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Abstract: Depth filtration is a widespread technique for the separation of airborne particles. The
evolution of the pressure difference within this process is determined to a significant extent by
the filter structure. Simulations are an important tool for optimizing the filter structure, allowing
the development of filter materials having high filtration efficiencies and low pressure differences.
Because of the large number of physical phenomena and the complex structure of filter materials,
simulations of the filtration kinetics are, however, challenging. In this context, one-dimensional
models are advantageous for the calculation of the filtration kinetics of depth filters, due to their
low computation requirements. In this work, an approach for combining a one-dimensional model
with microstructural data of filter materials is presented. This enables more realistic modeling of
the filtration process. Calculations were performed on a macroscopic as well as microscopic level
and compared to experimental data. With the suggested approach, the influence of a measured
microstructure on the results was examined and predictability was improved. Especially for small
research departments and for the development of optimized filter materials adapted to specific
separation tasks, this approach provides a valuable tool.
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1. Introduction

Numerous studies have confirmed the health-endangering effect of fine dust par-
ticles [1-6]. Consequently, the emission of these particles must be avoided, or efficient
processes are required for the purification of polluted air [6]. Fibrous depth filters are a
widely-used method for separating particles and to supply particulate free air in numerous
applications [7]. Due to their low investment costs and flexible design, which allows them
to be adapted to the operating conditions, depth filters are a key component in, for example
ventilation systems [8]. High filtration efficiencies are required, especially for particles
classified as particularly hazardous in the size class smaller than 2.5 um [6]. Depth filters are
able to achieve the highest separation rates through high packing densities and small fiber
diameters [9,10]. The energy consumption of a ventilation system is largely determined
by the power consumption of the fans which have to overcome the pressure difference
caused by the flow through the filter [10]. The pressure difference increases during the
filtration process as a result of the particulate matter clogging the filter can reach values
several times higher than the initial pressure [11]. The pressure difference characteristics
during the filtration process are determined by the filter material [12]. To achieve the goals
of resource efficiency and sustainability, the increase of the pressure difference should be as
low as possible.
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This can be realized by adapting filter materials exhibiting a high dust-holding capacity.
This is usually connected to a homogenous loading of the entire filter with particles e.g., by
an optimized internal gradient porosity [13,14]. Progress in terms of lowering penetration
rates and increasing dust holding capacity have been conducted by the use of hybrid
filtration processes such as electrostatically assisted air filters [15,16].

However, the filter material structure in most processes was identified as a decisive
parameter, and its microstructure particularly has a significant influence on the filtration
efficiency and the dust holding capacity. [13,14,17,18] The selection and optimization of
suitable filter materials for a given separation task is therefore an important issue when
designing depth filter materials [13,14,19].

In recent decades, simulations became a valuable tool, both to support the design of
advanced filter materials and to allow a deeper understanding of the mechanism and the
kinetics of the filtration process [13,14,18,20-24]. The challenge here is the degree to which
the physical processes are represented in the simulations, especially if the kinetics of the
filtration are to be considered [25].

Although simulations in 3D and 2D are well developed [26,27], there might be a
request for alternative ways to describe and predict filtration behaviors, especially when
experimental data—e.g., derived by computer tomography (CT)—can be compared with
the model calculations [25].

Due to their low computing requirements, one-dimensional models have been ap-
plied to approximate filtration kinetics, i.e., filtration efficiency and pressure difference
evolution of depth filter materials, during the filtration process [19,28,29]. While 2D or
3D simulations describe the filtration process by means of the numerical calculation of
flow fields within the meshed filter structure, 1D simulations take a different approach [19].
These types of simulations discretize the filter in the axial (flow) direction, along with its
depth in individual sub filters [19,28,29]. The fluid dynamics and the particle separation in
each of the sub filters are calculated using cell models according to single fiber efficiency
theory. Finally, the influence of deposited particles on filtration kinetics is addressed by
a dynamically alternating filter structure. In Thomas et al. [19], the pressure difference
and filtration efficiency of different filter materials were successfully described, and an
optimal association of different filter materials was identified. Moreover, applications to
granular filtration materials [30] and the consecutive filtration processes of a liquid and
solid aerosol were described [31]. The question that arises is as follows: to what degree is
a simplification of the filter properties such as porosity and fiber diameter possible in a
one-dimensional view?

