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A B S T R A C T

Some gas particle separation processes operate under low absolute pressures. Surface filter media are typically
used in these applications. Little is known about the pressure drop behavior of surface filters under low pressure
conditions. It is essential to obtain a more profound comprehension of filtration processes at low absolute
pressures, in order to ensure the optimal sizing of the filtration system. An important factor in the layout of
surface filters is the pressure drop across the filter media. In this study, the pressure drop was measured for
five types of surface filter media at three filter face velocities, as a function of absolute pressure at ambient
temperature in air. The absolute pressure was varied from 100 to 105 Pa. It has been shown that the pressure
drop across the surface filter media decreases when the absolute pressure is reduced. The measured pressure
drop values of all filter media demonstrated a qualitatively analogous trend at all three velocities. Additionally,
a semi-empirical model for the calculation of the pressure drop across pipes was applied. This model enables
the determination of the pressure drop across surface filter media under low pressure conditions. The calculated
pressure drop values demonstrate a high degree of agreement with the measured values (max. deviation of
20% down to 5000 Pa, for lower absolute pressures the deviations become higher). It is possible to calculate the
pressure drop within this range using a single pressure drop measurement conducted under ambient conditions,
along with the known filter face velocity, temperature, filter media- and fluid-specific parameters.
1. Introduction

The importance of process-integrated particle separation in many
industrial applications is well documented in the literature [1–5].
One area of application with advanced requirements for corresponding
filter systems are vacuum drying processes due to the low process
pressure. There, low process pressures are necessary to ensure high
drying rates while protecting the typically temperature-sensitive bulk
materials, such as fine chemicals or pharmaceuticals, from overheating
and subsequent thermal decomposition of the active ingredient [6,7].
For products that require a very low residual moisture, absolute pres-
sures down to 100 Pa are needed [6]. During vacuum drying, liquid
from the drying bulk is vaporized. The rising vapor can entrain fine
particles from the bulk material into the gas flow [8]. To prevent
contamination of the downstream system components, for example the
pump system and the condenser, the rising vapor stream laden with
particles has to be filtered [6–8]. In this field of application, the filters
are called vapor filters. In the majority of cases, surface filter media are
employed in vacuum drying processes, given that vapor flow rates and
resulting filter face velocities are typically low. Continuous operation
of the cleanable filter media as well as high separation efficiencies and

∗ Corresponding author.
E-mail address: vanessa.loeschner@kit.edu (V. Löschner).

recovery of collected product through inline regeneration are additional
process benefits [8–10].

The current layout of surface filters for vacuum drying processes
is often based on data obtained under ambient pressure conditions and
inert gases (no vapor/condensable gaseous components). However, this
often leads to inadequate dimensioned filter systems for the vacuum
drying application. It is observed that filter areas which are too small
result in an accelerated accumulation of dust, leading to a correspond-
ingly rapid rise in pressure drop. The use of pressure drop-controlled
cleaning may result in the occurrence of unstable filter operation and an
increase in energy consumption due to the necessity for more frequent
regeneration. Moreover, it can result in greater compaction of the filter
cake, which increases the adhesive forces and consequently can lead to
incomplete regeneration. Furthermore, each jet-pulsed regeneration of
the filter medium results in the generation of short-term pressure peaks,
which not only increase the pressure within the filter element itself but
also throughout the entirety of the drying chamber. Consequently, the
saturation rises abruptly in the majority of the filter volume, with the
vapor condensing on the solid particles and the filter media. This causes
the particle material to adhere and cake on the filter, resulting in an
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Table 1
Classification of the different flow regimes
using the Kn-number.

Continuum flow: 0 < Kn < 0.001
Slip flow: 0.001 < Kn < 0.25
Transitions flow: 0.25 < Kn < 10
Molecular flow: 10 < Kn

increase in absolute pressure on the filter. Furthermore, the irreversible
accumulation of dust in the filter medium leads to a change in media
flexibility and strength, which results in deformation or damage to the
filter elements. The only solution here is to replace or externally clean
the filter elements, which requires plant shutdown and production
downtime.

The use of excessively large filter areas on the other hand has
economic drawbacks. In order to enhance the existing dimensioning
guidelines, it is essential to gain a fundamental understanding of the op-
erational characteristics (pressure drop with and without dust loading,
cake built-up processes, separation efficiencies etc.) of surface filters at
low pressures. An important parameter for filter area dimensioning is
the pressure drop across the unladen filter medium for a certain filter
face velocity [11].

