm, as well as a comparable cake height
at the end of each filtration cycle. Furthermore, the cycle time (4¢¢ye)
for the artificial aging phase in this study was increased to 30s. This
was done due to previous studies conducted in the same test-rig, that
sufficiently aged filter media with a Ar¢ye = 30s [24].

As mentioned before, the experimental parameters were adapted for
both geometries to ensure the same experimental conditions. The filter
medium face velocity was set t0 W, = 1 m/min and the raw gas
concentration was set to cg,, = 10g/m>. Due to the increased surface
area of the pleated filter medium compared to the flat coupon, both
the volumetric flow and dust dosage rate were adjusted to maintain
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Fig. 9. Cumulative mass-based particle size distribution of PURAL®SB mea-
sured with Sympatec Helos & Rodos dry disperser.

consistent filter medium face velocity and raw gas concentration across
both geometries. The maximum differential pressure before regener-
ation was Apy,, = 500Pa during the conditioning, stabilizing and
measurement phase. After exceeding the maximum differential pressure
the electromagnetic valve of the regeneration unit was opened for 60 ms
(electric pulse time). The pressure in the pressure tank was set to
0.5 MPa for the pleated geometry. The tank pressure for the flat medium
coupon was set to 0.19MPa, as outlined in Section 2.1.4. During the
aging phase the filter medium face velocity, the raw gas concentration
and the regeneration parameters remained unchanged. However, a Ar-
controlled regeneration was triggered every 30 s (4t¢y . = 30s) for 500
cycles.

2.4. Test dust

The test dust used was the relatively coarse Boehmite (AIO(OH))
PURAL®SB by Sasol with a xs53 = 25 pm. The cumulative mass-
based particle size distribution, measured using laser light ensamlbe
scattering (Sympatec Helos & Rodos dry disperser), is in shown in
Fig. 9.

The dust is non-agglomerating and free-flowing, making it easy to
dose and benefits regeneration due to an easy removal of the dust
cake. Previous studies [24,26] using the same test dust have shown,
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Table 1
Comparison of the experimental parameters in DIN ISO 11057 and in this work.
Afilter/ Wrilter/ CRaw/ Apytax/ Prank/ tyaive/ Teyele/
m? m/min g/m’ Pa MPa ms s
DIN ISO 11057 0.015 2 5 1000 0.5 60 20
flat filter medium 0.015 1 10 500 0.19 60 30
pleated filter medium  0.031 1 10 500 0.5 60 30
‘.\}00 phase were evaluated. Here, the residual differential pressure being
. o{\\o @& _.\\'b X the differential pressure 12 s after regeneration and the cycle time
N » QO & corresponding to the duration between regenerations. This allows the
Q RN P 8 8
OQ S .(\Q’ (<) L3 e,@ . . . " . .
f S S evaluation of the influence of the different filter medium geometries on
K4 2 . . L
'/ \ ( . ( ° \ the operating behavior. These two parameters provide insight into the
600 I . ! L 6\ Lo filtration performance and operational stability of each configuration.
| 1 | . . . . .
| | | In particular, an unstable operating behavior would manifest with a
: : : rising residual differential pressure and a decreasing cycle time over
mApmax Trm—-——~"7-- FTTITITTTITITTITA O OnTITIn e successive cycles. To minimize the impact of measurement errors or
o ImeE,=1mlmin : : batch-to-batch variation in filter medium properties, each geometry
=~ = | | .
© 400 4 Craw = 10 g/ | L was tested three times.
S Prank = 0.19 MPa|; i
n tyae =60 mMs I I . 3 i .
@ | | 3.1. Conditioning of both filter medium geometries
— I |
Q I I
© : | The purpose of the conditioning phase is to gain insight on the
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Fig. 10. Differential pressure curve depicting the three stages of the ex-
perimental methodology (conditioning, artificial aging, stabilization and
measurement)

that it leads to 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 size range of the most penetrating
particle size (MPPS) for surface filters are present and capable of
penetrating the filter medium.

3. Results and discussion

To characterize the impact of different filter medium geometries
on the operating behavior the methodology described in Section 2.2
was applied. An exemplary differential pressure curve of a flat medium
coupon over the course of the entire experiment is illustrated in Fig.
10. The dotted line marks the maximum allowed differential pressure
for the conditioning, stabilization and measurement phase. When this
threshold is exceeded, the regeneration is triggered, causing a decrease
of the differential pressure due to dust cake removal.