However, in most of these calculations, the microstructure of the filter material and the
local distribution of accumulated particles inside the filter material were not considered in
detail. Although the location of particle deposition within a filter material was quantified
via experiments and compared with the modeled prediction in Thomas et al. [28], the
influence of microstructures on the calculation and the accuracy of one-dimensional models,
at the microstructural level, remains unclear. The aim of this study is to simulate the
filtration process using microstructural data of the real filter material. A validation should
be performed on the microscopic level considering CT-data (porosity profile) as well as on
the macroscopic level using pressure difference.

For this purpose, the microstructure of the filter material was imaged using X-ray
microscopy (XRM) and applied as an input for the calculation, as described in our previous
work [32]. The filter material used for the test case is a typical coarse dust filter, as used in
room air cleaners or air conditioning systems as a pre-filter in cascades to relieve down-
stream high-efficiency filters [33,34]. The model was extended to include the influence of
particles deposited during filtration. The aim was to improve prediction of filtration kinet-
ics using a one-dimensional approach by including the filter microstructure. The obtained
computed data were compared with experimental data at the macroscopic level based on
evolving pressure difference and filtration efficiency with respect to filtration time. At the
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microscopic level, calculated data were validated in comparison with experimental values
based on spatially as well as temporally resolved particle deposition collected via XRM.

2. Approach for Calculating Filtration Kinetics Considering Tomographic Data

The computational effort of simulating filtration kinetics increases with the level of de-
tail of the description of physical phenomena occurring [25]. Due to the low computational
effort, one-dimensional modeling is advantageous for calculating filtration in depth filters.
The complexity of the model is reduced by only carrying out an axial discretization of the
filter, and by describing fluid dynamics via semi-empirical correlations [19].

Despite these simplifications, this approach is able to reproduce the filtration properties
of filter materials [19]. However, there are still few data available related to how this
type of simulation deals with filter microstructure. In order to explicitly represent the
microstructure of a filter material (e.g., a porosity gradient), an approach was presented in
previous work in which one-dimensional modeling was combined with tomographic data
of the microstructure of two filter materials [32]. However, the approach already presented
was limited to the initial state of the filter material. In the following, this approach was
taken up again and extended by two methods to account for the influence of the filter
loading on the calculated filtration parameters.

The procedure of the original modeling scheme is visualized in Figure 1. The filter was
discretized into a defined number of sub filters (n) along the axial flow direction in which
calculation of pressure difference and particle deposition takes place. Microstructural prop-
erties, such as information about axial resolved porosity, were assigned to each sub filter. In
the Figure 1 below, this is represented by sectional images of the filter’s microstructure as
provided by tomographic imaging techniques. The number and thickness of the sub filters,
having the index i, initially corresponds to those of the axial resolution of the measurement
system used.
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Figure 1. Illustration of the modeling approach for calculating the filtration processes in depth filter
material under consideration of the filter microstructure.
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The filtration efficiency (E; o) in each subfilter i can be written according to Equation (1),
applying the porosity (¢;), fiber diameter (dr;) the adhesion coefficient h and filter depth

(Lg;) of each subfilter.
o 4 1-— & LF,i )
EI,O — 1 eXp|: E < gi ) E (pl h:| (1)

The single fiber efficiency (¢;) was expressed by summarizing individual separation
efficiencies based on diffusion (Np g ;), inertial effects (n;;), and interception (g ;) (Equa-
tion (2)). It must be pointed out that a combination of these effects is responsible for the
separation of a particle, and that the sum of individual separation efficiencies cannot exceed
the value of 1.

@i = Mp4Rri TR T Mi 2

Models used for calculating individual separation mechanisms according to single
fiber efficiency theory applied are summarized in Table 1. The fluid dynamics were
calculated using the Kuwabara cell model [35].

Table 1. Models for calculating the individual separation mechanisms according to diffusion, inertial
deposition, and interception applied in the calculations.

