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Pulse-jet cleaning of surface filters at reduced absolute pressure is not yet well quantified. This work
investigates pulse-jet regeneration at p,,, = 900, 100, 25, and 10hPa using a flexible spunbond (SB) medium
and a rigid sintered granular medium (SG). Regeneration pulses were first characterized on clean media
while varying valve opening time, tank pressure, absolute pressure and filter face velocity. The valve opening
time primarily controlled pulse duration, whereas variation of tank pressure mainly affected the maximum
differential pressure. At constant tank pressure and valve opening time, decreasing absolute pressure increased
the maximum differential pressure and delayed the occurrence of this maximum. For comparable cleaning
strengths across all absolute pressures, tank pressure was adjusted at each absolute pressure to approach a
predefined target value of the maximum differential pressure. Filter cakes were formed using Mikhart MU 08
at similar mass loadings of approximately 50 gm~2. High-speed imaging synchronized with the differential
pressure signal reveals distinct medium dependent detachment dynamics. For SB, cake detachment starts close
to flow reversal, whereas for SG detachment is delayed. Reduced absolute pressure shifts the timing and
prolongs the duration of the cake detachment phase. Cleaning efficiencies decrease with decreasing absolute
pressure for comparable pulse strengths, with a stronger sensitivity for SG than for SB.

1. Introduction the filter cake and the filter medium, the cake detaches from the filter

surface (Loffler, 1988; Schmidt, 1998; Verein Deutscher Ingenieure

In many industrial processes, particulate matter must be removed
from gas streams in order to comply with emission limits, recover valu-
able product, or protect downstream equipment from fouling (Wines
and Mokhatab, 2022; Hasler and Nussbaumer, 1999; Brown, 2001;
Amjad, 2022). This is e.g. also highly relevant for vacuum drying
processes, where vapor leaving the drying chamber can entrain fine
product particles (Van'T Land, 2011; Jousten, 2018). In industrial
vacuum dryers, surface filters are therefore commonly installed to
clean the exhaust gas, enable product recovery, and protect subsequent
components such as compressors and condensers from contamination
(Thier, 1997; Jorisch, 1999). Surface filters are particularly suitable for
such applications because they can achieve high separation efficiencies
already at the beginning of operation (depending on the filter medium)
and can be regenerated effectively (Loffler, 1988; Schmidt, 1998; Beuth
Verlag, 2010). A well established industrial method for filter cake
detachment and regeneration is pulse-jet cleaning. In this method, a
short, defined pressure pulse is introduced through a blow tube into
the clean gas side of the filter element. The resulting rise in absolute
pressure on the clean side can exceed the absolute pressure on the raw
gas side, causing a temporary flow reversal through the filter medium.
If the forces induced by the pulse exceed the adhesion forces between
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e.V., 2014; Loffler et al., 1984).

During filtration and regeneration the differential pressure across
the filter element is typically the experimentally accessible quantity.
For a loaded surface filter, it is convenient to split the total differential
pressure into contributions of the clean filter medium and the filter cake
(Loffler, 1988),

Aprot = Appym + APk @

When laminar flow in the continuum regime are assumed, both con-
tributions can be described by linear resistance relations that scale
with the gas viscosity u and the filter face velocity v, (defined as
vp = V/Ap, with volumetric flow rate V and filtration area Ag). A
commonly used representation is

Appm = Ky nop, (©))
for the unloaded medium and
Appc = Ky pop W, (€)

for the filter cake, where K; denotes the medium resistance coefficient,
K, the filter cake resistance and W = mpc/A the cake mass loading
with cake mass myc (Loffler, 1988).
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Regeneration performance can be quantified by a cleaning effi-
ciency based on optical, gravimetric or differential pressure measure-
ments. An optical cleaning efficiency is defined as the optically detected
fraction of cleaned filter surface

AFC - AFC,res

Eopl =

, C))

Arc

where Apc is the filter cake area before regeneration and Agc . is the

remaining cake-covered area after regeneration. Likewise, a gravimetric

cleaning efficiency can be defined as
MEC = MEC res

E _—

grav — >
mgc

(5)

where mpc is the cake mass before regeneration and mgc . is the
remaining filter cake mass after regeneration. Analogously, a differ-
ential pressure based cleaning efficiency is defined from the residual
cake differential pressure after the pulse relative to the value before
regeneration,

_ Aprc = APrc res
a Aprc

where Apgpc is the cake differential pressure before regeneration and
Appces is the residual cake differential pressure after regeneration.
With these definitions, ideal regeneration yields E,y = Egroy = Egp = 1,
whereas incomplete regeneration results in Ey < 1.

In practice, Ey < 1 is common and can arise from incomplete cake
removal during the pulse, e.g. non uniform detachment (patchy clean-
ing), i.e., locally remaining filter cake patches after regeneration, which
is often promoted by very thin filter cakes (Dittler, 2001). Incomplete
regeneration can also be associated with dust penetration into the filter
medium, where particles deposited within the pore space are not fully
expelled during the pulse. Since Ey, E,.,, and E,, are based on the
cleaned area, the removed mass and the residual differential pressure,
respectively, they need not be identical. These differences are discussed
together with the results in Section 3.2.3. In this context it should be
noted that the residual differential pressure, on which E,, is based, may
be nearly independent of Ey under certain conditions (Dittler, 2001).

Pulse-jet cleaning of surface filters at ambient absolute pressure
has been studied extensively, including investigations of flat media
(circular samples), filter bags, and cartridge filters (Yu et al., 2024; Liu
and Shen, 2019; Sievert and Loffler, 1989; Leubner and Riebel, 2003;
Rothwell, 1991a; Béchler et al., 2023, 2026; Klingel and Loffler, 1984;
Krammer and Holzinger, 2022; Kurtz et al., 2016; Silva et al., 1999). It
has been shown that regeneration success cannot be explained by a sin-
gle pulse parameter alone (Leubner and Riebel, 2004), although some
studies focus primarily on maximum pulse values (Sievert and Loffler,
1989). A pressure pulse can be quantified using different metrics,
for example the maximum differential pressure during regeneration,
APmax reg> the maximum differential pressure rise rate, (d4p/df)y,,, or
the differential pressure integral, [ Apdr. In addition, the pulse shape
is often described qualitatively in terms of the pulse strength, which is
frequently associated with a higher Ap,,,, g, For a given regeneration
setup, a higher 4py,,, re, typically coincides with a higher maximum rise
rate (ddp/dr),,,, and a larger differential pressure time integral [ Apd:.
However, these relations depend on the pulse shape and duration and
are therefore not universal.

For flat media, regeneration performance depends strongly on tank
pressure and on the specific geometry of the regeneration system,
including blow tube diameter and the distance between blow tube
and filter medium (Krammer and Holzinger, 2022; Verein Deutscher
Ingenieure e.V., 2014; Schuberth et al., 2011; Béachler et al., 2026;
Binnig et al., 2011). Literature further reports that increasing tank
pressure leads to higher pulse strength and that both the pressure
rise rate dp/dr and the pressure integral increase approximately lin-
early with tank pressure (Leubner and Riebel, 2003; Simon et al.,
2007). Moreover, the transient pressure pulse can exhibit superimposed
fluctuations whose structure depends on the injector system and the

; (6)
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measurement location (Rothwell, 1991a; Leubner and Riebel, 2003).
Pulse strength is often reported using the maximum absolute pressure
on the clean gas side, p,,,., whereas many experimental setups evaluate
the maximum differential pressure across the filter, Apy, ge,- In this
WOrK, App.y reg 18 Used; the reasons are given in Section 2.4.5.

Notably, the governing regeneration mechanisms are strongly influ-
enced by the mechanical properties of the filter medium (e.g. thickness,
rigidity, pores diameter, ...). Flexible media (e.g., needle felts or
spunbond media) can deform and inflate during the pulse. This de-
formation may enhance regeneration because an additional impulse is
introduced via the acceleration and subsequent deceleration of the filter
medium (Krammer and Holzinger, 2022). In contrast, rigid media such
as sintered metal filters or sintered porous polymer filter media do not
significantly deform. In these cases, filter cake detachment is mainly
driven by flow reversal and the transient differential pressure acting
across the filter cake. Consequently, higher pulse strengths are typically
required for rigid media to achieve cleaning performances comparable
to flexible media, because deformation induced impulses are absent
(Loffler et al., 1984; Beuth Verlag, 2010).

While pulse-jet regeneration of surface filters is well understood
at ambient conditions, the influence of reduced absolute pressure on
regeneration performance has not yet been investigated systematically.
Nevertheless, a change in regeneration behavior is expected at lower
absolute pressure because gas density, jet momentum, and pressure-
wave propagation differ from ambient conditions. At reduced absolute
pressure, previous work has focused on the differential pressure behav-
ior of unloaded filter media (including modeling) and on filter cake
build-up and resulting differential pressure as a function of absolute
pressure (Loschner et al.,, 2025, 2026a). These studies indicate that
the differential pressure decrease with reduced absolute pressure. The
filter cake structure and thus its permeability appears to be largely
independent of whether the filter cake is formed at ambient or at
reduced absolute pressure. Whereas the spatial filter cake distribution
on the filter medium becomes less homogeneous as absolute pressure
decreases. In addition, a specific filter cake constant K- (defined
analogously to K;) was reported to be nearly identical for a given
absolute pressure, regardless of whether the filter cake was formed at
that specific reduced absolute pressure or formed at ambient pressure
followed by absolute pressure reduction.

