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ABSTRACT

Some gas particle separation processes operate at low absolute pressure, where surface filter media are widely used. Yet filter

cake pressure drop behavior at these conditions remains underexplored. To improve understanding, we determined the filter

cake pressure drop as a function of absolute pressure for filter cakes formed on two different surface media at a single filter face

velocity. The filter cake pressure drop decreases as absolute pressure is reduced. We adapt a semi-empirical model validated for

determination of clean surface media pressure drop to filter cakes and introduce a mean empirical correction factor to reduce the

experimental effort. The approach captures the trends accurately, with the simplification limited to homogeneous filter cakes.

1 | Introduction

Collection of gas borne particles plays a significant role in many
industrial processes, including vacuum drying [1-5]. During the
drying process, the rising vapor can entrain particles from the
bulk material. To prevent contamination of downstream equip-
ment like condensers and compressors and to enable the recovery
of often expensive products, separation of these particles is
necessary [6-8]. Surface filters are typically used for this purpose,
as they allow for simple particle recovery and regeneration via
pulse jet cleaning.

Due to the limited knowledge currently available regarding the
filtration behavior of surface filters at low absolute pressures,
filter systems are often designed based on findings obtained under
ambient absolute pressure conditions. This frequently results in
over dimensioned and therefore unnecessarily expensive filter
systems. Underdimensioned filter systems, on the other hand,

can negatively affect filtration performance and should thus
be avoided.

One of the key differences between ambient and low absolute
pressure conditions is the flow regime, typically characterized by
the Knudsen number (Kn-number), defined as [9, 10]:

Kn==. 1
n== M
The Kn-number expresses the ratio between the mean free path
of gas molecules A and a characteristic length scale a.

In dust cake filtration, we assume as characteristic length the
mean pore diameter d,,,. of the respective porous filter medium
(FM) or filter cake (FC),

A

Kn = .
dpore

a=dyye >

Abbreviations: EAN, Electro-aerosol neutralizer; FCE, Faraday cup electrometer; IN, Inlet nozzle; LSM, Laser scanning microscopy; M, Measurement; MFM, Mass flow meter; PPS, Polyphenylene
sulfide; RBG, Rotating brush generator; SEM, Scanning electron microscopy; SG, Sintered granular medium; SMF, Sintered metal fiber medium.
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Based on the Kn-number, the following flow regimes can be
distinguished [11, 12]:

* Continuum flow 0 < Kn < 0.001
* Slip flow 0.001 < Kn < 0.25
* Transition flow 0.25 < Kn < 10

* Molecular flow 10 < Kn

With increasing Knudsen number, the classical no-slip boundary
condition no longer applies and gas molecules begin to slip along
surfaces. As the Kn-number increases further, gas rarefaction
becomes more pronounced, resulting in flow behavior that
deviates substantially from the continuum regime.

In surface filtration, a filter cake is deposited on the filter medium
whose structure differs from that of the underlying substrate.
Consequently, the filter medium and the filter cake can be
treated as series elements that can be characterized separately for
Knudsen-number evaluation and pressure drop determination.
The total pressure drop equals the sum of the pressure drop across
the filter medium and the dust cake.

Several studies have investigated the filtration behavior of clean
depth filters under low absolute pressure conditions [13-16].
However, due to the fundamentally different structure of surface
and depth filter media, these results are not directly transfer-
able. For clean, highly porous, fibrous, and homogeneous filter
media (typical for depth filter media), a number of analytical
models exist to calculate the pressure drop across different
flow regimes [17-22]. These models, however, rely on structural
assumptions (highly porous, fibrous, and homogeneous) that are
generally not fulfilled by surface filter media.

To address the structural deviations between surface and depth
filter media, we adapted a calculation model developed by
Karniadakis et al., originally formulated to predict pressure drops
in pipes over the entire Knudsen-number range [23, 24] and
applied it for the determination of pressure drop of clean surface
filter media with a wide range of structural parameters under low
absolute pressure conditions. The model is based on a pressure
driven Hagen-Poiseuille flow in the continuum regime, corrected
by slip and rarefaction relevant at low absolute pressures (i.e.,
high Kn). The rarefaction correction is expressed through an
empirical correction factor, ap, (see Section 2.5 for details of the
calculation model).

In Ref. [25], apy exhibited an approximately linear dependence
on absolute pressure, implying that two measurements suffice
to determine this empirical correction factor. We evaluated two
practical fitting strategies for determining agy:

* two-point linear fit using pressure drop data at p,, =
1000 hPa and 10 hPa;

* one-point fit with fixed y-axis intercept and pressure drop data
at p,ps = 1000 hPa, using a prescribed y-axis intercept given by
the average of all tested filter media, motivated by the narrow
spread of intercepts observed across apy(P,ys) profiles.

A comparison between the measured filter medium pressure
drop and those calculated using both ay,, determination methods
showed good agreement, with the two point method yielding
slightly better accuracy [25].

In preceding work, two dust cake build-up procedures were
compared to assess whether the absolute pressure during cake
formation affects the ensuing flow behavior and consequently,
the cake structure [26]. It was shown that, down to about 25 hPa,
it does not matter whether the filter cake is first formed at
approximately p,,, & 900 hPa, and the absolute pressure is sub-
sequently reduced for flow resistance measurements, or whether
the filter cake is formed directly at reduced absolute pressure
where the subsequent pressure drop measurement is performed.
In practice, filter cake formation is substantially faster at higher
absolute pressure, because reduced absolute pressure leads to gas
expansion and a lower particle number concentration, producing
a dilution effect that slows dust cake growth, provided the aerosol
generator is operated at a constant setpoint. The filter cake
build-up methodology is detailed in Section 2.4.

In the present work, we systematically investigate the pressure-
drop behavior of filter cakes under reduced absolute pressure.
Filter cakes are formed on two different surface filter media,
a sintered metal fiber medium (SMF) and a coated sintered
granular medium (SG). The sintered metal fiber medium exhibits
a homogeneous surface, which strongly promotes uniform filter
cake build-up, making it particularly suitable for investigations
of filter cake pressure drop. By contrast, the sintered granular
medium inherently exhibits more heterogeneous surface charac-
teristics. The total pressure drop is recorded at absolute pressures
of p.,s = 900,500,250, 100, 50, 25,10, and 5 hPa at a constant
filter face velocity of vy = 5.5cm ™!, This filter face velocity lies
at the upper end of industrial practice and enables rapid filter
cake formation.

To place these measurements in a predictive context, we build
on our previous work, in which the model of Karniadakis et al.
was adapted and validated for calculating the pressure drop
of clean surface media at reduced absolute pressure, and we
now assess its applicability to filter cakes. To represent filter-
cake-specific morphology and rarefaction effects, we introduce
an empirical correction factor ap., identified from pressure
drop measurements over a wide absolute pressure range. Model
performance is validated by back calculating filter cake pressure
drop from ap- and comparing it with experimental data.

In addition, a filter-medium-specific mean a- was determined
from three independently built filter cakes, together with mean
structural filter cake parameters (mean porosity &xc mean and mean
pore diameter dyoe rcmean)- Then these mean parameter were
used to back calculate filter cake pressure drop. If the deviations
between the calculated and measured filter cake pressure drop
remain within an acceptable range, azc can be, for example,
reused in subsequent work to determine filter cake pressure
drop at reduced absolute pressures without repeating low abso-
lute pressure measurements and additional filter cake structure
characterizations. Importantly, oy is filter medium dependent,
particularly at small filter cake thicknesses. Therefore, a separate
&g is required for each filter medium.
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FIGURE 1 | Schematic overview of the experimental set-up. Labeled in red: filtration system (at low absolute pressure), labeled in green: aerosol

generation and neutralization (at ambient conditions).

2 | Materials and Methods
2.1 | Experimental Set-Up

In this study, a test rig specifically designed for low abso-
lute pressure surface filtration conditions is used. A schematic
illustration of the experimental setup is shown in Figure 1.
The setup can be divided into two main components: the low
absolute pressure filtration system and the aerosol generation and
neutralization unit, which are described in the following sections.
A brief overview of the setup is provided here. A more detailed
description can be found in [26].