Mechanism Model Equation Reference

o \1/3
D4R = 1.6: <1KTCX> Pe; 2/3Cp-Cy,
Ku; = —0.5-In(o) — 0.75 + o — 0.25-o?
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/o 1
CD,i — I+4mp;
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MR = 06 17k, “Crii
MR R; = ifi [36]

1.996-Kng;
Cri =1+ —p

s = 2 st R, + Uil sl [37]
Stk; =

M1

pp-d? o,
18-dp;i-p

The diameter distribution of the collectors have a significant influence on the calcula-
tion of filtration efficiencies or pressure differences [30,38—41]. In contrast to the previously
discussed approach [32], where the median diameter of the fibers was applied, the distribu-
tion of the fiber diameter was utilised here. Filtration efficiencies were calculated for each
occurring fiber diameter j according to Equation (1). These were weighted by their fraction
in the fiber distribution AF;; according to Equation (3).

num fiber diameter
E; = Y Eip;-AF;; ®3)
=1

The overall filtration efficiency (Ey,1) was computed by summarizing the filtration
efficiency of all considered sub filters (Equation (4)). The filtration efficiency can be individ-
ually expressed in terms of particle diameter, total mass, or total number.

num subfilter
Etotal = Z E; 4)
i=1
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The pressure difference in each sub filter Ap, , was determined using Davies” Equa-
tion (5) [42]. Calculations were carried out using the packing density (x = 1 — ¢;), and the
dynamic viscosity (u) of air at ambient pressure and 25 °C.

o+ (14 56-02)
dp;?

APi,o
LE;

= 64-p-ug ©)

The influence of the fiber diameter distribution on the pressure difference was taken
into account, analogous to Equation (3). The total pressure difference of the filter material
(APyora1) Was derived by adding the individual pressure differences of each sub-filter (Ap;).

num fiber diameter

Ap; = Z Ap; o-AFij (6)
i=1
num subfilter
Aptotal = 21 Api (7)
1=

To describe the dynamic change of filtration parameters, such as the pressure difference
or filtration efficiency during the filtration process, a change in filter structural properties
due to the deposited particles was addressed. First, a decrease in porosity due to the
deposition of particles in a sub filter was considered (Equation (8)). For this purpose, the
porosity of a sub filter i in the next time step (¢; ++1) was re-calculated using the porosity in
the current time step (¢;), the number of particles deposited in sub filter i at the time step
t (Np/i/t) and their volume (Vp; calculated assuming ideal spherical particles), as well as
the volume of the sub filter i in the initial state of the filter V;.

Zi Np,i,tvp,i,t
Gl =&t Ty (8)
0

A commonly used approach additionally assumes a constantly increasing fiber diame-
ter dg; 41 (Figure 2, right) for the next time step (Equation (9)) as for example described

in [28,31].
1— ¢ 1
dpitr1 = Hﬁ'dlﬁ,t )
1,

Particle

Particle

Figure 2. Illustration of considered approaches for recalculating filter structure due to particle
deposition (yellow dots) during filtration assuming constant (left) and dynamic increasing fiber
diameter marked as red dashed line (right).
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Both presented calculation methods were used to re-calculate the filter structure after
each loading step, applying a sequential algorithm illustrated in Figure 3. Calculations of
pressure difference and filtration efficiency (Equations (1)—(7)), as well as filter structure
(Equations (8) and (9)), were repeated for each considered time step.

Operating parameters Structural data

Calculation of
filtration performance
for each sub filter

Re-calculation of sub
filter structural data

Advance to next
time step

All loading steps
done?

Yes

Output of results

Figure 3. Scheme of sequential algorithm for calculation of filtration kinetics.

The described approach was implemented in MATLAB 2018a (MathWorks Inc., Natick,
MA, USA).

3. Results and Discussion
3.1. Application of Modeling Approach

In this chapter, the application of the presented model to a filtration task is discussed.
An experimental data set of a previous study was identified as a suitable test case [43]. In
this study, experimental data of filtration kinetics of a coarse depth filter were collected
during the filtration of a salt aerosol (dpso3 = 1.5 pm). Therefore, experimental data re-
garding pressure drop and filtration efficiency, as well as spatially and temporally resolved
particle deposition within the filter material during the filtration process, were available.
The averaged structural data of the used filter material is given in Table 2.