In this paper, pulse-jet regeneration of surface filter media at re-
duced absolute pressures (p,,, = 900, 100, 25, 10hPa) is investigated.
First, the pressure pulses of two different unloaded filter media are
analyzed to characterize the pulse shape and its dependence on p,
for a defined geometry of the regeneration system, including the role
of valve opening time and tank pressure in determining the attainable
maximum differential pressure for different media. This characteriza-
tion is used to define target regeneration parameters for the subsequent
filter cake detachment experiments and to ensure comparability be-
tween operating pressures by adjusting the tank pressure to reach
consistent levels of Apg,, ma- Subsequently, regeneration experiments
on loaded filter media are conducted at the same operating pressures.
To ensure comparable initial conditions, the filter cakes are generated
under identical loading conditions at p,,; = 900hPa, yielding a similar
mass loading W on both media prior to regeneration. Regeneration
performance is assessed using the optical, gravimetric and differential
pressure based cleaning efficiencies, Eopis Egray and E 4y (Egs. (4) = (6)).
In addition, each pulse is recorded at high temporal resolution and
analyzed in terms of the maximum pulse differential pressure Apg,, max
and the maximum differential pressure rise rate (d4pg.,/dt)

max”

2. Materials and methods
2.1. Experimental set-up

A schematic diagram of the experimental set-up is presented in Fig.
1. The experimental set-up consists of three functional segments: the
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Fig. 1. Schematic overview of the experimental setup.

low absolute pressure filtration system (labeled in blue), the aerosol
generation and neutralization unit (labeled in green) and the key unit
of this work the filter regeneration system (labeled in red). To provide
a comprehensive overview, the individual components are explained in
more detail in the following sections.

2.1.1. Low absolute pressure filter system

The main component of the experimental setup consists of the
filter chamber and the associated flow and absolute pressure regulation
system highlighted in blue in Fig. 1. On the raw gas side, the aerosol
laden gas enters the chamber through four inlets and is assumed to
distribute uniformly across the filter chamber cross section. A central
optical access port is positioned at the corresponding side of the filter
chamber in the form of a 6cm diameter glass window, which enables
access for high speed imaging of the filter surface during regeneration.

The inlet volumetric flow rate Vj,... iS pre-set using one of two
inlet nozzles (IN), selected according to the desired flow range. A nozzle
with a diameter of djy; = 2.94mm is used for operating volumetric
flow rates up to 46Lmin~!, whereas a nozzle with djy, = 1.36mm
is used for low flow operation below 10Lmin~'. Fine adjustment of
the flow rate is achieved with an additional pinch valve (KVT GmbH,
DN 6) in series. Circular filter samples with a free filtration area of
154 cm? are clamped into a filter medium holder and are installed 53 cm
downstream of the inlet region. A HEPA filter is installed downstream
on the clean gas side to protect subsequent components from particle
contamination. The raw gas side absolute pressure is controlled using a
gas control valve (EVR 116, Pfeiffer Vacuum GmbH, ISO KF DN 16) in
series with a butterfly valve (VAT Group AG, ISO KF DN 25). The flow
rate is measured on the clean gas side downstream of the compressor
using thermal mass flow meters (MFM) (MKS Instruments Deutschland
GmbH). Two MFMs with full scale ranges of 50Lmin~! and 2L min~!
are used (specified at normal temperature and pressure (NTP)), each
with a resolution of 0.1 % of full scale. Together with the prevailing raw
gas side operating pressure, these measurements are used to determine
the actual volumetric flow through the system at operating condition
and thus, the filter face velocity vp.

The raw gas temperature is measured using a Pt100 sensor. The raw
gas absolute pressure is monitored with a Pirani vacuum transmitter
(Thyracont Vacuum Instruments GmbH) covering a measurement range
from 5- 107> mbar to 2000 mbar. The specified accuracy is < 2% of read-
ing for 200 mbar to 2000 mbar, < 5% of reading for 40 mbar to 200 mbar,
and < 10% of reading for 2 - 1073 mbar to 40 mbar. The differential
pressure across the filter medium is measured using three different
sensors. Two differential pressure transmitters (IPD 40, ICS Schneider
Messtechnik GmbH) are used for continuous monitoring during filtra-
tion and are recorded with a temporal resolution of 1s. Their measuring

ranges are 0 mbar to 50 mbar and 0 mbar to 200 mbar, respectively, with a
specified accuracy of < +0.2 % of full scale. A third differential pressure
sensor is used only during regeneration in order to capture the transient
pressure pulse with high time resolution. This sensor covers a range
from O mbar to 100 mbar, has a specified accuracy of +0.1 % of full scale
and records the signal with one millisecond resolution during the pulse
event. Since the differential pressure is measured from the low pressure
side to the high pressure side during regeneration, this sensor resolves
negative values only down to approximately —8 hPa.

In this study, the volumetric flow rate is adjusted such that a
constant filter face velocity of either vy = 5.5cms™! or vy =2.0cms™! is
maintained at the respective system pressure. For operation near ambi-
ent pressure it should be noted that, at the applied filter face velocities,
a raw gas side pressure of 10° Pa cannot be reached due to the pressure
losses across the inlet nozzle and the pinch valve. Moreover, the achiev-
able raw gas side pressure under nominally ambient operation depends
on the atmospheric pressure on the day of measurement. Averaging
over tests performed on different days yielded a mean raw gas side
absolute pressure of approximately 900 hPa. Accordingly, p,,, = 900 hPa
is used throughout this work to represent ambient absolute pressure.

2.1.2. Aerosol generation and neutralization

The aerosol generation and neutralization system is shown in green
in Fig. 1. The aerosol for filter cake build up is produced using a
rotating brush generator (RBG 900, Palas GmbH) operated at a constant
inlet pressure of 1.4 bar, corresponding to a volumetric flow of Vypg =
53Lmin"!. The feed rate can be adjusted over a wide range to set the
targeted raw gas concentration. Downstream, the aerosol is neutralized
using an aerosol neutralizer (EAN 581, Topas GmbH), and the aerosol
charge is assessed using a Faraday cup electrometer (FCE; ACD 331,
Topas GmbH). Since the aerosol is predominantly positively charged,
only the negative ion head is operated. The neutralization procedure
and the setup are described in detail in Loschner et al. (2026a). The
combined volumetric flow of generator and neutralizer amounts to
Vaerosol = 98 Lmin~!. Downstream, the aerosol enters a raw gas mixing
chamber to increase residence time and to obtain a more stable raw gas
concentration. Depending on the selected absolute pressure and filter
face velocity, part of the flow is directed to the filter chamber, while the
excess flow is discharged to the environment through exhaust filters.
From the excess stream, a sampling flow of Vgcg = 3.33Lmin~" is taken
for the FCE and set using a rotameter.

2.1.3. Filter medium regeneration system
The filter medium regeneration system is the key component for the
filter cake detachment experiments. It is highlighted in red in Fig. 1
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Fig. 2. Detailed schematic overview of the filter medium regeneration system.

and a detailed schematic is shown in Fig. 2. Absolute pressure in the
pressure tank is set using a pressure control valve connected to the
compressed air line. The geometric tank volume is 2L, including the
piping up to the regeneration valve, an effective tank volume of 2.13L
is obtained. In this work, all tank pressures are reported as absolute
values to remain consistent with the other pressure quantities given
also as absolute pressures.

The pressure pulse is released by a fast opening pneumatically
actuated angle valve (VAT Group AG), hereafter referred to as the
regeneration valve. The electrical valve opening time can be adjusted
over a wide range. However, dead times between the electrical trigger
signal and the mechanical valve motion must be considered. Therefore,
the electrical trigger signal is recorded synchronously with millisecond
resolution during each pulse, enabling accurate temporal alignment
between regeneration valve actuation and the measured differential
pressure response during regeneration. Downstream of the valve, the
pulse is introduced into the clean gas side through a blow tube while
the main filtration flow rate remains switched on throughout the re-
generation event. The opening area of the regeneration valve is large
compared to the blow tube cross-section, which has a diameter of 9 mm.
The blow tube outlet is positioned such that the tube centerline is
aligned with the center of the filter medium.

High speed recordings during regeneration are acquired using a
Phantom Miro C321 camera. The camera provides a maximum frame
rate of 1480 fps at full resolution of 1920 x 1080 pixels and is equipped
with a CMOS sensor with global shutter. A ZEISS Planar T* 1.4/50
lens (focal length 50 mm, aperture range f/1.4 to f/16) is used for
the recordings. To ensure sufficient and spatially uniform illumination
without flicker, a LED ring light (RL12, StarLight Opto Electronics)
is mounted on the inner side of the raw gas section facing the filter
medium. In addition, an indicator LED is placed within the camera’s
field of view and lights up upon electrical regeneration valve opening,
providing a visual timing reference in the recordings. The detach-
ment process is recorded at 1000 fps, which corresponds to a temporal
resolution of 1 ms per frame.