2.1.1 | Aerosol Generation and Neutralization

The aerosol generation and neutralization set-up is outlined in
green in Figure 1. The aerosol is generated using an RBG 1000
aerosol generator (Palas GmbH), operated at a constant pre-
pressure of 1.4 bar, producing a stable volumetric flow rate of
53 L min~!. Since the aerosol generated by the dust dosing unit
typically carries a substantial electrostatic charge, it must be
neutralized to minimize particle losses and avoid effects caused
by particle charging.

Neutralization is achieved using ions generated by the EAN 581
(Topas GmbH) via corona discharge. The resulting charge state
of the aerosol is monitored with a Faraday Cup Electrometer
(FCE) to verify effective neutralization. Neutralization is verified
by a reduction of at least one order of magnitude in total aerosol
charge; detailed data are reported in Ref. [26]. The volumetric
flow rate provided by the EAN 581 is 45 Lmin™!, resulting
in a total volumetric flow rate into the raw gas chamber of
98 L min~!. The raw gas chamber is integrated into the setup
to increase aerosol residence time and ensure a more stable
aerosol concentration.

Depending on the absolute pressure on the raw gas side and
the filter face velocity, a specific volumetric flow rate is drawn

into the filter chamber. The volumetric flow not drawn into the
filter chamber is routed via a bypass through filters and then
discharged to the environment.

2.1.2 | Low Absolute Pressure Filtration System

The aerosol volumetric flow rate drawn into the filter chamber
is first coarsely adjusted using inlet nozzles (IN). A nozzle with
a diameter of diy; = 2.94 mm is used for larger flow rates (up to
46 L min~!), while a smaller nozzle with djy, = 1.36 mm is used
for low flow rates (below 10 L min™!).

Fine adjustment of the volumetric flow rate is performed using
a pneumatically actuated pinch valve. The aerosol then passes
through an aerosol dispersion unit, which divides the stream into
four pipes, evenly distributed across the inlet section, assuming
a uniform aerosol distribution across the raw gas cross section of
the filter chamber.

On the raw gas side of the filter chamber, the temperature (Pt
100, 4-wire) and the absolute pressure (vacuum transmitter Pirani
from Thyracont Vacuum Instruments GmbH) are measured. The
transmitter covers 5 X 10> mbar to 2000 mbar with stated preci-
sion of <2% for 2000-200 mbar, <5% for 200-40 mbar and <10%
for 40-2 x 1073 mbar. The pressure drop across the filter medium
is monitored using differential pressure transmitters from ICS
Schneider Messtechnik GmbH with measuring ranges up to 50
and 200 mbar, respectively. Downstream of the filter chamber,
two valves (a butterfly valve [VAT Group AG] and a gas control
valve [EVR 116, Pfeiffer Vacuum GmbH]) are used to adjust and
maintain the absolute pressure on the raw gas side of the filter
chamber. To establish the flow through the experimental setup, a
Pfeiffer Vacuum DUO 120 M compressor is used. The resulting
volumetric flow rate through the filter chamber is measured
downstream using two thermal mass flow meters (MFM, MKS
Instruments Deutschland GmbH), selected according to the flow
rate to be measured and placed after the compressor. The MFMs
have full scale ranges of 50 and 2 L min™?, respectively.
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(a) Top view SG medium

FIGURE 2 | SEM image of the upstream surface of the (a) SG medium (b) SMF medium.

TABLE 1 | Key structural parameters of the filter media.

Mean filter medium

Filter Thickness Basis weight Mean porosity pore diameter
medium LFM/ mm WFM / gm_z €FM mean / - dpore,FMmean / pum
SMF 0.45* 1200% 0.67% 1.36%

SG 442 2148* 0.46° 4.82°

4Data from datasheet.

bDetermined by capillary porometry.

FM

Computedase =1— , where ppy is the filter medium density.

FMLFM
dTotal thickness of the SG (support plus surface coating).

2.2 | Filter Media

Two surface filter media were investigated: a non-woven sintered
metal fiber medium (hereafter “SMF”) and a rigid surface filter
medium produced by sintering polyethylene (PE) granulate
(hereafter “SG”). Scanning electron microscope (SEM) images of
both media are shown in Figure 2.

The SG medium features an additional thin surface coating of sin-
tered polyphenylene sulfide (PPS) granulate. This coating is not
fully homogeneous. Due to the two-layer structure, the PPS layer
largely controls the mean pore size, whereas the supporting struc-
ture exhibits substantially larger pores. Appendix A quantifies
this structural inhomogeneity by porometry-based cumulative
pore size distributions Qy(dpee) of the SG medium with and
without PPS coating. The coating shifts the pore structure toward
smaller pore diameters, with ds, decreasing from 28.64 to 4.82 um,
while the large span ((dyy — dyy)/dso) of 6.29 indicates that a
noticeable fraction of larger pores still remains.

The SMF medium consists of nonwoven fibers with an average
diameter of approximately 1 um. The fibers are made of AISI 316L
stainless steel (CrNiMo steel) and are consolidated by sintering.
Owing to the dense fiber packing, the medium exhibits a highly
uniform and structurally homogeneous surface.

The key structural parameters of both filter media are summa-
rized in Table 1. For dust cake formation, either a new medium or
a previously cleaned medium was used. The cleaning procedure
is described in [26].

2.3 | TestDust

The test dust used in this study is Mikhart MUO8 from Provencale
S.A., a ground calcium carbonate CaCO;. It is a white, fine
powder with a strong tendency to agglomerate.

Mikhart MUOS exhibits a volume based median particle diameter

(dso3) of approximately 1 um and a relative span (@) 0f2.03,
50,3

as determined offline by laser diffraction. This particfe size range
corresponds to particles that can be entrained by ascending vapor
during vacuum drying and thus must be effectively separated by
the filtration system.

2.4 | Dust Cake Build-Up

The method for dust cake build-up used in this work is shown
in Figure 3. To determine the pressure drop across the dust cake
as a function of absolute pressure, dust cakes were generated
at an absolute pressure of 900 hPa. After a filter loading time
of approximately 2.5h, the aerosol generation was stopped.
Subsequently, the absolute pressure was reduced stepwise down
to 5hPa, and the resulting total pressure drop was recorded at
each absolute pressure stage.

After determining the filter medium pressure drop, the filter cake
pressure drop for each stage can be calculated as:

Apgc = Aprot — APpy- 2
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FIGURE 3 | Schematic procedure for dust cake formation at ambient conditions and subsequent stepwise absolute pressure reduction [26].

The build-up method used here does not allow determination of ~ Previous studies have shown that, for each absolute pressure
the filter medium pressure drop at every absolute pressure stage. stage, the resulting specific filter cake constant Cy is nearly iden-
For each sample, Appy, is known only at 900 hPa. However, from tical to the value obtained when the filter cake is formed directly
previous work, filter medium pressure drops for each absolute at that absolute pressure, indicating that the filter cake structure
pressure stage for one representative sample are available for the remains unchanged during absolute pressure reduction [26].

SG medium [25]. For the SMF medium, the same sample was used
throughout the experiments and had been pre-characterized for
Apgy at all absolute pressure stages. Because filter cake pressure
drops vary markedly between different SG samples, accurate filter
cake pressure drop evaluation requires sample-specific Appy
data. To obtain this, the Appy at other stages is calculated on a
sample-specific basis by scaling the sample-specific Apgy, value
at 900 hPa with absolute pressure stage ratios taken from the
representative dataset, under the assumption that these ratios are
sample invariant [26]. This assumption was additionally assessed
in Appendix B. The comparison between predicted and directly
measured Appy values for both filter media showed overall good
agreement, with larger relative deviations only at the lowest
absolute pressure stages where the absolute Apg, values are
very small.