Table 2. Summarized averaged structural properties of the considered filter material.

EFilter Lritter dg,50
98.41% 1.65 cm 24.2 pm

The operating conditions used in this work are summarized in Table 3. To realize
the experimental conditions, particles with a total mass of 347 mg were presented to the
filter material within 60 calculation steps representing the filtration time. A filter sample
with a cross sectional diameter of 50 mm as used in the experiments was considered in the
calculations. Since comparable Stokes numbers of around 0.4 occurred, particle bounce
was not incorporated in the calculations. Therefore, the adhesion coefficient (Section 2,
Equation (1)) was set to one in all calculations.
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Table 3. Operating conditions during filtration measurements [43].

Parameter Value
Mean particle size dpsg 3 1.5 um
Concentration (mass) 0.1mg/L
Particle density 3.14g/cm3
Face velocity 043 m/s
Filtration time 60 min

A main advantage of the presented approach is the incorporation of the filter mi-
crostructure. Therefore, in addition to the averaged porosity, the raw data of the axially
resolved porosity, as well as the averaged reference porosity of the clean filter material
(Average porosity), are given in Figure 4.

1000 T T T T T I T T T T T T i T

o Measured raw porosity

fn — — Averaged porosity
0.995 —— Axially resolved porosity

0.990
71.0.985

‘» 0.980

Porosity [

0.975

0.970

0.965 .

0960 N 1 . 1 L 1 . 1 L 1 . L
0 2 4 6 8 10 12 14
Filter depth [mm]

Figure 4. 3D-reconstructed filter material (above) and measured raw porosity distribution in axial
flow direction of the test filter (below) obtained via XRM. The axially resolved porosity was used as
an input to the model approach and the averaged porosity was used as a reference.
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The filter material consisted of a two-stage structure, having a more porous side (>98%
porosity) facing the upstream side and a less porous side (<98%) close to the downstream
side. The measured microstructure was represented by 1173 porosity measurements in
an axial resolution of 12.9 um. To incorporate this data into the model, an additional
modification to the original approach was introduced.

Adjacent porosity data points were combined, and their porosity was averaged, until
the thickness of each sub filter reached five times the maximum initial fiber diameter of the
fiber diameter distribution. The resulting porosity is given as “axially resolved porosity”
in Figure 4. This procedure prevents porosity values connected to a sub filter (Section 2,
Figure 1) from having thicknesses smaller than the initial fiber diameter. In addition, by
using this procedure, a potential increase of the fiber diameter (Section 2, Equation (9)) due
to formation of particle depositions was considered. Even though the resolution of the axial
discretization that can be applied in the simulation is diminished from 12.9 um to 370.4 pm
(number of discrete sub filters is reduced from 1173 to 42), the characteristic of the axially
resolved porosity could be maintained. Data regarding the number of sub filters and axial
resolution were additionally summarized in Table 4.

Table 4. Number of sub filters and axial resolution of porosity data sets.

Dataset Number Sub Filter Axial Resolution
Raw porosity 1173 12.9 ym
Axial porosity 42 370.4 pm

The fiber diameter distribution of the filter material required for the modeling (Section 2,
Equations (3) and (6)) is given in Figure 5. A constant fiber diameter distribution inside the
entire filter was assumed for simplification.

30—

0.25

0.20

Fraction [-]
©
o

0.10

0.05

0.00

0 10 20 30 40 50 60 70
Fiber diameter [um]

Figure 5. SEM-image and histogram of fiber diameter distribution of filter material used as input for
the calculations.

A summary of the structural properties of the filter material serving as input is also
given in Table 2.
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Calculations were performed on a standard desktop PC (Intel(R) Core(TM) i7-4770
CPU @ 3.40 GHz). A complete calculation run was successfully executed within a few
minutes.