2.2. Filter medium

Two different filter media were used for the regeneration experi-
ments: a flexible spunbond filter medium made of polyester (PES) and
polyamide (PA) fibers with a hydroentangled microfilament surface
(SB medium) and a rigid surface filter medium consisting of sintered
polyethylene (PE) granules with a fine sintered granular polyphenylene
sulfide (PPS) coating (SG medium). Fig. 3 shows scanning electron
microscope (SEM) images of the SB medium (Fig. 3a) and the SG
medium (Fig. 3b).

220

The most relevant filter medium properties are summarized in Table
1. For the regeneration experiments, the pronounced differences in
thickness and the resistance of the clean filter medium (calculated with
Eq. (2)) are particularly important. Since the fine coating does not fully
cover the supporting coarse granular structure, the SG medium exhibits
a strongly inhomogeneous surface.

For experiments with the SB medium, a new filter sample was
used for each test. Prior to the experiments, the SB samples were pre-
characterized with respect to initial differential pressure and clean filter
medium mass. Only samples within +10% deviation from a reference
sample were used.

In contrast, experiments with the SG medium were conducted with
the same sample whenever possible, owing to the limited number of
available samples and the large sample to sample structural variation.
To enable reuse, the filter medium was cleaned after each test. This
routine cleaning comprised brushing off residual dust and removing
remaining particles by blowing compressed air through the medium.
Before each experiment, the initial differential pressure was checked.
If it had increased substantially, the filter medium was removed and
subjected to an extended cleaning procedure, consisting of immersion
in an ultrasonic bath with distilled water for 45 min. The medium was
subsequently dried overnight in an oven. During ultrasonic cleaning,
two SG samples were damaged. Therefore, new samples had to be used
for the subsequent experiments. An overview of which experiments
were performed with which SG sample is provided in Table 3 in
Section 2.4.4.

2.3. Test dust

As test dust, Mikhart MU 08 (Provencale) is used in this study. The
median volume based particle diameter is x5,; = 1pm, determined
offline by laser diffraction, and the relative span ()‘90;&) is 2.03.
Mikhart MU 08 is a white, fine powder with a strong terslojency to form
agglomerates. Due to its high fine particle fraction, it is considered rep-
resentative of materials relevant for vacuum drying. In such processes,
fine particles are assumed to be preferentially entrained by the vapor
flow.

2.4. Experimental procedure, parameters and data analysis

2.4.1. Experimental procedure for clean filter medium differential pressure
characterization

Before conducting the filter cake detachment experiments, the clean
filter media are characterized with respect to their differential pressure
response during regeneration in order to identify suitable regeneration
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Fig. 3. SEM images of the filter media surface: (a) spunbond medium and (b) sintered granular medium with a sintered coating.

Table 1
Overview of filter medium parameters.
Name Label Thickness Basis weight K1/m™!
/mm /gm™2 at vy =5.5cms™,
Pass = 100hPa
Spunbond medium SB 1, 240, 1.16 - 10}
Sintered granular medium SG 4, 2148, 8.73- 102
(a) From data sheet; (b) Determined with Eq. (2).
conditions for the subsequent cake detachment tests. The differential Table 2
pressure during regeneration, Apg,,, is measured while varying the Overview of filter cake build up results.
electrical valve opening time 7, the tank pressure pr, the absolute Filter medium Mean filter cake Mean mass
pressure p,, and the filter face velocity vy. At p,, = 900hPa, t), differential pressure l°adi_‘;g
and p; are varied in the ranges ¢, = 100 to 300ms and p; = 1.5 to /P /em
5.0 -10°Pa for v; = 2 and 5.5cms~'. Subsequently, the influence of Spunbond medium 2417 = 106 494 £ 5.1
absolute pressure is assessed at p,,; = 900, 100, 25, and 10hPa using Sintered granular medium 8705 + 1754 479 £ 6.2

fixed reference settings for r, and p;. For SG, the p, variation is
additionally repeated at two representative tank pressure levels. The
specific reference settings and the resulting pulse characteristics are
reported in Section 3.1.

2.4.2. Experimental procedure for regeneration experiments

The experimental procedure for the regeneration experiments com-
prises two consecutive steps: filter cake build-up (Fig. 4(a)) and sub-
sequent filter cake detachment by pulse-jet regeneration (Fig. 4(b)).
The Figure presents the evolution of the differential pressure Ap for a
representative experiment for the SB medium and thereby illustrates
both steps, which are described in more detail below. For clarity,
differential pressure values reported with p,. given in parentheses
refer to the differential pressure at the respective operating absolute
pressure, whereas values reported without p,,, in parentheses refer to
differential pressures measured at ambient conditions. In Fig. 4, the
Ap axis follows the sign convention used during cake build-up. 4p is
positive and increases as the filter cake is built-up. During pulse-jet
regeneration, Ap starts from a positive level and decreases, crossing into
negative values. In Section 3, however, differential pressures during
regeneration are plotted with inverted sign for improved readability
and comparison.

2.4.3. Filter cake build-up

Before filter cake build-up is started, the mass of the clean filter
medium sample is determined. After installing the filter medium in the
filter chamber, the differential pressure of the unloaded medium, 4pgy;,
is measured at ambient conditions (Fig. 4(a)). The aerosol generation
system is then started and, after stabilization, connected to the filter
chamber. This connection causes a short disturbance in the volumetric
flow rate and, consequently, brief deviations in filter face velocity and
absolute pressure, which subside once the system has stabilized.

During filter cake build-up, the total differential pressure increases
approximately linearly (Fig. 4(a)). Different stopping criteria are ap-
plied for the two filter media. For the SB medium, cake build-up is

221

stopped once a total differential pressure of about Apy,, = 25hPa is
reached, which typically requires approximately 2.5 h. This corresponds
to a filter cake differential pressure of approximately Appc = 24hPa
(see Table 2). For the SG medium, preliminary experiments showed
a comparatively large scatter in the differential pressure development
during cake build-up (Loschner et al., 2026a), which is also reflected
in the resulting cake differential pressure (Table 2). Therefore, cake
build-up for the SG medium is performed for a fixed duration of ap-
proximately 2.5 h, resulting in a mean filter cake differential pressure of
8705 Pa (Table 2). As shown in Table 2, this approach yields comparable
cake mass loadings per unit area, for both filter media. After reaching
the stopping criterion, the aerosol supply is disconnected, which again
induces short flow fluctuations. The system is then allowed to stabilize
before the final total differential pressure is recorded. The differential
pressure contribution of the filter cake is obtained from Eq. (1) as
Aprc = Apro — Appm-

All cake build up experiments are performed at an absolute pressure
of 900hPa and a filter face velocity of vy = 5.5cms~!. This choice
is motivated by previous results indicating that the resulting cake
structure is approximately independent of absolute pressure, while the
effort for cake preparation is substantially reduced and comparability
is improved because all cakes are generated under identical conditions
(Loschner et al.,, 2026a). After cake build up, the filter sample is
removed and weighed to determine the cake mass mp- and thus the
mean cake mass loading W.

2.4.4. Filter medium regeneration

For regeneration, the dust loaded filter sample is re-installed in
the filter chamber. The impact of the regeneration procedure on the
differential pressure evolution is illustrated in Fig. 4(b). The desired
operating conditions (absolute pressure and filter face velocity) are
set and, after reaching steady state, the total differential pressure at
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Fig. 4. Differential pressure behavior during an exemplary experiment including filter cake build up (a) and filter medium regeneration with pulse jet cleaning

(b).

operating conditions Apy,(p,s) is recorded. Subsequently, a regener-
ation pulse is triggered. During the pulse, the differential pressure,
the raw gas absolute pressure, and the electrical trigger signal of the
regeneration valve are recorded with millisecond resolution over an ac-
quisition window of 9s. For all experiments, a constant electrical valve
opening time of 300 ms is used. Details on the choice of 1, are provided
in Section 3.1. Simultaneously, the high speed camera is triggered to
record the filter cake detachment process optically. Temporal align-
ment between the image sequence and the pressure signals is provided
by the indicator LED described in Section 2.1.3. After regeneration
and re-establishing stationary flow conditions, the residual differential
pressure at operating conditions Ap,.(p.,s) is recorded. The residual
cake differential pressure is obtained as Apgc es(Pabs) = APres(Pavs) —
APFM(pabs)'

An overview of all investigated operating points for the filter cake
detachment experiments is given in Table 3. Regeneration is investi-
gated at two filter face velocities, v = 5.5cms™! and v = 2.0cms™!.
At vy = 5.5cms™!, four absolute pressures are studied, namely 900,
100, 25, and 10hPa. To limit the total number of experiments, only
two absolute pressures are investigated at vy = 2.0cms™!, namely 900
and 25hPa. Each operating point is repeated three times. For the SB
medium, a new filter sample is used for each repetition, denoted SBx.
For the SG medium, the same sample is used for the three repetitions
provided it remains undamaged during cleaning. The corresponding
sample identifiers are listed in Table 3.