2.5 | Calculation Model

The structure of surface filter media and dust cakes is highly
complex and cannot be represented in full detail [27]. To enable
a simplified calculation of the pressure drop through the filter
medium and the filter cake, these complex (e.g., fibrous or
porous) structures must be significantly reduced to an idealized
model. The underlying model concept is illustrated in Figure 4.
Both the filter medium and the dust cake are represented as
a parallel arrangement of straight cylindrical channels with
a constant cross section. These channels are characterized by
an average pore diameter dp.men With additional subscripts
FM and FC referring to the filter medium and the filter cake,
respectively. In this idealization, the porosity of each layer (filter
medium and filter cake) is proportional to the number density of

During the initial phase of dust deposition, both filter media )
channels per unit area.

exhibit a nonlinear increase in total pressure drop before the
subsequent approximately linear cake build-up regime is reached,
as illustrated by the representative Ap(t) curves shown in
Figure C.1. This effect is more pronounced for the SG medium.
Possible reasons for this initially steep increase in total pressure
drop include preferential loading of more permeable regions,
internal deposition, and briefly elevated particle concentrations Up
immediately after switching on the aerosol supply. Accordingly, Upore = 77 ®)
the schematic representation in Figure 3 idealizes both the onset
of dust deposition and the transition to the subsequent cake
build-up regime and therefore does not reproduce the detailed
course of the experimental Ap(t) curves. For the present model
calculation, the full pressure drop increase during dust deposition
is assigned to filter cake build-up. A more detailed discussion
of the possible mechanisms, the underlying reasoning for this
evaluation approach, and a conservative uncertainty estimate are vp 7,

given in Appendix C. V= Upore Apore = 7 7 Yporemean 4

Because the free flow cross-sectional area is reduced by the
presence of the filter medium and the dust cake, the pore velocity
Upore 1N the respective layer increases inversely with the porosity
of the filter medium and the dust cake:

where v is the filter face velocity and ¢ is the porosity of the
respective layer (epy Or egc). We assume that the pore averaged
velocity in the model channels equals the pore velocity in the real
filter medium and dust cake.

The volumetric flow through a single pore is then
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FIGURE 4 | Model structure simplification of the filter medium and the filter cake for calculating the pressure drop of surface filter media under

low absolute pressure conditions.

where A, = (7/4) dgore,mean is the cross-sectional area of a pore.
The single pore flow thus depends on the filter face velocity v,
the porosity of the respective layer and the corresponding mean
pore diameter.

Assuming that a micro- or nanoscale flow occurs within the
idealized pores of the filter medium and filter cake, we apply the
model of Karniadakis et al. (Equation 5) [23]:

_7{( dpore,mean )
V= Pavs (4 (1+akKn) ,
8u; dx 1-bKn
III: Rarefaction effects
I: Hagen-Poiseuille 11: Slip correction
®)

with V the volumetric flow rate through a single pore, dpore,mean
the mean pore diameter, Kn the Knudsen number, b the slip
coefficient, and o an empirical correction coefficient. Equa-
tion (5) consists of three parts: Part I describes the pressure-driven
Hagen-Poiseuille flow for the continuum regime, Part II corrects
the volume flow due to slip effects at high Kn numbers, and
Part IIT accounts for additional rarefaction effects that grow
with Kn. A detailed discussion of each term is given in [25].
The present model does not include separate terms for pore
entry/exit or cross-sectional contraction/expansion losses; these
effects are subsumed in Part III together with rarefaction and are
not separable from it.

In this work, we assess the applicability of the model to determine
the pressure drop across dust cakes; consequently, all subsequent
equations refer to filter-cake-specific quantities and use the
subscript FC. The suitability of the model for clean filter media
has been demonstrated elsewhere [25].

Integration of Equation (5) across the filter cake thickness Ly
with inlet p; and outlet absolute pressures p, as the boundary
condition yields

4

_ﬂ( dhorecimesn )
2

Ly = -
e BV
¢
« 4C,b + 4C,a In(p, — C,b) + (Cyab — 4C,a) In(p,) + b p,
b
_4Cyb +4Caln(p; = Cyb) + (Crab — 4C,a) In(py) + b p;
b s
(6)
with
kgT
CZ = L ’
\/Eﬂ dz dpore,FC,mean

where p, and p; are the absolute pressures downstream and
upstream of the filter cake, Ly is the filter cake thickness and
C, is a fluid- and material specific constant that depends on
the Boltzmann constant kg, the temperature T, the molecular
diameter d (for air, d = 3.5 X 1071 m), and the mean filter cake
pore diameter d,c rc mean- Equation (6) further depends on the
gas viscosity y; and the volumetric flow rate V.

The pressures p, and p; are not measured directly. Instead,
the total pressure drop Ap,, across the filter medium and dust
cake and the absolute upstream pressure p,,, are measured. The
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downstream pressure (p,) follows from

Do = Pavs — APtot-

Moreover, the pressure immediately upstream of the filter cake is

Pi = Pabs — ApFM’

where Appy denotes the pressure drop across the clean filter
medium alone. The procedures for determining Appy and Ap,,,
are detailed in Section 2.4.

However, to calculate the pressure drop of filter cakes, the mean
porosity and mean pore diameter are also required. For the dust
cake, the mean porosity can be determined using Equation (7):

Prc Mg
= 1 _——_—= 1 -
EFC,mcan pP pP AF LFC (7)

Here, mpc denotes the mass of the dust cake, p, is the particle
density, Ay the filter face area of the filter medium, and Lgc
the thickness of the dust cake. The mass of the dust cake
is determined gravimetrically after each experiment. The cake
thickness is measured using a laser scanning microscope (LSM).

To calculate the mean porosity, it is assumed that the dust cake
is homogeneously distributed and fully closed. Additionally, a
constant particle density and no edge deformation of the dust
cake are assumed. The mean pore diameter of the dust cake can
be calculated using the Carman-Kozeny equation (Equation 8).
This equation assumes that the particle material consists of ideal
spheres, the filter cake is randomly packed and that the pores are
uniformly distributed and subject to laminar flow.

2
150 vp py, Lyc (1 - 3Fc,mcan)
pore,FC,mean — 3 . (8)
Egc mean APFC,900hPa

d

Here, vy is the filter face velocity, u; the gas viscosity, Ly the
filter cake thickness, €xcmean the mean filter cake porosity, and
APrc.goonpa the filter cake pressure drop measured at 900 hPa.

The Carman-Kozeny equation is formally derived for continuum
flow conditions. In our system, however, the dust cakes do
not attain the continuum regime even at ambient pressure
(see Figure 6), and slip and rarefaction effects are therefore
nonnegligible. Accordingly, the pore diameter obtained from the
Carman-Kozeny relation is not interpreted as a directly measured
geometric pore size. Instead, the relation is used here as a prag-
matic and reproducible calculation scheme to derive an effective
model parameter from measurable filter cake properties, namely
filter cake thickness, porosity, and the pressure drop measured at
900 hPa. This is necessary because the calculation model requires
a characteristic length scale, while a direct determination of an
equally suitable pore diameter for the present thin filter cakes
is not available within the experimental framework used here.
The resulting d,rc rc mean therefore serves as a model-compatible
effective length scale rather than as a direct structural mea-
surement. This approximation is considered reasonable because
the prevailing slip flow regime remains sufficiently close to
continuum conditions.

Appendix D further illustrates why this choice is used in the
present work. For an exemplary SMF dataset, the Carman-
Kozeny-based value yields the smallest maximum deviation
between calculated and measured Apgc across the investigated
absolute pressure range, while larger pore diameters quickly lead
to deteriorating agreement and, beyond a threshold, to the loss of
a numerical solution. The Carman-Kozeny estimate is therefore
used not because it is assumed to represent the exact geomet-
ric pore size, but because it provides a simple, reproducible,
and numerically robust input parameter for the pressure drop
model.

Overall, the present data do not allow a direct conclusion on
how specific dust properties affect ap.. Within the present model,
apc is linked to the effective filter cake properties used in the
calculation, in particular doe rc means Lrc, and, indirectly, &xc mean-
In addition, the applied absolute pressure range can further affect
both the position and the shape of the ap-(p.y,s) profile, since
pressure level and pore diameter jointly determine the prevailing
rarefaction conditions. Accordingly, possible dust effects can only
be assessed indirectly through their influence on the resulting
filter cake properties.

3 | Results and Discussion

3.1 | Experimental Determination of the Filter
Cake Pressure Drop

The objective of this study is to investigate the influence of
absolute pressure on the pressure drop across filter cakes and
to assess whether an existing model for calculating clean filter
medium pressure drop can also be applied to describe the pressure
drop across filter cakes.

Two different filter media were used, as described in detail in
Section 2.2. To determine the filter cake pressure drop, the clean
filter medium was first characterized with respect to its intrinsic
pressure drop. Subsequently, a dust cake was deposited on the
medium and the total pressure drop (i.e., the sum of the clean
filter medium and dust cake pressure drop) was measured. The
procedure for dust cake build-up and the recording of total
pressure drop as a function of absolute pressure is given in
Section 2.4.