3.2. Initial Filtration Efficiency

As a first step, computed results were compared with measured data regarding the
initial state of the filter material. Figure 6 shows the calculated filtration efficiency of the
clean filter material and a comparison with experimental data. Calculations were carried
out using the average porosity and the axially resolved porosity as given in Figure 4 of the
previous section.

1.0 —— e
B Experimental data
Averaged porosity
'I—'O-8 | |— _— Axially resolved porosity l |
3 [
C
o 0.6+ -
O
=
()
504t .
-+—
©
=
02+ % :
0.0 : =
0.1 1 10

Particle diameter [um]

Figure 6. Comparison between experimentally measured (average + mean deviation of the triplicate
measurement) and modeled filtration efficiency of clean filter material using different input porosities.

A good agreement was found with respect to experimental data. However, some
systematic deviations were noted based on the known inaccuracies of the applied single-
fiber models. This might be due to assumed simplifications such as the neglecting of the
(radial) heterogenic distribution of the material properties [21,44]. A negligible influence of
the axial resolution on the calculation of filtration efficiencies in the initial state was shown,
which is in agreement to the results of [17].

3.3. Filtration Kinetics—Macroscopic

In the following, the results of the extended model, including the time-dependent
evolution of structural filter properties due to particle deposition, are discussed. Figure 7
shows the comparison between calculated and measured pressure differences, where the
pressure is defined as difference between pressure at initial state and current filtration
time. All calculations were performed with the same axial discretization (see Section 3.1
Table 4). In separate runs, the sub filters were assigned averaged porosity and axially
resolved porosity of the filter material. For both input data, separate calculations were
performed assuming a constant fiber diameter (const. dg) and an increasing fiber diameter
(dyn. df) during the filtration.



Atmosphere 2023, 14, 640

10 0of 18

Surface
~ Depth filtration __ Transition filtration
500 — T T T
|| ™ Measurement 1
® Measurement 2
— A Measurement 3
0‘? 400 (... const. d ; averaged porosity
—_ e const. d; ; axially resolved porosity
8 '— — dyn. d; ; averaged porosity
dyn. dc ; axially resolved porosit
% 300 K yn. de ! y p y i
5 N
= :
© '
© 200 :
-] )
2 '
n '
o ]
a 100
0 —

Filtration time [min]

Figure 7. Comparison between experimental and modeled pressure difference during filtration using
different input porosities and applying different model assumptions when considering particle deposition.

Calculated and experimental results gave a typical progression of the pressure differ-
ence. The pressure difference evolution could be divided into depth filtration (filtration
time < 30 min), transition (filtration 30 min < time < 45 min), and surface filtration (filtration
time > 45 min) zones.

The computed pressure difference increased faster when considering averaged poros-
ity and constant fiber diameter. The decreasing porosity due to the deposited particles
within the filter material was responsible for the evolution of the pressure difference and
led to an increase of filtration efficiency [9]. The larger fiber diameters occurring within
the calculations are less effective in terms of fine particle separation [9,10]. For this reason,
assuming an increase in fiber diameter due to particle separation resulted in a slower
increase in filtration efficiency. The porosity then decreased more slowly as fewer particles
were deposited in the filter, which affected the evolution of the pressure difference.

The selected approach for recalculating the filter structure also had a strong influence
even at the beginning of the filtration, while the filter structure led to significant differences
at higher filtration times. Therefore, the axial discretization had a more sensitive impact at
higher particle loadings of the filter in comparison to the initial state of the filter as also
seen in Figure 6.

Calculations incorporating the (measured) axially resolved porosity and an increasing
fiber diameter yielded the best results when compared to experimental values of the
pressure difference. The pressure difference in depth filtration could be estimated in good
agreement with the experimental data; however, deviations between experimental and
modeled pressure difference increased with filtration time. The transition and surface
filtration state can be reproduced more accurately by applying the axially resolved porosity
of the filter material in comparison to the unmodified model (averaged porosity).

However, it must be noted that at higher particle loadings, the assumed simplifications
were no longer valid, leading to larger deviations between experimental and modeled
data. For longer filtration times, applied models for single fiber efficiency might have
exceeded the numerical range they were solved for. Specifically, the expected coalescence of



Atmosphere 2023, 14, 640

110f18

structures, such as bridging of deposited structures at high loading, is not yet incorporated
into the approach. It was also shown experimentally that the spatial orientation of the
deposits can vary at higher particle loadings [43]. This is not accounted for in the model
but might also have an impact on the calculations [22].