To improve comparability across different absolute pressures, the
tank pressure p; is adjusted at each operating point to reach a prede-
fined target maximum differential pressure of the clean medium, based
on the characterization results in Section 3.1. For the SG medium, two
tank-pressure levels are investigated to realize two different Apgeg max
levels. These levels correspond to the reference tank pressures at p,,, =
900hPa of prpg, = 5 - 10Pa and prj,, = 3 - 10°Pa. For the SB
medium, only one Apg,, . level can be realized due to the lower limit
of achievable pr.
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2.4.5. Data processing and analysis of pressure signals during regeneration

For the data analysis, the maximum differential pressure during
regeneration, Ap, ce» is used as a key characteristic parameter. Note
that Ap,,y e, 1S always determined at respective the operating pressure.
In this work, 4p,,y ., is used rather than a maximum clean gas absolute
pressure p.. ., because both raw gas side and clean gas side absolute
pressures can change rapidly during the pulse due to the limited volume
of the raw gas section and the raw gas side pressure can therefore not
be assumed constant.

In addition, Ap,, e, can be split into contributions associated with
flow through the filter medium and the filter cake during the regeneration
pulse (Koch et al., 1996). This splitting is indicated schematically in Fig.
4(b).

)

Here, Ap(Pups)pm reg denotes the portion of the pulse differential
pressure that is required to drive the transient reverse flow through
the filter medium. The remaining contribution, Ap(p,ys)rc reg, aCts across
the filter cake layer and can therefore be interpreted as the maximum
available driving load for filter cake detachment at 4py, e, as long
as the filter cake is still present on the filter medium. Since filter
cake detachment may already start before the differential pressure
pulse maximum value is reached, the partitioning in Eq. (7) should be
interpreted as an estimate of the maximum differential pressure acting
on the filter cake.

The partitioning is based on the linear resistance relations intro-
duced above (Egs. (2) and (3)) using the resistance coefficients K; and
K, determined from the steady state conditions before regeneration.
From Egs. (2) and (3), the coefficients are obtained as

Apmax,reg = Ap(pabs)FM,reg + Ap(pab:)FC,reg'

Appy _ Aprc
E’ : HopW’
with gas viscosity p, filter face velocity vy, and cake mass loading per
unit area. Importantly, Apgy and Apgc in Eq. (8) are evaluated at the
respective operating absolute pressure prior to regeneration.

K] = (8)
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Overview of the regeneration experiments, including operating conditions and the corresponding filter medium labels used for

each experiment.

Filter face Filter medium Absolute Tank Label
velocity/cms™! pressure/hPa pressure/10° Pa filter medium
900 5.00 SB1-SB3
B 100 1.41 SB4-SB6
25 1.00 SB7-SB9
10 1.00 SB10-SB12
900 5.00 A
5.5 . 100 1.98 A
SG (high) 25 1.60 A
10 1.44 B, C, C
900 3.00 A
100 1.10 A
5G (ow) 25 1.00 A
10 1.00 B
B 900 5.00 SB13-SB15
25 1.00 SB16-SB18
2.0 . 900 5.00 C
SG (high) 25 1.75 c
900 3.00 C
5G (low) 25 1.10 C

The unloaded medium differential pressure Apg,; is measured di-
rectly at 900 hPa for each filter sample. For reduced absolute pressures,
Ap(pais)pm» and thus K, is estimated using a scaling approach based on
a reference sample S'1 for which 4p(p,,,)ry Was measured as a function
of p,,s Loschner et al. (2026b). For a different sample S2 of the same
media, the unloaded medium differential pressure at operating absolute
pressure is then approximated by

Appyt.52(900 hPa)

Aprars1 (900 hPa) ©)

Apey,52(Pavs) = APpm,51 (Pabs) -
and finally, K; for the respective sample can be calculated using
Eq. (8). The total differential pressure at operating absolute pressure is
recorded before regeneration. Consequently, the filter cake differential
pressure at operating conditions is obtained from Eq. (1) as Ap(p;s)pc =
Ap(Pup)tor — AP(Paps)rm and K, can be calculated Eq. (8).

Using these coefficients, the pulse peak can be partitioned as

Kl
Ap(pabs)FM,reg = m Apmax,reg= (10)
and
K,w
Ap(Pabs)FC,reg = m Pmax.reg- an

Another characteristic quantity for evaluating the regeneration
pulse is the differential pressure rise rate, i.e., the first time derivative
of the differential pressure. According to the literature, this parameter
is also relevant for filter cake detachment. To determine the maximum
differential pressure rise rate, (dApReg /dt)max, the measured signal
Apgeg () is smoothed by time binning and differentiated using first
differences. The time coordinate of the maximum is denoted fgg ;.x
(with RR referring to rise rate). The procedure is described in Appendix
B.

2.4.6. Image analysis for the determination of the optical cleaning efficiency
EOpl

The determination of the optical cleaning efficiency E,, from the
high speed image acquisitions is described in the following. The work-
flow is illustrated in Fig. 5. The individual processing steps are shown
for the SG medium as an example.

At the beginning, a frame recorded approximately 1s before the
electric opening signal of the regeneration valve is selected (Fig. 5 (1)).
This frame represents the undisturbed filter cake prior to the pulse.
A circular region of the filter cake is then selected on the image to
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define the filter surface. The circle diameter corresponds to the known
filter diameter of 14 cm. The selected frame is converted to grayscale
and stored as the reference image (Fig. 5 (2)). Next, a frame recorded
approximately 8 ms after the start of the pulse is selected (Fig. 5 (3)).
This frame is chosen to allow detached dust to settle and thereby
minimize interference with the evaluation. The selected frame is also
converted to grayscale and stored.

Subsequently, a pixel wise difference image is computed between
the reference image and the last frame (Fig. 5 (4)). The resulting differ-
ence image contains gray scale differences in the range from 0 to 255.
To clearly separate areas where the cake was removed from areas with
remaining filter cake, the difference image is converted into a binary
image (Fig. 5 (5)). This requires a threshold value that classifies pixels
as either ‘filter cake removed’ (white) or ’filter cake remaining’ (black).
The threshold is determined automatically using Otsu’s method (Otsu,
1979), which selects the value that best separates the two classes based
on the grayscale histogram. The automatically determined threshold
was visually verified for each recording and adjusted manually in the
few cases where it did not separate cleaned and cake covered regions
correctly. Finally, pixels classified as ’filter cake removed’ in the binary
image are highlighted in red on the original last frame (Fig. 5 (6)) to
visualize the regenerated area. The red pixel area is summed to obtain
the regenerated filter area, which is used to calculate E,, according to
Eq. (4).

3. Results and discussion

3.1. Characterization of the differential pressure behavior during regenera-
tion of clean filter media

Characterization experiments are performed with clean filter media
to separate the pulse generation and propagation in the setup from
effects related to filter cake cracking, lift off, and particle detachment.
In this way, the influence of operating conditions on the pulse shape
and key pulse metrics (such as Apg,, m.) can be assessed without
additional variability introduced by the dust layer. All regeneration
experiments in this section are performed with particle free air.

For the characterization part, only experiments at a filter face
velocity of v = 5.5cms™! are presented. A reduction of the filter face
velocity did not lead to qualitative changes in the transient differential
pressure behavior.
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Fig. 5. Workflow for the determination of the optical cleaning efficiency E,, from high speed images.
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Fig. 6. Differential pressure Ap(r) during regeneration for varying tank pressure p; at p,,, = 900hPa, 7, = 300ms, and v, = 5.5cms~! (SB medium). p; is increased
from 1.5 - 10° Pa to 5.0 - 10° Pa in 0.5 - 10° Pa steps. Solid lines show 4p(t); dashed lines indicate the electrical valve signal.

The valve opening time is investigated first. This variation shows
that a value of 1, = 300 ms ensures a fully developed pulse for both filter
media. Therefore, ¢, = 300 ms is used for all following experiments. The
corresponding results are presented and discussed in Appendix A.

3.1.1. Influence of tank pressure

In this section, the influence of tank pressure on the differential
pressure response during regeneration is investigated. Fig. 6 shows the
tank pressure variation for the SB medium. Operating conditions and
presentation are given in the caption.

An increase in tank pressure primarily shifts the maximum differ-
ential pressure Apy,,, ge, t0 higher values, while the onset of the pulse
and the overall timing of the differential pressure rise remain essen-
tially unchanged. In the present data, Ap,, re, inCreases approximately
linearly from 402Pa at p; = 1.5bar to 2256Pa at p; = 5bar, whereas
the onset delay remains about 20ms after electric valve actuation.
This trend is consistent with literature findings reporting that tank
pressure mainly controls pulse strength metrics such as Appy ree and
dAp/dt, whereas the characteristic timing of the initial pressure rise is
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comparatively insensitive (Leubner and Riebel, 2004). The SG medium
behaves analogously and is therefore not shown.