The three phases of the experimental procedure are clearly identi-
fiable. The experiment begins with the conditioning phase consisting
of three Ap-controlled cycles. Once the maximum pressure drop is
exceeded three times, the artificial aging begins. During this phase the
At-controlled cycles lead to an gradual increase in the residual, as well
as the maximum differential pressure over time. This is mainly due to
particle deposition inside the filter medium during the aging. Following
the aging phase, 10 cycles for stabilization and 30 measurement cycles
were conducted, both showing the characteristic saw-tooth pattern for
surface filters.

To characterize both media geometries, the cycle time and the
residual differential pressure in the stabilization and measurement

cycle. This can be attributed to an increase in the residual differential
pressure due to dust deposition inside the filter medium. This effect
is common for new, unused filter media [14] and results in a smaller
usable span of the differential pressure before regeneration. The mean
cycle time for the pleated filter medium is shorter than for the flat filter
medium, but the differences in cycle time between both geometries are
within the range of the error bars.

Considering the residual differential pressure and the initial differ-
ential pressure for both medium geometries a difference can be seen.
The initial differential pressure for the new filter medium is about the
same for both geometries. The initial differential pressure varies by
4% between the two geometries, showing that the change in geometry
barely effects the initial differential pressure. The development of the
residual differential pressure for the first three filtration cycles shows
a lower residual differential pressure for the pleated geometry, even
though the experimental parameters were adapted for both geometries.
One would assume, that due to the pleating of the filter media a higher
residual differential pressure would occur for the pleated geometry be-
cause of more difficult media cleaning and the remainder of dust inside
the pleats. As this is not the case, a different deposition of particles
inside the filter medium in the first cycles for the different geometries
could result in a higher residual differential pressure. Furthermore, the
increase in differential pressure during the conditioning phase differs
for both geometries. The differential pressure increases 26 Pa for the
flat and 11Pa for the pleated geometry. These phenomena underlines
the necessity to directly characterize pleated filter media, because a
change in operating behavior or potential filter medium characteristics
can already be seen during the first phase of testing the new filter
media.

3.2. Artificial aging of both filter medium geometries
As mentioned in Section 2.2 the procedure from DIN ISO 11057 was

adapted by reducing the number of aging cycles for both geometries
to 500. To evaluate whether both medium geometries are sufficiently
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Fig. 11. Cycle time (left) and residual differential pressure (right) for the conditioning phase for both filter medium geometries.
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Fig. 12. Differential pressure and particle number concentration (30s averaged values) in the detectable size range of the used sensor (0.2 — 10 um) for both

filter medium geometries during artificial aging.

aged, the development of the particle number concentration and differ-
ential pressure during aging must be considered. The goal is to reach
stable levels of differential pressure and particle number concentration.
In this study, a stable level is defined as the point at which both the
differential pressure and the particle number concentration fluctuate
around a near-constant value.

For the differential pressure, which increases with the aging cycles
and appears to approach a constant level after approximately 400
cycles, the maximum value within each 30 s averaging interval was
evaluated to account for the periodic signal fluctuations caused by
the measurement process. The maximum value corresponds with the
differential pressure immediately before each regeneration during the
aging phase. A stable level was defined based on convergence towards
the mean value of a predefined stable segment at the end of the
measurement, more specific the last 400 cycles. The mean value and
the corresponding standard deviation oy, was calculated for this
segment. A data point was considered to be in steady state if its
deviation from the mean value of the stable segment remained within
a confidence band of 1.5 - 64,pe- A stable level was assumed to be
reached once this condition was fulfilled for 50 consecutive cycles,
corresponding to a duration of 25 min.

For the particle number concentration, which decreases over time
and approaches a constant value after approximately 400 cycles, the
minimum values within each 30 s averaging interval were analyzed
to compensate for fluctuations introduced by the measurement equip-
ment. The steady state was determined using the same convergence
criterion and persistence requirement as described above.