In conclusion, the combination of assuming increasing fiber diameter and using axially
resolved porosity as the input structure yielded the most promising results with respect to
the pressure difference evolution. Therefore, this combination was applied for all further
investigations presented.

Figure 8 shows the comparison of the experimental data for filtration efficiencies with
the calculated data at different filtration times (pressure differences).

1.0 . -
m [nitial
e 40Pa ¥
A 159 Pa v |
'T‘O'8 - 526 Pa -
-
=
o 06F i =
O
5 i
5041 [Jh=" .
®
oot ﬂ |
i |
0.0 . : —
0.1 1 10

Particle diameter [um]

Figure 8. Comparison between experimental (average + mean deviation of the triplicate measure-
ment) and modeled filtration efficiencies at different pressure differences during the filtration process.

The measured pressure differences at the end of the three identified filtration sections,
depth filtration zone (30 min; Ap = 52 =+ 20 Pa), the transition (45 min; Ap = 168 & 13 Pa) and
the surface filtration zone (60 min; Ap =498 + 25 Pa), were compared with the calculated
filtration efficiencies at the computed pressure differences given in the legend of Figure 8.
As expected, the experimentally determined and calculated filtration efficiencies increased
with higher filter loadings for all particle sizes. For particles in the micrometer range
(particle diameter > 1 um), qualitative agreement between calculated and experimental
data could be achieved, but a systematic over-estimation of the particle size must be
taken into account, as already noted in Section 3.2. However, the implemented models
were not able to reproduce the deposition of particles mainly by diffusion as a function
of filtration time/particle loading. It may be necessary to include individual, deposited
particles in further work, acting as additional collectors, especially for small particles in the
submicron range.

3.4. Filtration Kinetics—Microscopic

The previous results showed that—particularly by applying the (measured) axially
resolved microstructure—the estimation of the pressure difference was improved with
respect to measurements. In order to evaluate the influence of the microscopic filter
media structure, and for deeper insights into the loading behavior of the filters, which are



Atmosphere 2023, 14, 640

12 0f 18

often regarded as a “black box” [45], calculations on a microscopic level were carried out.
Figure 9 gives the emerging porosity curves at different loading states calculated assuming
increasing fiber diameter. Results are given separately for the averaged (Figure 9, left) and
axially resolved porosity (Figure 9, right) as input. Porosity curves were plotted against the
dimensionless filter depth, which was defined as the ratio of filter depth to the maximum
filter depth, yielding values between 0 and 1. Resulting porosity curves of similar pressure
differences during the filtration were compared covering depth, transition, and surface
filtration regime.

10 T T T T 10 T T T
kTR Ak A ' *tr"'ﬂu :Hu( "*" *i*ati:’;‘i
0.8 -'({ 0.8} l;
- | 1 T i
=07 i ~07F |
g0 5
o6, Sosf | i
L el Ll e
[ — a
0.5 l 051 | s 101Pa
‘ 4 159 Pa
0.4 0.4 303 Pa
—e— 526 Pa
0.3 1 L L L 0.3 1 L 1 1
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless filter depth L i/Lg oy [-] Dimensionless filter depth Lg /Lg o [-]
Figure 9. Calculated porosity inside the filter material at different loading states applying the
averaged porosity (left) and axially resolved porosity (right).

Areas of low (respectively, decreasing) porosity in the diagrams indicate a strong
local accumulation of deposited particles during the filtration process. In the case of an
averaged initial porosity (Figure 9, left), particles were predominantly deposited towards
the upstream side of the filter. The captured mass within the filter decreased asymptotically
towards the downstream side of the filter as indicated by the resulting porosity curve. The
particle deposition increased with the filtration time and pressure difference, explained by
the additional filtration effect of the deposited particles [28].