3.1.2. Influence of absolute pressure

In a next step, the differential pressure response during regeneration
was investigated at different absolute pressures while keeping the
tank pressure constant (SB medium, Fig. 7; operating conditions see
caption).

Decreasing the absolute pressure leads to two systematic changes in
the transient differential pressure behavior. The maximum differential
pressure Ap;,,, g, increases, and the pressurization phase extends over
a longer time so that the maximum is reached later. The later maximum
does not indicate a delayed onset of the pulse. At a given time early in
the pulse, the differential pressure at reduced absolute pressure already
exceeds the maximum reached at 900hPa. The pulse therefore rises
to a higher peak and the pressure build up lasts longer. The time of
the maximum ¢ Ao Res increases from about 44 ms at 900 hPa to 123 ms
at 100hPa, 163 ms at 25hPa, and 177ms at 10hPa. A further notable
observation is that the pronounced oscillations visible at p,,, = 900 hPa
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Fig. 7. Differential pressure Ap(f) during regeneration for varying absolute pressure p, at constant tank pressure p; = 2.4-10° Pa, t,, = 300ms, and vy = 5.5cms™!
in air (SB medium). Absolute pressure is reduced from 900 hPa to 10hPa. Solid lines show Ap(r); dashed lines indicate the electrical valve signal.

are no longer apparent at reduced absolute pressure. The corresponding
measurements for the SG medium show the same qualitative trends and
are therefore not shown.

Two mechanisms explain these changes. First, the higher peak re-
sults from the strongly increasing pressure ratio p;/p,s at constant p;.
For the conditions studied here, py/p,,, increases from approximately
2.7 at 900hPa to 24 at 100hPa, 96 at 25hPa, and 240 at 10hPa. This
increasing ratio intensifies the pulse injection and thus the transient
pressurization of the clean gas side and the raw gas side. In addition,
at lower p,,, the gas mass initially contained in the relevant volumes
(clean and raw gas side) is substantially smaller. If a comparable
amount of gas is injected during the pulse event, the resulting pressure
rise becomes larger in relative terms, which directly contributes to an
increased Apg,,max- Second, the later occurrence of the maximum is
consistent with a longer effective pressurization phase under highly
expanded conditions. At reduced p,,,, the transient development of the
absolute pressures on both sides of the filter element becomes more
pronounced. In particular, the raw gas side absolute pressure responds
noticeably during the pulse (cf. Section 2.4.5). As a consequence,
Ap(t) reflects the coupled dynamics of clean gas pressurization and the
simultaneous response of the raw gas side, which can delay the time at
which the maximum differential pressure is reached.

3.1.3. Parameter selection for the filter cake detachment experiments

Since Apgeg max i commonly considered a key parameter governing
regeneration performance (Leubner and Riebel, 2004), a constant tank
pressure across all p,, would result in substantially different pulse
strengths. The tank pressure was therefore adjusted for each absolute
pressure such that a common target maximum differential pressure
APmax targer Was reached as closely as possible (Section 2.4.4). The target
values were defined as the maximum values measured at p,,, = 900 hPa
under selected reference conditions: a single setting for SB (high level)
and two settings for SG (high level and low level).

The resulting differential pressures are shown in Fig. 8 for the SB
medium (a) and the SG medium (b). The corresponding tank pressures
for each operating point are summarized in Table 3.

For the SB medium (Fig. 8a), Apg,, max Can be kept approximately
constant for p,,, = 900, 100, and 25hPa by reducing p, accordingly. At
Paps = 10hPa, however, the required tank pressure to match the target
AP Regmax Would be below ambient pressure, which is not feasible in the
present experimental setup. Consequently, Apg,, max at 10hPa remains
higher than the target level, which must be considered when com-
paring regeneration results (e.g., cleaning efficiencies) across different
absolute pressures. In addition, Fig. 8(a) shows that the maximum
differential pressure value is reached earliest at 900 hPa and shifts to
later times as p,,, is reduced. This behavior is consistent with slower
transient pressurization at reduced operating pressure when the tank
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pressure is lowered to meet the same Apy,y targer> 1-€-, @ smaller driving
pressure and reduced gas density lead to a lower transient mass flux
into the clean gas side and thus to a slower rise of Ap(f). Correspond-
ingly, the initial differential pressure rise becomes less steep as pg,
decreases.

For the SG medium (Fig. 8b), the same qualitative trends are ob-
served. In contrast to the SB medium, 4pg,, n,x can be matched closely
for all investigated p,,, by adjusting p;. A further distinct feature for
SG is that Apg,, max at reduced absolute pressure is reached at the
time of mechanical valve closing. This indicates that the build-up of
Ap(t) is still ongoing up to the end of the valve opening interval.
Consequently, increasing t,, would likely increase Apg,, max for SG at
otherwise identical conditions, although this was not investigated here.

Fig. 9 summarizes the achieved maximum differential pressures
Apgeg max s a function of absolute pressure for vy = 5.5cm s7! (a) and
vp=2.0cm s~ (b). The annotated values next to the symbols report the
tank pressures p; required to meet the target values at the respective
operating points. The behavior of the SB medium and of the SG medium
at the high level at v = 5.5cms™! follows the trends already described
with Fig. 8. The following description therefore focuses on the SG
medium at the low level and on the comparison of the two filter face
velocities.

At vy = 5.5cms”! (Fig. 9a), the SG low level follows the target
Apgegmax Well over most of the pressure range. The clearest deviation
occurs at p,,; = 10hPa. There the SG low level exceeds the target for the
same reason as the SB medium, since the tank pressure p; is already at
the lower limit of the setup and cannot be reduced further.

The comparison with the lower filter face velocity vy = 2.0cms~
(Fig. 9b) shows the same overall picture. The target Apgey max iS met
closely for the SB medium and for the SG medium at the high level.
For the SG medium at the low level a small deviation remains at
Pabs = 25hPa. This results from the limited range of adjustable tank
pressures.

1

3.2. Regeneration behavior of surface filter media at reduced absolute
pressure with pulse-jet cleaning

This Section addresses filter cake detachment and the influence of
reduced absolute pressure on the detachment dynamics.

3.2.1. High speed image sequences

Selected frame sequences from the high speed recordings are used to
visualize the filter cake detachment process and to relate the observed
detachment dynamics to the simultaneously measured differential pres-
sure Ap(r). The sequences shown here are exemplary and are restricted
to four operating points, namely p,,, = 900hPa and 25hPa for the
spunbond medium (SB) (Figs. 10 and 11) and for the sintered gran-
ular medium (SG) (Figs. 12 and 13). The influence of the operating
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Fig. 8. Differential pressure Ap(r) during regeneration for varying absolute pressure p,, with adjusted tank pressure p; to reach a target maximum differential
Pressure Ap e at 1y =300ms and vy = 5.5cms™ (a) SB medium and (b) SG medium. Solid lines show Ap(r); dashed lines indicate the electrical valve signal.
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parameters (v and py) is discussed in the following sections based
on quantitative measures, in particular the onset of detachment (first
detectable cake release) and the resulting cleaning efficiencies.

For each sequence nine individual frames are shown in Figs. 10-13:
the frame at start of the electrical regeneration valve opening time, the
frame at Ap = 0Pa, the frame at first detected local detachment, three
to four frames within 9 to 74 ms after first detachment, the frame at
the maximum differential pressure Apg,, max, the frame at the end of
the electrical valve signal (+ = 300 ms), and the last recorded frame (r =
8000 ms). The corresponding videos are provided in the supplementary
material. For the frame of first filter cake detachment, the areas where
cake is released are marked by red boundary lines.

SB medium. For the SB medium at p,,, = 900hPa (Fig. 10), the onset
of detachment occurs essentially when the differential pressure reaches
Ap = 0Pa, i.e., when the driving pressure difference changes sign and
the flow through the medium reverses. Immediately after this point,
the cake is removed very rapidly and in a highly dispersed manner:
detached material forms a fine dust cloud near the filter surface and
the detachment process is largely completed within a few tens of
milliseconds. When A4pg,, ma is reached, the filter cake has already
been removed and subsequent frames predominantly show settling of
airborne dust rather than additional detachment. This is consistent with
the similarity of the frames at 7 300ms (end of electrical valve
signal) and ¢ = 8000 ms, indicating that the relevant detachment event
is completed long before the valve signal ends.
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At p,,, = 25hPa (Fig. 11) for the SB medium, the first detachment
is again detected close to 4p = 0Pa, confirming that the onset is tied to
the beginning of flow reversal. Compared to 900 hPa, the detachment
proceeds slightly more slowly and the spatial detachment pattern be-
comes more structured. In the shown example, cake removal initiates
preferentially in regions influenced by the support structure and near
the rim and progresses across the filter surface over several tens of
milliseconds. This detachment pattern (preferential release along the
support structure and at the rim) is consistently observed for the SB
medium at reduced absolute pressures for both investigated filter face
velocities, and it becomes more pronounced as p,;,, is decreased further.
Nevertheless, for SB the main removal still takes place early in the
pulse. Importantly, Ap(t) continues to rise after the visually dominant
detachment phase is largely completed, and Apg,, max OCCUrs substan-
tially later. Previous work on pulse jet cleaning likewise emphasizes
that regeneration cannot be interpreted solely based on 4pgey max, but
depends strongly on the early time development of the pulse and the
pulse dynamics (Leubner and Riebel, 2004). In Section 3.2.2, this aspect
is examined quantitatively by relating the onset of detachment both to
the maximum differential pressure during regeneration Apg,, . and
to the maximum differential pressure rise rate (dApch /dt)max, which
is expected to be more representative for the initial detachment than

ApReg,max .