The development of an exemplary aging stage for the pleated and
flat filter medium is shown in Fig. 12. The constant value at the
stable phase is schematically depicted by the black dotted lines. Both
filter geometries show similar qualitative trends for the differential
pressure and the particle number concentration. The particle number

concentration for the flat and pleated filter medium decreases pro-
gressively over the cycles, stabilizing after about 400 cycles. Likewise,
the differential pressure also stabilizes after 400 cycles, resulting in
a sufficient aging for both filter geometries. The decrease in particle
number concentration and the increase in differential pressure can be
attributed to an increase of particles deposited inside the filter medium.
The deposition is beneficial for particle separation, as fewer particles
penetrate through the filter medium. As a result the flow resistance of
the medium is increased, leading to an increase in differential pressure.
As shown in Fig. 12, a difference between the aging behavior
of the two medium geometries for the same filter medium can be
seen. The pleated geometry starts the aging phase with an emission
level of 335 particles per cm?® after the first cycles, compared to the
flat filter medium which starts at about 410 particles per cm’. The
increase of particle number concentration after the first few cycles is the
result of the execution of the experiment, as the dust dosing is started
manually, resulting in a certain start-up effect until the actual emission
level is reached. The factor of the decrease of the particle number
concentration from start to end value after the 500th cycle however is
four for both geometries. The rise in differential pressure also differs
for both geometries. Due to a different development of the rise in
residual differential pressure, depicted in Fig. 11, the flat filter medium
starts the aging phase with a differential pressure of 147 Pa, whereas
the pleated medium depicts a differential pressure of 119Pa. During
the aging phase the continuous deposition of particles inside the filter
medium leads to an increase of differential pressure of 59Pa for the
flat and 40 Pa for the pleated filter medium. This resulting in a higher
differential pressure after filter medium aging for the flat geometry
(206 Pa), compared to the pleated geometry (159 Pa) and consequently
leading to a lower usable differential pressure span for filtration in the
stabilization and measurement phase for the flat filter medium.
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The curves in Fig. 12 exemplarily show the aging for one pleated
and one flat filter medium. The other two experiments for each ge-
ometry show the same qualitative trend for both the development
of differential pressure and particle number concentration, but are
omitted to avoid repetition.

3.3. Evaluation of the operating behavior of the flat and pleated filter
medium during the measurement phase

The final experimental phase consists of 10 stabilizing and 30
measurement cycles. The cycles are Ap-controlled with a regeneration
at a differential pressure of 500 Pa. To characterize both filter medium
geometries the residual differential pressure and the cycle time were
considered. Fig. 13 shows the development of the residual differential
pressure for the flat and pleated filter medium. The residual differential
pressure is shown for the conditioning stage (phase 1), as well as the
stabilization and measurement stages (phase 3). The aging phase is not
shown for reasons of clarity. The aging of the filter media is indicated
by the arrows after the three conditioning cycles. More information
concerning the artificial aging can be seen in Section 3.2 The initial
differential pressure for both geometries (105 Pa for the flat and 101 Pa
for the pleated medium) differ slightly. The difference in the initial
differential pressure can partially be attributed to a change in medium
resistance due to the pleating process and the mechanical stress applied
to the filter medium or the partial destruction of the membrane during
pleating. Both filter medium geometries show a similar trend: a slight
increase in residual differential pressure during the conditioning stage,
with a higher increase of 26Pa for the flat geometry. During aging
the differential pressure increased about 56 Pa for the flat and 46 Pa
for the pleated filter medium, respectively. As a result of its higher
initial differential pressure and a larger increase during conditioning
and aging, the flat filter medium exhibited a higher overall residual
differential pressure of 185Pa during stabilization and measurement,
compared to 165Pa of the pleated geometry. The higher residual dif-
ferential pressure is the result of a different behavior of the flat filter
medium during conditioning and aging, compared to the pleated filter
medium. The change in media geometry and the resulting potential
change in filter medium characteristics can result in a different particle
deposition inside the filter media during the first cycles and the aging
phase, affecting the residual differential pressure.

The stabilization and measurement phase begins after the artificial
aging stage. Both medium geometries demonstrate a stable residual
differential pressure development after aging, where no steady increase
of residual differential pressure over the course of the stabilization and
measurement stage was noted. An increase in the residual differential
pressure over time would be an indicator for unstable filter operation.
The stable operation furthermore shows, that the reduced number of
aging cycles sufficiently age both medium geometries. Despite identical
experimental conditions, the pleated medium consistently showed a
12% lower residual differential pressure compared to the flat geometry.

In addition to the residual differential pressure, the development of
the cycle time provides further insights into stable filter operation of
both geometries. Fig. 14 illustrates the trend of the cycle time for both
configurations. Again 43 cycles are shown, three from conditioning,
10 from stabilization and 30 from measurement. The aging cycles are
omitted for clarity.