A different loading behavior was found by considering the measured microstructure
in the calculation. In comparison to the simplified average porosity, two areas of particle
accumulations were identified when applying real microstructural data within the calcu-
lations (Figure 9, right). In the case of axially resolved porosity, a different microscopic
loading behavior was calculated (Figure 9, right). The different microstructure used in
the calculations, therefore, strongly affected the presented results. Due to the two-stage
structure of the filter material (Figure 4), the local separation efficiency inside the first, more
highly porous part of the filter material can change by almost one order of magnitude
compared to the less porous stage, close to the downstream side [32]. As a result, particles
that penetrated the higher porous part were deposited there, and they gradually formed
further collectors in the less porous part. The more homogenous distribution of particles
resulted in a more efficient utilization of the entire filter depth for particle storage. This
also explained the slower pressure difference increase when applying the axially resolved
microstructure in the calculations (Figure 7).

The modeled microscopic particle loading of the filter was qualitatively compared
with experimentally obtained 3D images of particle deposition generated using X-ray
microscopy (Figure 10). The pressure differences corresponded to experimental values at
the end of the depth filtration (Figure 10a), transition (Figure 10b), and surface filtration
zones (Figure 10c).
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Figure 10. Qualitative comparison of calculated porosity curves using average and axially resolved
porosity as input. Data are qualitatively compared with 3D-images of particle depositions visualized
via X-ray microscopy at different exp. pressure differences: 52 Pa (a), 168 Pa (b) and 498 Pa (c).
Dashed lines approach the borders of the filter material.

For all three filtration times considered, the axially resolved porosity appeared to
provide better agreement as compared to the experimental visualization based on XRM. In
the depth filtration zone Figure 10a, the particles were approximately uniformly distributed
over the entire filter depth. This behavior could not be reproduced by the model applying
averaged porosity as input. Although there is little difference in macroscopic parameters
up to filtration times below 30 min (Figure 8), the calculated microscopic loading behavior
is different. The differences in microscopic loading behavior, which are comparably small
at this filtration time, are negligible when regarding the entirety of the filter.
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The calculated, second area showed a significant particle deposition in deeper parts
of the filter material close to the downstream side (Lg;/Lmax > 0.7). With the tomographic
method, an accumulation of the deposited material was experimentally found in the same
zone (Figure 10b,c). Calculations using the averaged porosity as an input parameter showed
significant deviations with respect to loading behavior on a microscopic scale in comparison
to the visually obtained experimental data. This emphasized the improvement in the
calculation of the microscopic loading behavior by this new approach and the suggesting
of incorporating the microstructure into one-dimensional calculations as presented herein.

A quantitative comparison of the mass distribution within the filter material is pro-
vided in Figure 11. For this purpose, measured and the calculated data were converted into
a mass fraction and plotted against the dimensionless filter depth.
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Figure 11. Comparison between experimental (exp.) (average + mean deviation of the triplicate
measurement) and modeled (mod.) mass distribution inside the filter at three different loadings

states. (a) mod.: 40 Pa; exp.: 52.83 & 20.44, (b) mod.: 159 Pa; exp.: 168 & 13.33 and (c) mod.: 526 Pa;
exp.: 498 £ 25.33.

Good agreement between experimental and modeled mass distributions was found
for all three filtration times considered. However, it was observed that with increasing
filter loading (Figure 11b,c), the maximum particle mass shifts to deeper layers compared
to lower particle loadings (Figure 11a). The calculated data did not accurately reflect this.
One reason considered is the increasing particle load of the filter, which could no longer
be described by the models used. Another reason for that behavior might be that, with
increasing loading in the experiment, larger particle depositions detached from the fibers
because of increasing shear forces and were recaptured in deeper layers. In the analysis
of particle deposition applied in Hoppe et al. [43], it was shown that depositions up to
six times the size of the fiber diameter were formed, which are more susceptible to shear
forces caused by the gas flow due to the larger lever arms. Similar rearrangements or
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detachments of particles in filter materials or on individual fibers were found, for example,
in Jackiewicz et al. [46] or Zoller et al. [47]. In comparison to the experimental values, the
calculated values were distributed less widely within the filter materials. This additionally
explained the slower increase in the pressure difference in the experiment and gave further
indications for the improvement of the modeling approach.