SG medium. The detachment behavior of the SG medium differs fun-
damentally from that of the SB medium. At p,,, = 900hPa (Fig. 12),
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Fig. 10. Selected frame sequence and differential pressure Ap(f) for SB filter cake detachment at p,,, = 900hPa, t,, = 300ms, and v, = 5.5cms™~'. The selected
frame time stamps are color coded and the corresponding time points are marked on A4p(r) using the same colors.

Ap = OPa is reached at approximately 1 = 70 ms, but the first visible
filter cake detachment occurs later, at ¢ ~ 92 ms, when the differential
pressure has already increased to 4p 2.5 - 10° Pa. Hence, for the
rigid SG medium the onset of detachment requires a distinctly higher
differential pressure level than merely the sign change at Ap = OPa.
After onset, detachment proceeds in a more coherent and fragment like
manner. Rather than an immediately fine dispersion, larger fragments
and extended cake areas are released and the cleaned area develops
progressively. In this case, the cake is already detached around the
time App,, max is reached. However, the corresponding frame can still
show pronounced settling cake fragments, as part of the detached
material remains airborne and has not yet fully sedimented. Consistent
with the higher flow resistance and the rigidity of the SG medium
(see Introduction), a larger fraction of the pulse is consumed by the

~
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differential pressure across the medium before sufficiently high flow
forces act on the cake to initiate detachment.

At pus = 25hPa (Fig. 13) for the SG medium, the detachment
dynamics change again. While 4p OPa is reached early (around
t = 41 ms, i.e., about 30 ms earlier than for SG at 900 hPa), the first visible
detachment is detected only at r ~ 106ms, i.e., later than at 900 hPa
even though flow reversal occurs earlier. This apparent contradiction is
explained by the slower increase of Ap(r) at reduced absolute pressure,
as discussed in the pulse characterization section. A slower pressure
build up on the clean gas side delays the attainment of the differential
pressure level required for detachment. In addition, detachment is
visibly more localized at 25hPa. It starts from a comparatively small
region and then spreads outward across the filter surface, forming a
growing dust cloud and expanding cleaned area over a markedly longer
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Fig. 11. Selected frame sequence and differential pressure 4p(r) for SB filter cake detachment at p,,, = 25hPa, t,, = 300ms, and v, = 5.5cms~'. Presentation as in

Fig. 10.

time interval than observed at ambient pressure. In contrast to SB
(and also in contrast to SG at 900 hPa), substantial changes are still
visible up to the time when App,e max OCCUIS. APy, peo €VEN exceeds
the mechanical valve closing, indicating that the differential pressure
continues to increase throughout the valve opening interval and that
cake removal can extend up to the maximum differential pressure at
reduced absolute pressure. The final frames show that a peripheral
residual ring and local deposits remain, i.e., detachment is incomplete
for this operating point despite the prolonged detachment phase.

3.2.2. Influences of pulse strength on the onset of filter cake detachment
Motivated by the observations in Section 3.2.1, the onset of filter

cake detachment is quantified as a function of the filter medium

structure, the absolute pressure p,, the pulse strength set via the tank
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pressure pr, and the filter face velocity v;. The onset time 74, is defined
as the time from the electrical valve opening signal at 7 = 0 to the first
clearly visible change of the filter cake between two consecutive high-
speed frames. The onset time is first estimated with a Python routine
and then confirmed manually by identifying the frame with the first
visible change of the filter cake between two consecutive frames. At
the recording rate of 1000 fps the resulting uncertainty of 7., is on the
order of 1ms.

Influence of absolute pressure on t4,. Fig. 14 summarizes 74, as a func-
tion of p,, for both media and both filter face velocities; the symbols
are explained in the caption. The arrow indicates that p; was reduced
with decreasing p,,, to keep 4pg,, max Of the clean medium close to the
target value (Section 3.1).
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Fig. 12. Selected frame sequence and differential pressure Ap(s) for SG filter cake detachment at p,, = 900hPa, pulse strength high level, t, = 300ms, and

vr =5.5cms™!. Presentation as in Fig. 10.

For the SB medium, #4,, shows no pronounced dependence on p,
over the investigated range. Detachment starts consistently very early
(on the order of a few 10 ms), which matches the qualitative observa-
tion from the exemplary frame sequences: the first visible detachment
occurs essentially when Ap(r) reaches 0Pa and the flow reverses. A
systematic influence of v is, however, visible. At v = 2.0cms™! the
onset tends to occur earlier than at vy = 5.5cms™!. This is consistent
with the fact that the differential pressure before regeneration scales
with vy (Egs. (2)—(3)). Hence, at lower v, a smaller opposing dif-
ferential pressure has to be compensated until Ap(r) reaches zero and
the flow reverses. In addition, lower filtration velocities are commonly
associated with less compacted cakes and reduced adhesion, which can
facilitate earlier detachment (Silva et al., 1999).
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In contrast, the SG medium exhibits substantially delayed onset
times and a clear dependence on both pulse strength level and p,,. At
a given p,, the higher pulse strength level leads to earlier detachment
than the lower pulse strength level. Moreover, decreasing p,;, tends to
shift 1, to later times, particularly for the low tank pressure level. This
trend is consistent with the characterization results: at reduced p,, the
increase of Ap(z) is less steep and the maximum value is reached later
when pr is lowered to keep Apg,, max COmparable. Since detachment on
the rigid SG medium does not start at Ap = 0 Pa but only after Ap(¢) has
reached a distinctly positive level, a slower rise of Ap(t) directly delays
the crossing of this ‘critical’ level and thus increases 7.

Detachment onset versus time Of Appy reg- TO assess whether the onset
of detachment is linked to the maximum differential pressure Apg,, maxs
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Fig. 13. Selected frame sequence and differential pressure Ap(r) for SG filter cake detachment at p,, = 25hPa, pulse strength high level, 1, = 300ms, and

vp = 5.5cms™!. Presentation as in Fig. 10.

Fig. 15 compares the time of Ap,, ., With the onset time of filter
cake detachment 7,4,. For all investigated operating conditions, 74
occurs before Apy,,, g, is reached (all data points lie above the diag-
onal), demonstrating that the onset of detachment is not triggered by
attaining App.y reg-

For the SB medium, the data at p,, = 900hPa are closest to the
diagonal, i.e., Apy,, re, iS reached comparatively early. With decreasing
Pabs» ldet TeMaAins in a similar early time window (on the order of 10 ms),
whereas the occurrence of Apy,,, gy Shifts progressively to later times,
reaching several 100 ms at the lowest pressures. This trend is observed
for both filter face velocities.

For the SG medium, the first visible detachment occurs earlier for
the higher tank pressure (high level) than for the low level. In contrast,
the time at which Apg,, ge, OCcurs is largely independent of the pulse
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strength level at reduced pressures: for p,,, < 900hPa and for both v,
Apmax reg 18 T€ached at approximately the same time and coincides with
the moment at which the regeneration valve closes mechanically.

Detachment onset versus time of (dApReg /dt)max. Since pulse dynamics
are frequently discussed in terms of the maximum differential pressure
rise rate (ddpg,/dr)  (Leubner and Riebel, 2004), Fig. 16 compares
the time of (ddpg,,/dr) _ with the detachment onset time 1, for vy =
55cms~! in (a) and vy = 2cms~! in (b). For the SB medium, the data
at p,s = 900hPa down to 25hPa lie close to the diagonal for both v,
indicating that detachment starts approximately when A4p(r) increases
most rapidly. At the lowest pressure (p,,, = 10hPa), the points shift
slightly above the diagonal, i.e., (dApReg /clt)mx is reached marginally
after the first visible detachment. A similar small offset is observed at
25hPa for vy = 2cms~!. This minor deviation may partly arise from the
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Fig. 14. Time to first visible filter cake detachment 7,, as a function of
absolute pressure p, at 1, 300ms. SB: squares. SG: circles (high level
filled, low level open). Darker symbols: v, 5.5cms™!; Lighter symbols:
vp = 2.0cms~!. Error bars indicate minimum/maximum deviation from the
mean of three repetitions.

smoothing and binning procedure used to determine (dApRe‘g /dt)max,
which is described in detail in Appendix B. Overall, the results support
the qualitative picture from the frame sequences: For SB, detachment
begins in the very early phase of the pulse and coincides with the onset
of flow reversal, which also corresponds to the maximum rise rate of
Ap().