Figure 5 shows the total pressure drop and the clean filter medium
pressure drop as a function of the absolute pressure at a constant
filter face velocity of vy = 5.5cms™ for the SMF medium (a) and
the SG medium (b).

For the SMF medium, the same sample was used in all repetitions
and each test was repeated three times. Only small deviations
between the repetition curves (both for the total pressure drop
and for the clean filter medium pressure drop) can be observed.

In contrast, for the SG medium, different samples were used
for the three repetitions, which explains the larger variation in
the clean filter medium pressure drop. Moreover, for the clean
SG medium, only the atmospheric pressure drop data points
were measured directly for each sample. The remaining values
at reduced absolute pressure were reconstructed based on the
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FIGURE 5 | Clean filter medium pressure drop (Apgy) and total pressure drop Apro; (Appm + Apgc) for the SMF (a) and SG medium (b) as a
function of absolute pressure, measured at a constant filter face velocity of 5.5cms™!. Three independent measurements were performed for each
condition.
TABLE 2 | Key filter cake parameters for the SMF and the SG medium determined from measurements and calculations.
Filter cake Filter cake  Mean filter = Mean filter cake Dust cake ABrCs00he
Measurement thickness® areal mass® cake porosity® pore diameter? pressure drop T

Medium M LFC / pm WFC / gm_z EFC,mean / - dpore,FC,mean / um Apl:"C,900 hPa /hPa hPa pm_l

SMF 1 149+ 4 67.23 0.83 £ 0.005 0.51 + 0.011 45+0.6 0.3

SMF 2 141+3 65.35 0.83 + 0.004 0.53 + 0.009 38.1+0.6 0.27

SMF 3 211 +3 89.31 0.84 + 0.002 0.52 + 0.006 482+ 1.2 0.23

SG 1 129 + 7 57.14 0.84 + 0.009 0.33 £ 0.014 78.5+ 0.6 0.61

SG 2 129 +19 61.69 0.82 + 0.026 0.43 + 0.048 56.4+0.6 0.44

SG 3 100 + 21 54.54 0.79 £ 0.043 0.41 + 0.076 724 +£2.2 0.72
@Measured with LSM.

Mgc

YDetermined with weighed mass with Wy = -
F

¢Calculated using Equation (7).

dEstimated using the Carman-Kozeny equation (Equation 8).

known absolute pressure—pressure drop relationship of a separate
clean filter-medium sample, as detailed in [26].

Overall, the total pressure drop decreases more strongly with
decreasing absolute pressure than the clean filter medium pres-
sure drop. This trend is consistent across repetitions and is more
pronounced for the SG medium. For the SMF medium, the three
total pressure drop curves agree well, whereas for the SG medium,
slight deviations between repetitions are observed.

Based on Figure 5, the filter cake pressure drop can be determined
using Equation (2). To isolate the filter cake contribution, the
clean filter medium pressure drop is subtracted from the total
pressure drop at identical operating points. For clarity, we refer to
“filter cake pressure drop measurements,” although the filter cake
pressure drop was not measured directly but derived from filter
medium pressure drop and total pressure drop measurements.

For the calculation of the filter cake pressure drop with the model
introduced in Section 2.5, additional parameters are required, as
already described: the filter cake mass, filter cake thickness, mean
filter cake porosity, and the mean filter cake pore size. The filter

cake thickness was measured using a LSM and the filter cake mass
was determined by weighing. From these measurements, the
mean filter cake porosity and the mean filter cake pore diameter
were calculated using Equations (7) and (8), respectively. For
clarity and traceability, all determined parameters for the three
repetitions and both filter media are summarized in Table 2. The
filter cake mass is reported as an areal mass, Wrc = mpc/Ap,
that is, mass per unit filtration area. Absolute deviations are
reported as well for all quantities except the areal mass. The filter
medium was weighed only once before and after dust loading.
The balance resolution of the scales is 1 mg, while values are
reported to 10 mg. Hence, balance fluctuations are expected to
be at the mg level and are negligible for the present analysis.
The absolute uncertainty in g yean Originates solely from the
uncertainty in Lyc. For d. rc the uncertainty of the pressure
drop measurement was also propagated, but it is very small and
has a negligible effect on the porosity uncertainty. For the filter
cake thickness Lpc, very thin cakes (100 um) can yield large
relative errors (up to 21%), whereas the average relative error
remains below 10%. Importantly, even these comparatively large
thickness uncertainties translate into only small uncertainties in

EFC,mean and dpore,FC,mean'
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FIGURE 6 |
velocity of vy = 5.5cms™!, for all three repetitions.

Despite the comparatively high dust cake pressure drops, only
thin cakes were produced (all Ly < 211 um; see Table 2). On
the SMF medium, Lyc, Wrge, and Apgc exhibit an approximately
linear relationship across the three repetitions. Consequently,
the derived parameters epc mean a0d dpyore re mean ShOW only little
scatter. The apparent homogeneity is attributable to the use of
the same SMF sample for all repetitions, which minimizes the
variability from substrate to substrate during dust cake formation.
Consistent with this, the filter cake thickness specific filter cake
pressure drop Appc/Lyc (in Pa um™) varies only weakly across
the different SMF measurements.

In contrast, the filter cakes on the SG medium do not show a
clear linear dependence between Lp., Wge, and Apgc. Here,
three different SG samples were used, and the coating of the
SG medium is not homogeneous. Both factors likely contribute
to the increased variability of the measured parameters. While
the filter cake porosities ep- obtained on SG fall within a range
similar to those on the SMF medium, the derived mean filter cake
pore diameters dpqe pcmean differ markedly between the two filter
media.

For sufficiently thick filter cakes, one would expect the filter cake
structure, and thus dpq pcmean> t0 become less sensitive to the
underlying filter medium and to converge to similar values on
both filter media. However, the present dust cakes are relatively
thin. Under these conditions, the developing cake structure in
the near-filter-medium region can still be influenced by the
filter medium structure and its induced local inhomogeneities.
This does not necessarily imply that the entire filter cake is
strongly inhomogeneous. Rather, the influence of the substrate
is expected to be most relevant during the initial stage of depo-
sition and for thin cakes, where the near-filter-medium region
represents a substantial fraction of the overall cake thickness.
The classical Carman-Kozeny approach does not account for
such filter medium effects or for spatial inhomogeneity in thin
cakes. Accordingly, the dorcmean Values derived here should
be interpreted with caution for very thin cakes, especially on
the SG medium, where sample to sample variability and the
nonhomogeneous coating are more pronounced.

Overall, the SMF filter medium yields reproducible, homoge-
neous filter cakes with consistent properties, whereas for the SG

2 (b) SG
10 - o8 T
%\Z *V~
g
Wi,
101 L %1\ V.o BET Molecular flow |
\‘%\ E \V :
Slip S TS e
flow Transition flow $\: X
0 il 1 \\\\ \\ |
E N v
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\\\\\\
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107 '
2 10! 10° 10" 10
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Filter cake pressure drop for (a) the SMF medium and (b) the SG medium as a function of the Knudsen number at a constant filter face

filter medium, a larger variability is observed. This variability
likely originates from both material heterogeneity and the influ-
ence of the substrate on the developing cake structure in the
near-filter-medium region, which is particularly relevant for the
very thin cakes investigated here.

The filter cake pressure drop determined from the total pressure
measurements as a function of the Knudsen number is shown in
Figure 6 for a constant filter face velocity of vy = 5.5cms™, for
cakes formed on (a) the SMF medium and (b) the SG medium.
The corresponding flow regimes are also indicated. The Knudsen
numbers were calculated using the pore diameters described in
Table 2. It can be observed that the continuum regime is not
reached for either filter cakes on both filter media. Furthermore,
the slip regime is only marginally attained. Consequently, when
calculating the filter cake pressure drop, rarefaction effects due to
the high Knudsen numbers, as well as slip effects, must be taken
into account.

For the SMF medium, the filter cake pressure drops are very
similar across the three repetitions, with a maximum deviation
between the measurements of only about 14%. Together with
the nearly constant filter cake thickness specific filter cake
pressure drop, Apgc/Lrc, this indicates highly reproducible filter
cake formation.