4. Conclusions

In this work, an approach for one-dimensional modeling of the filtration kinet-
ics of depth filters during gas cleaning was presented. In particular, the influence of
the microstructure on the performance was investigated. The approach coupled a one-
dimensional simulation with high-resolution, structural data of the filter material based on
X-ray microscopy. The obtained data were compared with experimental results regarding
pressure difference, filtration efficiency, and the positions of particle depositions inside
the filter material. Significantly improved agreement with the experimental data of the
filtration kinetics was shown compared to calculations that did not incorporate filter mi-
crostructure. Improvements were found at the macro and particularly at the microscopic
level by the suggested modeling approach. In particular, the microscopic loading behavior
of the filter responsible for the pressure difference could be reproduced with the aid of the
measured microstructure. This allows the approach to be applied to filter materials of dif-
ferent microstructures and evaluated in terms of their filtration kinetics. Limitations were
examined with respect to the prediction of the pressure difference at high filter loadings,
as well as the deposition prediction of particles in the submicron range. Due to the low
computational effort of only a few minutes on a standard desktop computer, the approach
is even suitable as an addition for the selection and optimization of filter structures for
customized applications. The presented modeling approach, in combination with experi-
mental methods for analyzing particle deposition at the microscopic level [43], provides
multiple options for further research on the dynamic filtration behavior of depth filters.
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Abbreviation Meaning
CT Computer tomography
XRM X-ray computed
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List of Latin Symbols

Symbol Meaning
Crn. Correction factor for flow slip for diffusional deposition i
Di in subfilter i
Cf),i Correction factor for diffusional deposition in subilfter i
Co: Correction factor for flow slip for deposition by interception
Ri mechanism in subfilter i
D Diffusivity
dg Fiber diameter
dr 50 Mean fiber diameter
dr; Fiber diameter in subfilter i
drt Fiber diameter in subfilter i at loading step t
drit+1 Fiber diameter in subfilter i at loading step t + 1
dp Particle diameter
E; Separation efficiency of subfilter
Eiotal Total separation efficiency of filter
kg Boltzmann constant
Kng; Knudsen number at the fiber in subfilter i
Kuy; Kuwabara factor in subfilter i
Lg; Depth of subfilter i
LE total Overall depth of filter material
Np,it Number of particles deposited in subfilter i at timestep t
Number of particles in inlet stream of the
n; . .
first subfilter
Pe; Peclet-number in subfilter i
P; Pressure loss of subfilter i
R; Interception parameter in subfilter i
Stk; Stokes number in subfilter i
T; Separation efficiency of subfilter i
Upi gas velocity in subfilter i
ug Inlet gas velocity
Vio Free volume of subfilter i
Vit Volume of particles deposited in subfilter i at loading step t
List of Greek Symbols
Symbol Meaning
lod Packing density
o Packing density of subfilter i
AF;j Fraction of fiber diameter j in subfilter i
Ap; Pressure difference in subfilter i
APiotal Overall pressure difference of filter
€ Porosity
Eay Average porosity
Eit Porosity of subfilter i at timestep t
€41 Porosity of subfilter i at timestep t + 1
Collection efficiency of single fiber through diffusional and
D4R interception mechanism in subfilter i
Collection efficiency of single fiber through
MR interception mechanism in subfilter i
Collection efficiency of single fiber through inertial
i mechanism in subfilter i
¢ Temperature
vs Dynamic viscosity of air
Pp Density of dust particles
®; Single fiber efficiency in subfilter i

Unit

dimensionless
dimensionless
dimensionless

m?2/s

um

um

um

um

um

um
dimensionless
dimensionless
m? kg/ s2K
dimensionless
dimensionless
mm

mm
dimensionless

dimensionless

dimensionless
pa

dimensionless
dimensionless
dimensionless

m/s
m3
m3

Unit
dimensionless
dimensionless
dimensionless
pa

pa
dimensionless
dimensionless
dimensionless
dimensionless

dimensionless
dimensionless

dimensionless

K

Pas

kg/m?3
dimensionless
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