For the SG medium, (d4pp.,/dr)  generally occurs before the
first visible detachment, i.e., the rapid initial increase of Ap(t) alone
is not sufficient to initiate filter cake detachment. However, clear and
systematic pressure dependencies in 7y are not evident. The 900 hPa
cases lie closest to the diagonal, whereas at 25hPa the maximum rise
rate tends to occur earliest. Notably, for vz = 2cms™! the times of
(dApReg /dt)max cluster within a narrow range across the SG experi-
ments for both tank pressure levels. Consistent with the comparison
t0 APy, regs detachment for SG occurs later in the pulse, i.e., between
(dApgee/dr)  and Apy,, re,, consistent with the threshold behavior
discussed above.

In summary, SB detachment is governed by the early pulse dynamics
near (ddpge, /dt)mzlx and around the flow reversal, whereas SG requires
exceeding a positive differential pressure level. These differences are
used in the following to interpret the pressure dependence of the
cleaning efficiencies.

3.2.3. Cleaning efficiencies E,y, Ey,, and E,,

The regeneration performance is quantified by the optical, gravi-
metric and differential pressure based cleaning efficiencies, Eqy, Egay
and E,, (Egs. (4), (5) and (6)).

Fig. 17 shows the three efficiencies as a function of the absolute
pressure p, . for the SB medium, the SG medium at the high pulse
strength level, and the SG medium at the low pulse strength level, at
vp =55cms7L

Down to 25hPa the three efficiencies follow the order E4, > E ;>
E,.,, for all three cases, but the spacing between them differs. For the
SB medium E,,, lies clearly below E,, and E,,, while the efficiencies
are high overall. The same order is found for the SG medium at the high
level, where the three values lie closer together. For the SG medium at
the low level the efficiencies are much lower overall. Here E,,, and
E,, lie close together, whereas E,, deviates markedly, in particular at
900 hPa. At 10hPa the order is no longer preserved for the SB medium
and for the SG medium at the high level, where E,, falls below E,,
and E

grav*
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The consistent finding E,, > E,,, shows that a visually clean
surface does not imply complete mass removal. Dust retained in the
pore space of the medium and thin residual layers reduce E,,,, while
they have little effect on E,,. Supportive SEM images are provided
in Appendix C (Fig. C.21). E,,, also carries a larger experimental
uncertainty, because it requires weighing the sample before and after
regeneration and therefore an installation and removal step.

Two effects act on E,, in opposite directions. The gas flow after
the pulse passes preferentially through the reopened low resistance
regions, so that even a partially cleaned surface recovers a large fraction
of the cake differential pressure. This raises E,, relative to E,, and
E,.,y- At the same time, dust retained in the medium raises the residual
differential pressure and lowers E,,. Across the data set E,, exceeds
E,, in most cases, which shows that the flow redistribution dominates.
The magnitude of this excess is medium dependent. It is small for the
SB medium and for the SG medium at the high level, and large for the
SG medium at the low level, in particular at 900 hPa.

The reversal at 10 hPa appears for two independent media and only
at the lowest absolute pressure, which points to the evaluation of the
clean medium differential pressure Apg,, rather than to a medium spe-
cific effect. At low absolute pressure Apgy, contributes a large fraction
of the total differential pressure and becomes comparable to the cake
differential pressure Apgc, so a small error in Apgy; has a strong effect on
E,,. In this work App, at operating pressure was estimated by scaling
and was not measured for every sample and before every cycle, and
the measurements at 900 hPa indicate that the clean medium differ-
ential pressure changes over the repeated experiments. This scaling
can deviate by up to about 20% at low absolute pressure (Loschner
et al.,, 2026b). A second explanation cannot be excluded, namely a
thin compacted residual layer that is not removed by the pulse and not
detected optically, which would keep the residual differential pressure
high and lower E,, in the same way. Both effects are consistent with
the observed sign and cannot be separated with the present data.

The same measurements were carried out at the lower filter face
velocity vy = 2.0cms~!. The trends are the same as at vy = 5.5cms™!,
with higher efficiencies at the lower filter face velocity. The correspond-
ing results are shown in Appendix D (Fig. D.22).

For the subsequent analysis of absolute pressure related flow forces,
E, is used as the primary indicator of cake detachment performance
because it directly reflects the spatial removal of cake coverage and cap-
tures the characteristic patchiness patterns observed in the high-speed
recordings.

To relate cleaning performance to the flow force acting on the
cake during the pulse, Fig. 18 shows E,, as a function of the cake
related differential pressure contribution during regeneration, Apgc req
evaluated at operating p,,, using Eq. (11). For both media, higher
Apgc re generally corresponds to higher E .

With decreasing p,p, 4ppcre, tends to decrease, and E,, declines
accordingly. This effect is substantially more pronounced for SG than
for SB. For SG, the high pulse strength level yields larger 4pgc,., and
distinctly higher E, than the low level.

The reduction of Apgc ., at low p,,, can be explained by rarefaction
effects, i.e., increasing Knudsen number. Under these conditions, the
resistances of cake and filter medium may change differently. Due
to the different characteristic pore sizes, the cake resistance can be
reduced more strongly with decreasing p,;,; than the medium resistance,
which shifts the partitioning of 4p,,, g, Such that a smaller fraction is
available across the cake (cf. Section 2.4.4). In addition, the reduced gas
density lowers the transient mass flux and jet momentum for a given
pressure level, further weakening the effective mechanical forcing on
the cake.

Beyond these flow related effects, the flexibility of the SB medium
provides an additional detachment contribution via deformation in-
duced acceleration forces (see Introduction), which is absent for the
rigid SG medium. This helps explain why SG can exhibit substantially
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lower E, than SB even when comparable Apgc ., values are reached
(notably for SG high level).

Deviations from the overall trends can be attributed to experi-
mental constraints and sample specific effects. For SB at 10hPa, the
elevated Appc,, and the comparatively high E, reflect the higher
than intended pulse strength (Section 3.1). For SG, the 10hPa experi-
ments were conducted with different samples than at higher pressures.
Therefore, the 10hPa SG point should not be interpreted as a purely
pressure induced effect. Overall, the data indicate that the decline in
E,, with decreasing p,, is consistent with a reduced Apgc,., at oper-
ating conditions, while medium flexibility (SB) provides an additional
detachment mechanism that mitigates this effect compared to the rigid
SG medium.

4. Conclusions and outlook

Valve opening time ¢, primarily affects pulse duration, while
APmaxreg 18 nearly independent of 1, for the SB medium within the
investigated range. For the SG medium, sufficiently long ¢, is required
to fully develop App,gee> consistent with its higher flow resistance.
At constant pp, lowering p,,, increases pr/p,,, which leads to higher
Apmaxree and a delayed occurrence of the maximum. Therefore, py
must be adjusted when varying p,,, to reach comparable target pulse
strengths.

High-speed imaging shows that cake detachment for the SB medium
starts essentially at flow reversal (4p 0) and is completed well
before App.ree OCcurs. In contrast, SG requires a significant posi-
tive differential pressure level for onset, resulting in delayed detach-
ment and a stronger dependence on p,, and pulse strength level.
Quantitatively, the SB detachment onset time 74, aligns closely with
the time of (ddpg,/dr) ., indicating that pulse dynamics early in
the regeneration process govern initial release. For SG, (dApReg /dt)leX
occurs well before 74, and detachment onset takes place between
(d4preg/dr)  and Apg,, e, For both media, Apy,, r, is reached after
the first visible detachment. Overall, these findings show that the de-
tachment onset is governed by different pulse characteristics (4preg max
and (dApReg /dt)max) depending on the mechanical properties of the
filter medium (thickness, porosity, ...) and its flow resistance.

The optical, gravimetric and differential pressure based efficiencies
Eqy; Egry and E 4, all decrease with decreasing p,;,, when pulse strength
is kept comparable, with a stronger sensitivity for SG than for SB. SG
shows a pronounced dependence on pulse strength level, where the

~
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high level is required to maintain high efficiencies at reduced absolute
pressure. Down to 25hPa the three efficiencies follow the order E,, >
Eyy 2 E,y,. The frequent observation E,, > E,,, is attributed to
residual dust in the filter structure and thin remaining layers (Sec-
tion 3.2.3). E,, is the highest of the three because the restored gas
flow passes preferentially through the reopened low resistance regions.
This excess is small for the SB medium and the SG high level and large
for the SG low level. At 10hPa the order reverses for the SB medium
and the SG high level, which is attributed to the strong influence of
the clean medium differential pressure on E,, at low absolute pressure.
Lowering the filter face velocity improves regeneration. The reduction
in cleaning efficiency at low p,,, correlates with a decrease of the cake
related differential pressure contribution Apgc,.,, indicating weaker
effective forces due to resistance partitioning under rarefied conditions
and reduced gas density. Setup constraints (SB at 10hPa) and sample
changes (SG at 10 hPa) must be considered when interpreting the lowest
pressure points.

Future work could aim at developing a predictive model for the
transient pressure pulse during regeneration. Such a model would allow
the experimentally observed Ap(r) characteristics at reduced p, to
be reproduced and parameterized, and it could support the design of
comparable pulse conditions across operating pressures.