In contrast, for the SG medium, the curves are slightly shifted
to each other. As discussed above, this can be attributed both
to the use of different SG samples and to the inhomogeneous
SG surface and consequently, to differences in the dust cake-
specific parameters. Therefore, this leads to a much larger spread
in cake masses and corresponding filter cake pressure drops, with
a maximum deviation of about 78% at p,,, = 5hPa between the
measurement repetitions. Moreover, the gradient of the filter cake
pressure drop curve for the SG medium is, on average, steeper
than that of the SMF medium.

3.2 | Filter Cake Pressure Drop Approximation for
the SMF Medium

Because the SMF data exhibit high reproducibility and narrow
filter cake property scatter, the filter cakes on this filter medium
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FIGURE 7 | (a) Empirical correction factor apc as a function of absolute pressure for the three different measurements for the SMF medium.

Symbols represent the values of agc calculated from the measured pressure drops, while the solid line shows the fitted curve. (b) Filter cake pressure drop

as a function of absolute pressure for the three repetitions at vy = 5.5cms™! for the SMF medium. Symbols represent the experimental measurements

and solid lines the corresponding model calculations based on the fit functions for apc.

were used first to verify the applicability of the calculation model
introduced in Section 2.5.

With the cake-specific parameters given in Table 2, together with
additional material and fluid-specific parameters, it is possible
to determine an empirical correction factor apc. The values of
aypc calculated from the determined filter cake pressure drops are
shown as circles in Figure 7a. The results show that o, decreases
until approximately 50 hPa and then increases again. This non-
monotonic behavior differs from that observed for unloaded filter
media, where a linear relationship between absolute pressure
and empirical correction factor ap, was consistently found.
Therefore, to describe the course of apc in detail, all recorded
pressure drop measurements must be considered.

The course of ap- can be described by the following quadratic
logarithmic function:

Apc = A loglo(pabs)z +B 10g10(pabs) +C. (9)

The fitted course of ay for the SMF medium is shown in Figure 7a
as a solid line. Using this fit function, the variation of ay. as a
function of absolute pressure can be quantified with a coefficient
of determination of R? > 0.98.

The observed nonlinear trend in o can be explained as follows:
In the work of Karniadakis et al. [23], the focus was on flow
through individual long pipes with a constant cross-section. In
the present study, however, the model is applied to describe
complex, structured filter cakes. Consequently, the parameter
a acts as a combined correction factor, accounting for both
structural effects and rarefaction, rather than representing a
pure rarefaction coefficient as in Karniadakis et al. In addition,
flow through a filter cake is accompanied by continuous inlet
and outlet effects due to its porous structure. These effects are
neglected in the model of Karniadakis et al., which is based on
the assumption of very long and pressure depended pipes. In this
context, apc serves merely as a fitting parameter without a direct
physical dependence on rarefaction effects alone.

Based on the ap. profiles in Figure 7a, Equation (6) was
used to back-calculate the filter cake pressure drop as a
function of absolute pressure. The resulting curves are shown
in Figure 7b. The largest deviation between measured and
calculated filter cake pressure drop Apgc occurs at p,,, = 25 hPa
for measurement 1 and amounts to 19.1%. Across the remaining
operating range, deviations remain comparatively small. Overall,
the calculated Apygc curves agree very well with the experimental
values.

A closer look at Table 2 shows that the filter cakes on the SMF
medium exhibit very similar pore diameters and porosities across
the three repetitions. This motivates a reduction of experimen-
tal effort by parameter averaging. In other words, instead of
characterizing each filter cake separately, it may be sufficient to
determine representative mean values of the filter cake porosity
€rc,mean @Nd the mean pore diameter dpqr pcmean Of the filter cake
once and apply them for subsequent calculations.

Operationally, the workflow is as follows: First, compute repre-
sentative averages of the cake porosity and mean pore diameter
across the three SMF repetitions, &z and Ep,FC (from Table 2).
Second, using &z and Ep,FC’ determine for each measurement an
apc(Paps) profile. These three profiles are then averaged pointwise
in p, to obtain a single mean apc(p.ps). Finally, apc(paps) 1S
inserted into Equation (6) to back-calculate Apgc.

Figure 8a shows a scatter plot of the ap values derived from the
pressure drop measurements for the SMF medium together with
two fitted datasets:

* Fit A: uses filter-cake-specific &pcmean @0d dpore pomean 1O
compute and fit apc(pay,s) for each repetition, which is then
inserted into Equation (6) for back-calculating Apgc.

» Fit B: uses across repetition averages &z and EP,FC to form
repetition specific apc(p,,s) curves that are averaged into a
single mean alpha profile apc(p,ys) and used in Equation (6)
to compute Apgc.

10 of 18

Chemical Engineering & Technology, 2026

85U8017 SUOWIIOD BAIEa.D 8|qed![dde aLp Aq pausenob ae S9ppie YO ‘SN JO Sa|nJ Joj A%eiq)8UlUO A1 O (SUORIPLOD-PUe-SWBIAL0D" A8 |1 AReIq 1 Ul |UO//SdNY) SUORIPUOD PUe SWe 1 8y} 89S *[9202/S0/TT] Lo Arigiauliuo A(1m ‘8ifojouyos 1L Ind Insul Bunis|ey Aq 9220, 1ee0/200T 0T/I0p/wod A8 |im Arelq1jeut|uoy/sdny woly papeoumoq ‘G ‘920z ‘SZTYTZST



(a) SMF alpha filter cake Q= Scatter

[
(=)

~ vp=5.5cms’!
£ 2
£ 15t -
& o 8 o
2 %%
S 10+ o ‘B/‘ o 4
: 0 o
= ogo-o
2 B0
= St 1
= aé@ m Ml O FitA
= » = M2 O FitB
2 0 il - L L .| M3

0 5 10 15 20

Alpha filter cake Qe (from measurement) / -

(b) SMF ApFC — Scatter

< 10 T 32
= 1VF:5.5 cms’! @
~ o
= o§
.2 s
= 1L ]
E 10 /Dg
8 ,oé
= &8>
L
107 F - =
2 e®
S m Ml O FitA
Q - m M2 O FitB
3 T u M3
-1 L7 L I
10
107! 10° 10 10

ApF é (from measurement) / hPa

FIGURE 8 | (a)Scatter plot of the empirical correction factor ap¢ for the three measurements and the two fits (A and B) for the SMF medium. (b)

Scatter plot of the filter cake pressure drop for the three repetitions at vp = 5.5cm s~

two fits for the SMF medium.

A slight scatter of the calculated apc values is observed. As
expected, the Fit B points (shown as squares) are identical across
repetitions at a given absolute pressure, since the same averaged
parameters and mean alpha profile are used. Even when using
the SMF medium specific mean &, the fits remain strong, with
coefficients of determination R? > 0.90 for all three repetitions,
indicating very good agreement.

Figure 8b compares back-calculated and experimentally derived
Apgc for both fits of the SMF medium. The largest filter-cake
pressure drops occur at p,, = 900 hPa. Along the overall trend
(approximately along the 1:1 bisector), both Ap and p,;, decrease,
reaching the smallest values at p,,, = 5hPa. The maximum
deviation for Fit B is 23.43% at p,,, = 250 hPa, for Measurement 3.
In general, Fit A yields slightly smaller deviations than Fit B,
as expected given its greater level of filter-cake-specific detail.
Nevertheless, Fit B still produces very satisfactory agreement
despite the strong simplification to a mean opc.

For a filter medium with a homogeneous surface (as for the SMF
used here), it is sufficient to characterize only a limited number
of filter cakes once to determine representative mean values of
€rcmean @Nd dpore pemean- These values can then be applied in
subsequent investigations with only a minor loss of accuracy in
Apgc. Moreover, as long as the filter cake pressure drop exhibits
only limited scatter, a single mean alpha profile apc(p,,s) can
be used to calculate the filter cake pressure drop with good
accuracy.

The conclusions were obtained for the specific test dust used here.
Applicability to other particulate systems (i.e., other particle size
distributions) must be verified. The filter cake thickness and mass
remain required inputs for computing Apgc. If an approximately
linear relation between filter cake mass and Apg is established
in an initial calibration, Ly may be estimated thereafter, avoiding
repeated LSM imaging. Any such shortcut must define its validity
range and be checked periodically, as nonlinear effects (e.g.,
compressibility, restructuring, medium imprinting) can arise and
compromise accuracy.