The pleated medium exhibits an averaged cycle time across all
stabilization and measurement cycles of 21 min, while the flat medium
shows a shorter averaged cycle time of 19 min. The difference in cycle
time can partly be attributed to the difference in residual differential
pressure. The higher residual differential pressure of the flat medium
reduces the differential pressure range for cake build-up until the
allowed maximum differential pressure is exceeded. This effect leads
to shorter cycle times, as observed for the flat filter medium. However,
a lower residual differential pressure does not directly correlate to a
complete dust cake removal from filter medium due to regeneration.
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Fig. 14. Development of the cycle time for the flat and pleated filter medium.

The residual differential pressure can be low, but effects such as patchy-
cleaning and dust cake compression can lead to an increasing rate of
differential pressure rise [14].
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When comparing the slopes of the differential pressure increase in
the first 60 s after regeneration and the last 60 s before the regenera-
tion, a further difference between the filter media geometry becomes
evident. The flat filter medium has an average slope of 33Pa/min
directly after regeneration and 16Pa/min at the end of each cycle,
indicating a steep initial increase followed by a slower rise of the
differential pressure during cake filtration. The differential pressure of
the pleated filter medium exhibits slopes of 26 Pa/min immediately after
regeneration and 17 Pa/min at the end of each cycle, resulting in a more
linear increase of differential pressure over time. The different slopes
and the different residual differential pressure result in a 10% shorter
cycle time for the flat geometry during the measurement phase, as the
maximum allowed differential pressure is reached sooner.

These findings contrast with the general consensus that pleated filter
elements show less effective regeneration, typically resulting in higher
residual pressure drops, different slopes of the differential pressure
during dust loading and shorter cycle times [10,16,17]. As most studies
evaluate the first filtration cycles of unused, not aged, filter media and
do not harmonize the experimental parameters the change in cycle
time can only be partly contributed to the pleated geometry. The same
experimental procedure and parameters for both media geometries,
enable the allocation of differences in operating behavior based on
the filter medium geometry. It shows that under certain experimental
circumstances (e.g. using a free flowing, coarse dust and evaluating
the specific medium geometries of a membrane filter medium) the
influence of media geometry can lead to a deviation of the general
assumption, as in this study the cycle time for the pleated filter medium
was higher, compared to the flat medium geometry.

4. Conclusion and outlook

This study investigated the influence of filter medium geometry on
the operating behavior of cleanable surface filters by directly compar-
ing a flat filter medium coupon with its pleated counterpart under
harmonized experimental conditions. An adapted DIN ISO 11057 pro-
cedure, combined with a novel filter holder for the pleated medium
geometry, enabled geometry-dependent effects to be isolated under
identical operating conditions.

The results demonstrate that the operating behavior of pleated filter
media cannot be reliably inferred from flat coupon tests alone. Under
identical conditions, the pleated filter medium exhibited a lower resid-
ual differential pressure after aging and stabilization, corresponding to
a reduction of approximately 12 %, and a longer cycle time during
the measurement phase, increasing by about 10 % compared to the
flat medium. Analysis of the differential pressure evolution and slope
within individual filtration cycles further revealed geometry-dependent
differences in dust cake formation. The flat filter medium showed a
pronounced initial increase in differential pressure immediately after
regeneration, whereas the pleated medium exhibited a more linear
pressure increase over time. As a result, the maximum allowable differ-
ential pressure was reached earlier for the flat filter medium, leading
to shorter cycle times.

These findings contrast with the commonly reported assumption
that pleated filter elements generally exhibit less effective regeneration
of the filter medium and shorter cycle times compared to flat media.
The present results indicate that, when experimental parameters are
harmonized and aged filter media are considered, pleated filter media
can exhibit comparable or improved operating behavior, particularly
under conditions involving free-flowing, coarse dust, which benefits
dust cake removal. This highlights that geometry alone cannot explain
previously reported differences, which are strongly influenced by test
conditions, aging state of the filter media, and regeneration intensity.

The presented methodology provides a reproducible methodology
for the direct characterization of pleated filter media in pulse-jet-
cleaned test rigs. It enables systematic investigation of geometric effects
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independent of experimental parameters and supports improved inter-
pretation of filtration behavior of pleated filter media. Future work
should extend this approach to different pleat ratios, pleat geome-
tries, and dust types to further clarify the role of geometry in filter
performance and to support the development of more reliable testing
methodologies for pleated filter media.
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