In addition, it would be valuable to investigate pure backflushing
(flow reversal without a pronounced pressure pulse) to isolate the
contribution of flow reversal from pulse induced momentum and pres-
sure wave effects. Moreover, multiple consecutive regeneration cycles
should be performed at fixed operating points to quantify the influence
of p,,s on long term behavior, for example cumulative dust penetra-
tion, residual layer build-up, and filter aging effects. From an optical
diagnostics perspective, a second high-speed camera oriented perpen-
dicular to the filter surface could provide complementary information
on filter medium motion and particle trajectories during detachment.
Furthermore, the influence of the mass loading on the filter medium
should be investigated, and the sensitivity of the observed trends to
the choice of test dust should be assessed by varying the dust material
and its size distribution. For a more robust differential pressure based
evaluation at low absolute pressure, the clean medium differential
pressure Appy; should be measured for each sample and before each
regeneration cycle rather than estimated by scaling. Furthermore, the
flow field during pulse injection at reduced absolute pressure, including
the jet development and the pressure wave propagation toward the
filter medium, could not be characterized in this work and should be
addressed in future studies.
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Appendix A. Influence of valve opening time on the differential
pressure behavior during regeneration of clean filter media

As a first step, the influence of the valve opening time 7, on the
pulse shape and strength is examined in order to verify the commonly
reported observation that 7, has only a minor effect on the maximum
differential pressure during the pulse within typical operating ranges
(Leubner and Riebel, 2004). This initial analysis is performed to select
a sufficiently long ), that ensures fully developed pulse formation and
provides a consistent reference setting for the subsequent investigation
of the remaining operating parameters. Fig. A.19 shows the differential
pressure during regeneration for the SB medium (Fig. A.19a) and the SG
medium (Fig. A.19b); operating conditions and presentation are given
in the caption. All differential pressure profiles are presented such that
the electric valve opening time is set to + = 0. Note that the vertical
axis scaling differs between (a) and (b).

All regeneration traces are plotted from the time when the measured
differential pressure exceeds the lower limit of the high resolution
sensor of approximately —8 hPa (Section 2.1.1). This is a plotting con-
vention imposed by the sensor range and does not indicate a physical
onset of regeneration.

For the SB medium, Apy, g, remains essentially unchanged across
all tested valve opening times. Moreover, the time at which 4p,,, reg
occurs is approximately the same for all 7,,, whereas the pulse duration
increases with increasing 7). This is consistent with (Leubner and
Riebel, 2004). The measurements also reveal time delays between the
electrical trigger of the regeneration valve and the mechanical valve

234

Chemical Engineering Research and Design 234 (2026) 217-237

motion. The onset of the differential pressure rise occurs about 20 ms
after the electrical opening signal, and the effective mechanical closing
lags the electrical closing signal by roughly 50 ms, which is visible as a
distinct kink in the Ap(r) trace.

Superimposed oscillations are observed for the SB medium. Roth-
well et al. reported that pressure fluctuations superimposed on the main
overpressure pulse are an inherent feature of the jet-injector assembly
and should be interpreted as irregular turbulent pressure pulses su-
perimposed on a more slowly varying pressure continuum rather than
as a purely periodic oscillation (Rothwell, 1991b,a). Concerning their
physical origin, (Rothwell, 1991a) (as cited by Leubner and Riebel,
2004) suggested that such oscillations may arise from reflections of
pressure waves at the walls of the filter housing. (Leubner and Riebel,
2004), however, argue that the oscillations are too regular and too high
in frequency for a purely reflection driven mechanism and showed,
based on local dynamic pressure measurements, that they originate
in the injector system, i.e., at the location where compressed air is
discharged, and are subsequently transmitted into the filter assembly.
They further reported a strong dependence on the measurement loca-
tion and attenuation by both filter elements and filter cakes, while a
clear correlation with cleaning performance could not be established
(Leubner and Riebel, 2004).

For the SG medium, the transient differential pressure behavior
differs from that of the SB medium with respect to the time required
to reach the maximum differential pressure Ap,,ge,- Increasing the
valve opening time from 7, = 100 ms to 200 ms systematically increases
APpax reg- Further increases in #, do not increase Apy,, ge, any further
(Fig. A.19b). A plausible explanation is the considerably higher flow
resistance of the SG medium, which alters the transient pressurization
and flow reversal during the pulse and thereby delays the development
Of Apyax ree cOmpared to the more permeable SB medium. Additionally,
weak superimposed oscillations are also present for the SG medium.
However, they appear less pronounced in Fig. A.19b because the larger
Ap levels require a different axis scaling.

Based on these results, a valve opening time of 7, 300ms is
selected for all subsequent experiments. This ensures that Appgeg
has reached its plateau for the SG medium and, for consistency and
comparability, the same 7, is also used for the SB medium.

Appendix B. Procedure for determining the maximum differential
pressure rise rate

To quantify the pulse dynamics, the maximum differential pressure
rise rate (dApReg /dt)m.(lx and the corresponding time #zp ..., are deter-
mined from the measured differential pressure signal Apg.,(#) during
regeneration. Fig. B.20 shows two representative examples at p,; =
900 hPa for the SB medium (Fig. B.20a) and the SG medium (Fig. B.20c).
Raw data are shown in black. The dashed curve indicates the electrical
valve signal, where ¢ = 0 is defined as the onset of the electrical opening
signal.

Prior to differentiation, Apg,(t) is smoothed by fixed time binning
to suppress oscillations and to obtain a robust estimate of the rise
rate. The signal is divided into non-overlapping time windows of width
Aty;, and the mean value within each window is computed. For the SB
medium at p,; = 900hPa, pronounced oscillations are superimposed
on the differential pressure. Therefore, Ar,;, = 6 ms is used for all SB
data at p,,, = 900hPa. For all other cases, including SG and SB at
reduced absolute pressure, the signals are considerably smoother and
Aty;, = 4ms is applied. The resulting binned curves are shown in red in
Fig. B.20a and B.20c.

The rise rate is computed from the binned mean values 4p, using a
first-difference scheme

(

dApReg
dt

 Apis — Ap;

>i Atbin

B
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(b) Sintered granular medium
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Fig. A.19. Differential pressure Ap(r) during regeneration for varying valve opening time #,, at p,,, = 900hPa, p; = 3 - 10°Pa, and v, = 5.5cms™! in air: (a) SB
medium and (b) SG medium. ¢, is increased from 100 ms to 300 ms in 20 ms steps; each curve is the mean of five pulses and the band indicates minimum/maximum
deviation. Solid lines show 4p(r); dashed lines indicate the electrical valve signal.
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Fig. B.20. Determination of the maximum differential pressure rise rate (dApReg / dt)max
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and its time 7,5 ., from the regeneration differential pressure signal. (a,c)

Raw data (black) and time-binned smoothed curves (red) for SB and SG; (b,d) derivative of the smoothed curves. The electrical valve signal is shown as dashed

line.

and the corresponding time is assigned to the midpoint of the respective
interval. Fig. B.20b and B.20d show the resulting derivatives for SB and
SG.

The maximum of the derivative yields (d4pg.,/dr)  and its time
coordinate defines gp ..x. The rise rate is evaluated over the measur-
able range down to —8 hPa (Section 2.1.1); extrema at more negative
values cannot be resolved and are not considered, since detachment is
governed by the subsequent positive differential pressure. In all panels,
the identified maximum rise rate is marked by a gray marker. The same
time instant is highlighted in the corresponding Apg,,(r) curves in Fig.

235

B.20a and B.20c to enable a direct visual association between pressure
signal and rise-rate maximum.

Appendix C. SEM images of regenerated SB medium

Fig. C.21 shows exemplary SEM images of the SB medium after
regeneration, recorded at the locations indicated on the filter sample
(right). Although large parts of the surface can appear optically clean
after pulsing, fine dust particles are still visible on the fibers and within
the porous structure, and residual deposits can be found both in the
interior (cross-section) and locally as thicker patches on the upstream
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Fig. C.21. Exemplary SEM images of the regenerated SB medium. Rows: top view at the center, cross-section at the center, and top view near the edge; each
row shows an overview image (first column) and a higher magnification detail (second column). The sample locations are marked on the filter coupon (right).
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Fig. D.22. Cleaning efficiencies E,,, (black), E,, (red) and E,, (blue) as a function of absolute pressure p,, at vy = 2.0cms™' and 7, = 300ms for the SB

medium, the SG medium at high pulse strength level, and the SG medium at low pulse strength level.

media surface, particularly towards the edge. This is consistent with the
discussion of E, > E,,, in Section 3.2.3.

Appendix D. Cleaning efficiencies at reduced filter face velocity

Fig. D.22 shows the cleaning efficiencies Eg,, E,y and E4, as a
function of p,, at vy = 2.0cms~!. The trends are the same as at
vp = 5.5cms™!, with higher efficiencies at the lower filter face velocity.

Appendix E. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cherd.2026.08.058.
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