1, showing calculated pressure drop versus measured values for the

3.3 | Filter-Cake Pressure-Drop Approximation
for the SG Medium

Having established the validity of the simplified approach for
the SMF medium, we next examine its applicability to the
heterogeneous SG medium. Compared with the SMF medium,
Table 2 shows a markedly larger scatter in the mean porosities and
mean pore diameters of dust cakes formed on the SG medium and
no clear linear relationship between filter cake mass, filter cake
thickness, and filter cake pressure drop can be observed.

This behavior is consistent with the structure of the SG medium:
a fine coating applied onto a coarse support structure leads to
a strongly inhomogeneous surface. As shown by the broad pore
size distribution in Appendix A, the coated SG medium still
contains a noticeable fraction of comparatively large pores, which
implies locally more permeable surface regions. During the initial
stage of dust deposition, these regions are expected to be loaded
preferentially. For the very thin filter cakes investigated here,
the resulting inhomogeneities in the near-filter-medium region
can still affect the cake properties and thus contribute to the
larger scatter observed for the SG medium. For sufficiently thick
filter cakes, in contrast, the relative influence of the substrate is
expected to decrease markedly.

The empirical correction factor ap. determined with measure-
ment-specific parameters (€xc means Apore,Fc,mean) f0llows the same
qualitative trend as for the SMF medium (see Figure E.1): it first
decreases with absolute pressure, reaches a minimum, and then
increases again. The fits show good agreement, with coefficients
of determination R? > 0.98 across all repetitions. However, the
SG medium curves exhibit substantially greater inter-repetition
scatter than observed for the SMF medium. Despite this, the
back-calculated Apg values still show good agreement with the
measurements in parts of the operating range.

Against this background, the central question is whether the sim-
plified “mean-ay.” approach that worked for the SMF medium
remains adequate for the heterogeneous SG medium. Figure 9a
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FIGURE 9 | (a) Scatter plot of the empirical correction factor apc for the three measurements and the two fits (A and B) for the SG medium. (b)

Scatter plot of the filter-cake pressure drop for the three repetitions at vp = 5.5cm s~

two fits for the SG medium.

displays the scatter of ap. for Fits A and B (constructed analo-
gously to the SMF case). A considerably larger spread is observed
for both fits, with Fit B exhibiting clearly higher scatter than
Fit A. This is reflected in the coefficients of determination, which
drop to R*> = 0.72 for M1, R? = 0.54 for M2, and R? = 0.53 for M3.
Figure 9b compares back-calculated and experimentally derived
filter cake pressure drops Apy.: for Fit A, the maximum deviation
between the measured and calculated filter cake pressure drop
values is 17.5% at p,,s = 10hPa for Measurement 2, whereas all
other points remain below 12.7% deviation. For Fit B, deviations
are substantially larger; the maximum occurs at p,,, = 5hPa for
Measurement 1 with 189.4%, although reasonable agreement is
obtained at some operating points. On average, the deviation for
Fit B is approximately 34.7%.

These results indicate that, for very thin filter cakes formed on
structurally inhomogeneous filter media (as for the SG medium
studied here), the simplification using a single mean ay is not
well suited to predict Apgc across the full range. Instead, filter-
cake-specific parameters and accordingly filter-cake-specific oy
profiles should be used for the back-calculation of the filter cake
pressure drop on the SG medium.

Overall, for filter cakes formed on homogeneous filter media,
the experimental effort can be reduced: a small set of filter
cakes may be characterized once with respect to mean porosity
and mean pore diameter to derive a filter medium specific
mean apc for subsequent calculations. If, however, the filter
medium promotes local inhomogeneities in the developing cake
structure in the near-filter-medium region (as with the SG
medium here, where a fine coating is applied to a coarse support
structure), each filter cake must be analyzed individually and
the corresponding filter-cake-specific parameters used when
determining Apgc. In future investigations, this effect should
be minimized by generating sufficiently thick filter cakes, espe-
cially on structurally inhomogeneous filter media, so that the
substrate influence becomes less relevant for the overall cake
structure.

1, showing calculated pressure drop versus measured values for the

4 | Conclusion and Outlook

This work systematically examined filter cake pressure drop
under reduced absolute pressure, from near-atmospheric condi-
tions down to 5hPa.

Two filter media were investigated at a constant face velocity of
5.5cms™!. The first was a surface medium with a coarse sintered
granular support structure and a sintered granular coating. The
second was a non-woven sintered metal fiber medium. Filter
cakes were formed at p,,, = 900 hPa and the absolute pressure
was then reduced stepwise. The resulting filter cake pressure drop
decreased with decreasing absolute pressure.

A calculation model from Karniadakis et al., previously adapted
for clean surface media, was evaluated for filter cakes by
representing the cake as parallel channels and introducing an
empirical correction factor oy to capture filter cake morphology
and rarefaction effects. For both media, ay. follows a quadratic
dependence on In p,,, implying that reliable identification of
apc(paps) requires measurements at multiple reduced absolute
pressure levels.

On the SMF medium, filter cakes were highly homogeneous, as
indicated by the small inter repetition variation of the thickness-
specific pressure drop Apgrc/Lrc. Replacing filter-cake-specific
porosity and pore diameter by representative averages and using
the corresponding mean apc(py,s) yielded back-calculated Appc
values in very good agreement with the measurements (maxi-
mum deviations on the order of a few tens of percent, typically
much smaller), confirming that parameter averaging together
with a mean oy is adequate for homogeneous filter cakes.

By contrast, for the SG medium, the substantially larger scatter
in filter cake properties indicates that the structure of the
filter medium can still influence the developing cake structure
in the near-filter-medium region. This effect is particularly
relevant here because the investigated filter cakes are very thin.
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Accordingly, the observed variability should not be interpreted
as evidence that the entire filter cake is strongly inhomogeneous.
Rather, it shows that locally inhomogeneous cake formation
at the beginning of deposition can still affect the measured
cake behavior when the cakes are thin. Under these conditions,
a single mean og. is insufficient, and filter-cake-specific
parameters together with filter-cake-specific apc(p.s) profiles
must be retained for accurate back calculation of the filter cake
pressure drop.

Future work should test additional dusts to isolate how particle
size distribution and shape affect ap and filter cake permeability.
In addition, especially for structurally inhomogeneous filter
media, the filter cake thickness above which the influence of the
underlying substrate becomes negligible should be determined.
Such investigations would help to identify the transition from
substrate influenced cake formation to a regime with sufficiently
thick and statistically homogeneous filter cakes. Furthermore,
the regeneration behavior of surface filters at low absolute
pressure and the separation efficiency of surface filter media as
a function of absolute pressure should be investigated.

Nomenclature

Symbols

Latin Symbols

Ap Filter face area, m?

Apore Cross-sectional area of a pore, m?
a Characteristic length, m

b Slip coefficient, -

Crc Specific filter cake constant, —
C; Auxiliary constant, m Pa~!

C, Auxiliary constant, Pa

d Molecular diameter of air, m
dpore,mean Mean pore diameter, m

dpore,FM,mean Mean filter medium pore diameter, m

dpore,FC,mean Mean filter cake pore diameter, m

kg Boltzmann constant, J K}

Kn Knudsen number, -

L Thickness, m

Lgc Filter cake thickness, m

Leym Filter medium thickness, m

e Filter cake mass, kg

Dabs Absolute upstream pressure, hPa

Di Pressure immediately upstream of the filter cake,
hPa

Do Pressure downstream of the filter cake, hPa

Qo Cumulative pore size distribution, —

t Time, s

T Temperature, K

vp Filter face velocity, ms™!

Upore Pore velocity, ms™?

14 Volumetric flow rate through a single pore, m3 s~!
Wee Filter cake areal mass, g m~2

Wem Filter medium basis weight, g m~2

X503 Volume-based median particle diameter, pm
Aprc Pressure drop across the filter cake, hPa
Apem Pressure drop across the filter medium, hPa
APot Total pressure drop, hPa

Greek symbols

Apc Empirical correction factor for the filter cake, -
apMm Empirical correction factor for the filter medium, -
€ Porosity, -

EFC,mean Mean filter cake porosity, —

€FM,mean Mean filter medium porosity, -

A Mean free path, m

My Dynamic viscosity of air, Pas

OFC Filter cake density, kgm™3

OFM Filter medium density, kgm™3

oL Gas density, kgm™3

op Particle density, kgm™3

Subscripts

abs Absolute, -

FC Filter cake, —

FM Filter medium, —

i Inlet / upstream, —

mean Mean value, -

0 Outlet / downstream, —

pore Pore, -

Tot Total, -
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Appendix A: Cumulative Pore Size Distribution

Figure A.1 shows the cumulative pore size distributions Qq(dpore) Of the
SG medium with and without PPS coating, determined by porometry
according to the procedure described in [28]. For each medium, five
different samples were analyzed. The mean distribution is shown together
with the corresponding standard deviation as a shaded band, and the
median pore diameter ds is indicated by a dashed line.

The PPS-coated SG medium exhibits a pronounced fraction of small pores
below approximately 10 um, which is attributed to the surface coating.
This is also reflected by the shift of the median pore diameter from
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FIGURE A.1 | Cumulative pore size distribution Q, (dpore) Of the SG
medium with and without PPS coating. The dashed vertical lines indicate
the median pore diameter dsy. The distributions were determined by
porometry from five samples per medium. Shaded areas represent the
standard deviation.
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dsy = 28.64 um for the uncoated medium to ds, = 4.82 pm for the coated
medium. At the same time, the coated medium still exhibits a noticeable
fraction of larger pores extending to more than 40 um. This overlap with
the pore size range of the uncoated medium indicates that the PPS layer
is neither fully homogeneous nor fully surface-covering.

The broader pore size distribution of the coated medium is also reflected
by the span, defined as (doy — d;()/dso. The uncoated medium yields a
span of 1.46, whereas the coated medium shows a substantially larger
value of 6.29. Thus, the pore size distribution provides a quantitative
description of the structural inhomogeneity of the coated SG medium.

The slight kink visible in both Qu(dpere) curves originates from the
switching between two mass flow controllers during the porometry
measurement. The transition between the two controllers, which are
used for different flow ranges, leads to a small discontinuity in the
recorded signal. Because this effect occurs in both media, it is attributed
to the measurement procedure and not to a structural property of the
investigated pore system.

Appendix B: Validation of the Clean Filter Medium Pressure Drop
Scaling Approach

As described in Section 2.4, the filter cake build-up method used in this
work does not allow a direct determination of the clean filter medium
pressure drop Appy at every absolute pressure stage for each individual
sample. For the SG medium, only the value at 900 hPa was measured
directly for each sample. The remaining values were obtained by scaling
the sample-specific Apgy; at 900 hPa with the pressure stage ratios of a
representative reference dataset. This procedure assumes that the relative
pressure dependence of Apgy is sample invariant.

To assess this assumption, additional clean filter medium measurements
were carried out for both the SG and SMF media. Figure B.1 compares
predicted and directly measured values of Apgy;. The x-axis shows the
directly measured Apgy values of sample B, while the y-axis shows the
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FIGURE B.1 | Comparison of predicted and measured clean filter
medium pressure drops Appy at vp = 5cms™! for the SG and SMF media.
The x-axis shows the directly measured values of one sample, whereas
the y-axis shows the corresponding values predicted from the pressure
dependence of a different reference sample using the scaling approach
described in the main text. The solid line indicates y = x, and the dashed
lines indicate a deviation of +10 %.

corresponding values predicted for sample B using the scaling approach
described in the main text, based on the pressure dependence of a
different reference Sample A. For the SG medium, this provides a direct
validation of whether the scaling approach can be transferred between
different samples. For the SMF medium, the same comparison was
intentionally carried out with a second sample that was not used in the
main experiments, in order to test the general validity of the approach
beyond the originally investigated sample.

The results show good agreement between prediction and measurement
for both media. The data points at the upper end of the bisector correspond
to the highest absolute pressure stages, whereas decreasing Apgy; along
the axes corresponds to decreasing absolute pressure. Except for the
lowest absolute pressure stages, the deviation remains below +10 %. At the
lowest absolute pressure stages, the relative deviation increases, but the
corresponding absolute Appy values are very small. Accordingly, these
larger relative differences correspond to only small absolute deviations
and do not change the overall assessment. This confirms that the scaling
approach provides a sufficiently accurate approximation of the clean
filter medium pressure drop over the investigated pressure range. Accord-
ingly, the assumption of an approximately sample-invariant pressure
dependence of Appy; is considered justified for the present evaluation.

Appendix C: Pressure Drop Evolution During Dust Deposition
and Filter Cake Build-Up

Figure C.1 illustrates the pressure drop evolution during dust deposition
and the subsequent filter cake build-up at ambient pressure. Figure C.1a
shows representative Apry(t) curves for the SG and SMF media. In
the following, the SG medium is discussed first. For the SG medium, a
pronounced steep increase in Ap(t) is observed immediately after aerosol
connection. In principle, this behavior can be attributed to three possible
causes, namely internal deposition within the filter medium (depth
filtration), compensation of surface inhomogeneities by preferential
deposition in highly permeable regions, and elevated particle concentra-
tions during the start-up of the raw gas generation. If internal deposition
were the dominant mechanism, one would expect an initially rather slow
increase that gradually turns into a progressive rise before the linear cake
build-up regime is reached. In contrast, compensation of surface inhomo-
geneities would rather lead to an initially very steep increase followed by
a degressive course that gradually approaches the later linear cake build-
up regime. Concentration fluctuations mainly affect the slope of the Ap(t)
curve and would therefore result in a steeper increase at higher concentra-
tion and a flatter increase at lower concentration. Based on the measured
Apry(t) course, the pronounced steep increase in Ap(t) for the SG
medium therefore suggests that compensation of surface inhomogeneities
and the elevated particle concentration at the beginning of the experiment
are the dominant contributions. Internal deposition within the filter
medium cannot be excluded completely, but it cannot be identified unam-
biguously from the pressure drop curves alone. This interpretation is con-
sistent with the broad pore size distribution of the SG medium discussed
in Appendix A, which indicates the presence of preferentially permeable
surface regions. After the steep increase in Ap(t), an approximately
linear cake build-up phase is observed. At the end of the experiment,
the aerosol is disconnected, which causes an additional system-related
pressure change before the final total pressure drop is recorded.

The corresponding Aprq(t) curve of the SMF medium is also shown
in Figure C.la. Here, the steep increase in Ap(t) at the beginning is
clearly less pronounced than for the SG medium. Since the SMF surface
is considerably more homogeneous, this smaller initial effect is likely
caused mainly by the elevated particle concentration during aerosol start-
up. However, this interpretation cannot be proven directly from the
present data.

In Figure C.1a, the dotted line represents a simplified description in which
the full pressure drop increase during dust deposition is assigned to the
subsequent cake evaluation. A more detailed physical description is given
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FIGURE C.1 | Pressure drop evolution during dust deposition and filter cake build-up at ambient pressure. (a) Representative total pressure drop

curves Aprq(t) for the SG and SMF media. The dotted lines indicate a simplified description in which the full pressure drop increase during dust
deposition is considered (Approach 1). The dashed lines indicate a more refined description in which the initial transition region is excluded and only the

subsequent quasi-linear increase is attributed to filter cake build-up (Approach 2). (b) Pressure drop increase of the SG medium as a function of deposited

mass. Gray symbols show individual values and red symbols show mean values. The lower data cluster corresponds to additional characterization

experiments focusing on the initial transition region, while the upper data cluster represents the regular cake build-up experiments. The dotted line

represents Approach 1, while the dashed line represents Approach 2.

by the dashed line, in which the initial transition region is excluded and
only the subsequent quasi-linear increase is attributed to filter cake build-
up. In the following, these two descriptions are referred to as Approaches 1
and 2, respectively.

A representation of Ap(t) solely as a function of time is not sufficient
to assess the transition between the initial deposition phase and the
subsequent cake build-up, because it does not account for concentration
fluctuations during the experiment. Therefore, Figure C.1b shows the
corresponding Ap increase as a function of deposited mass for the SG
medium. In such a representation, the regular cake build-up experiments
of the main study provide only two characteristic points, namely the
origin and the final deposited mass with its corresponding Ap increase,
since no online measurement of the deposited mass was available. This
two-point representation corresponds to Approach 1. However, because
a substantial deposited mass is already present after the steep increase
in Ap(t), an additional point is required to characterize the end of
the initial transition region and to describe the cake build-up more
meaningfully. For this reason, additional characterization experiments
were performed. The resulting three-point representation corresponds
to Approach 2 and allows a more refined description of the transition
between initial deposition and the subsequent quasi-linear cake build-up.

Accordingly, only three characteristic mass coordinates can be assigned in
Figure C.1b, namely the origin (0, 0), an intermediate point characterizing
the end of the initial transition region, and the final values of the three
regular cake build-up experiments reported in the main manuscript.
When transferred from the time axis to the mass axis, the initially
very steep increase in Apy(t) becomes noticeably flatter. This already
indicates that the deviation introduced by Approach 1 is less severe than
the Aprq(t) representation alone might suggest.

To determine the intermediate point, seven additional characterization
experiments were conducted with the SG medium, focusing only on the
beginning of dust deposition. For these experiments, the pressure drop
increase and the deposited dust mass at the end of the steep increase in
Ap(t) were determined. In addition, LSM images were recorded to visu-
alize the dust distribution on the filter surface. On average, the end of the
initial transition region was reached at a deposited mass of approximately
m* &~ 0.13 g and a pressure drop increase of approximately Ap* = 21 hPa.
This deposited mass already corresponds to about 15 % of the mean final

deposited mass of the regular cake build-up experiments (7,4 ~ 0.89 g).
The lower data cluster in Figure C.1b therefore represents the additional
characterization experiments focusing on the initial transition region,
while the upper data cluster corresponds to the regular cake build-up
experiments. The LSM images showed that a large part of the filter surface
was already covered with dust, while smaller uncovered regions still
remained. This supports the assumption that, during the initial loading
phase of the SG medium, the easily permeable regions are loaded first.

For the specific parameter set of the additional SG experiments at ambient
pressure, a transition point between the steep increase in Ap(t) and the
subsequent quasi-linear region can therefore be approximated. In this
case, Approach 2 could be applied. However, corresponding characteriza-
tion data are not available for the other parameter sets of the manuscript,
and in particular not for reduced absolute pressures. Thus, the deposited
mass present at the end of the initial transition region is unknown
for these conditions. Applying Approach 2 throughout the entire study
would therefore require additional assumptions that are currently not
experimentally validated. For this reason, the present work accepts the
approximation associated with Approach 1 rather than combining differ-
ent calculation methods for different parameter sets. The resulting uncer-
tainty is instead estimated from the difference between both approaches.

A simple estimate of this effect can be obtained by comparing the
mass-specific pressure drop increase of both limiting descriptions. For
Approach 1, in which the full loading interval is attributed to cake
build-up, the corresponding slope is

For Approach 2, in which only the quasi-linear region after the initial
transition is attributed to cake build-up, the corresponding slope is

The relative deviation introduced by using the full loading interval can
then be estimated by

o = kan — kiin
. kin
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Using the mean values shown in Figure C.1b, this estimate is on
the order of 20 %. Since the additional characterization experiments
were only conducted for the SG medium, this value should be
understood as a conservative worst case estimate for the uncertainty
introduced by the evaluation approach. For the SMF medium, no
corresponding characterization experiments were carried out. However,
the steep increase in Ap(t) is visibly less pronounced than for the
SG medium, indicating that the associated uncertainty is expected
to be smaller. In addition, the estimate should be regarded as con-
servative because part of the deposited dust in the initial transition
region already contributes to surface coverage and early cake build-
up. Accordingly, this value is not used as a direct correction of
the model, but rather as an estimate of the uncertainty associated
with assigning the full pressure drop increase to filter cake forma-
tion.

Appendix D: Mean Pore Diameter Variation in the Calculation
Model for an Exemplary Dataset

The calculation model in Section 2.5 requires several parameters (Lpc
(filter cake thickness), mpc (filter cake mass), exc (mean filter cake
porosity), and the filter cake pressure drop Apgc). Only some of them
can be directly obtained from measurements. The mean dust cake pore
diameter must be inferred from a constitutive relation. Here, we employ
the Carman-Kozeny equation (Equation 8) to estimate the filter cake pore
diameter dj,or,pc- This constitutes a strong simplification for determining
dpore,re, but Carman-Kozeny was chosen because the resulting dpore rc
values yield predictions that are well suited for the model calcula-

(a) Qe dp variation
100 ‘

10°

-50

10! 107 10°
Absolute pressure P,is / hPa

tions. Notably, the model can be highly sensitive to variations in pore
diameter.

To illustrate this sensitivity, Figure D.la shows the empirical correction
factor apc computed for a variation of dyoerc from 0.05 to 4 um
(with 0.5 um being the Carman-Kozeny value, labeled in red). The
calculations assume a constant filter face velocity, a constant porosity
of epc = 0.84, a dust cake mass mpc = 1.38g, a dust cake thickness
Lrc =211 pm and the measured total pressure drop data of the SMF
medium for Measurement 3; all auxiliary parameters are taken from
the same experiment (SMF Medium M3). This analysis is intended as
an example to demonstrate the effect of varying dporerc On apc. As
dpore,rc decreases, the apc curves shift upward. For increasing dpore re»
apc remains similar at low absolute pressure but decreases progressively
at higher p,,s, eventually becoming negative.

Figure D.1b presents the corresponding back-calculated filter cake
pressure drops derived from the fitted apc functions, alongside the
experimental data. Table D.1 lists, for each djoerc, the maximum
deviation between model and experiment and the absolute pressure
at which this deviation occurs. The Carman-Kozeny diameter doe =
0.5 um yields the smallest maximum deviation with only 10.4% at p,,s =
50 hPa. Decreasing dpore rc has only a modest effect on accuracy, whereas
increasing dpore,re leads to rapidly growing deviations; for djore = 2.2 um
a solution cannot be found at absolute pressures near to 250 hPa. For
completeness, dyore =4 pm is also shown, for which the non-solvable
ranges become even more pronounced. This behavior primarily arises
because, beyond a certain negative apc threshold, the calculation model
no longer admits a numerical solution.

(b)ApFC - dp variation
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FIGURE D.1 | (a)Empirical correction factor apc as a function of absolute pressure for variations of the mean pore diameter dpore,rc- Symbols show
apc values calculated from measured pressure drops for the SMF medium (Measurement 3 [M3]); the dashed line shows the fitted curve. (b) Filter-cake
pressure drop as a function of absolute pressure for the dpore pc variations at vp = 5.5cm s~1. Symbols denote experimental data; solid lines are model

determinations based on the fitted apc functions.

TABLE D.1 | Maximum deviation (in %) between calculated and measured A pgc for the dpore,rc variations, together with the absolute pressure pps

at which the maximum deviation occurs.

Mean pore diameter dp,. pc / pm 0.05 0.10 0.30 0.50 1 1.5 2.2 4

Maximum deviation / % 10.8 10.9 14.6 10.4 12.711 43.384 309.13 46535

Absolute pressure at max. deviation / hPa 50 50 50 25 25 5 5 5
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FIGURE E.1 | (a) Empirical correction factor apc as a function of absolute pressure for the three different measurements for the SG medium.
Symbols represent the values of apc calculated from the measured pressure drops, while the solid line shows the fitted curve. (b) Filter cake pressure

drop as a function of absolute pressure for the three repetitions at vy = 5.5 cm s™! for the SG medium. Symbols represent the experimental measurements

and solid lines the corresponding model calculations based on the fit functions for apc.

Appendix E: Filter Cake Pressure Drop Determination for the SG
Medium With Filter-Cake-Specific Parameters

Figure E.1 illustrates the empirical correction factor apc and the corre-
sponding filter cake pressure drop calculations for the SG medium using
filter-cake-specific parameters. The apc profiles in Figure E.la show a
characteristic decrease with decreasing absolute pressure, followed by a
minimum and a subsequent increase at low pressures, similar to the SMF
medium. Notably, the quadratic logarithmic fit employed for agc(paps)
provides an excellent description for all three repetitions on SG as well,
capturing the overall trend despite the larger scatter. The resulting back-
calculated pressure drops in Figure E.l1b agree satisfactorily with the
experimental data, confirming that the model reproduces the measured
Apgrc when filter-cake-specific parameters and the quadratic-log fit for
agc are used.
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