The governing parameter for describing the flow conditions at
different absolute pressures is the Knudsen number (Kn-number). It is
defined as the ratio of the mean free path of the gas molecules 𝜆 to a
characteristic linear dimension of the flow path (Eq. (1)) [12–14].

𝐾 𝑛 = 𝜆
𝑎

(1)

The mean free path of the gas molecules 𝜆 specifies how much
of a path a gas molecule can travel on average until it collides with
another gas molecule. The mean free path of the gas molecules 𝜆 can
be calculated using Eq. (2) [15,16]:

𝜆 =
𝑘𝐵 ⋅ 𝑇

√

2 ⋅ 𝜋 ⋅ 𝑑2 ⋅ 𝑝
(2)

The mean free path of the gas molecules 𝜆 depends on the Boltz-
mann constant 𝑘𝐵 , the temperature 𝑇 , the molecular diameter of the
fluid 𝑑 and the absolute pressure 𝑝. The Kn-number can thus be varied
by the temperature, the pore diameter (or fiber radius and porosity
of a fibrous filter medium) and the absolute pressure. The mean fiber
radius or the mean pore diameter can be used as the characteristic
length for calculating the Kn-number [12,13]. In this work, the mean
pore diameter of the filter media is used as the characteristic length
for determining the Kn-number. A number of different ranges of the
Kn-number have already been defined in the literature. In this work,
the authors use the definition in Table 1 for the corresponding flow
regimes [11,12,17,18]:

Fig. 1 shows a schematic illustration of the Kn-number as a function
of the absolute pressure for three different mean pore diameters at a
constant temperature of 20 ◦C. The continuum regime is only just being
reached at an average pore diameter of 100 μm under nearly ambient
conditions. The Kn-number increases with a reduction in the mean pore
diameters at a constant absolute pressure.

In the continuum regime, the fluid is considered as a continuum.
The interactions between the molecules predominate over those be-
tween molecules and walls. Transitioning into the slip flow regime, the
’no slip’ condition of the flow at the wall no longer applies. As the Kn-
number increases, the mean free path of the gas molecules takes on
dimensions similar to the characteristic length of the flow path. If the
mean free path is the dominating factor compared to the characteristic
length, a molecular flow is present [13,16].

It is known from the literature for studies of depth filters at various
absolute pressures that the pressure drop decreases with lower absolute

pressure (except in the continuum regime where the pressure drop is

2 
Fig. 1. Schematic representation of the Knudsen number as a function of absolute
pressure for three different mean pore diameters at a constant temperature of 20 ◦C.

constant with regard to the absolute pressure). Thus, the pressure drop
decreases as the Kn-number increases [12,19–23]. Through the use
of carbon nanotubes as filter material it is possible to reach the free
molecular flow regime at ambient conditions [11]. Although available
for various depth filter media since decades, no measurements of
pressure drops for surface filters at low pressures were found in the
available literature.

The most common basis for various calculations of the pressure
drop across fibrous filter media is provided by Fuchs et al. [24]. This
approach is based on the one hand on the Kuwabara model (disordered,
homogeneous structure of parallel cylinders perpendicular to the di-
rection of flow [25]) and on the other hand on the resistance theory
of porous materials [26]. Many different authors report calculation
models for the pressure drop of fibrous filters dependent on the corre-
sponding flow regime [18,19,27–30]. According to Davies et al. these
calculation methods provide good correlations with the experimental
data [12].

Surface filter media can (and will) have different properties (
Table 2), especially due to the much higher solid fraction and the elab-
orate surface treatment to promote particle separation on the surface
of the filter material. This puts the existing calculation models into
question, as their validity was demonstrated using highly porous depth
filter. In a series of experiments performed by the authors, the pressure
drop of different surface filter media was investigated in ambient air
at low absolute pressure levels at ambient temperature. Applying the
established equations reported in literature did not sufficiently reflect
the actual behavior observed in the experiments. This is attributed by
the authors to the porosity level of the used filter media, as these have
a significantly lower porosity compared to depth filters. Therefore, the
assumptions made when calculating the pressure drop as they apply to
depth filters (like Kuwabara model [25]) are no longer valid for surface
filters [12,19]. No calculation equations explicitly developed for the
pressure drop at low pressures for surface filters have yet been found
in the literature, so the authors have applied and adapted a model for
micro- and nano flows through pipes, ducts and channels presented in
Section 2 [14,31,32].

This paper focuses on the comparison between calculated and mea-
sured pressure drops across five surface filter media with different and
complex structures without particle loading at low absolute operating
pressures down to 100 Pa at ambient temperature and in ambient air.

2. Calculation model for pressure drop across surface filter media
based on equations proposed by Beskok et al. [14]

The structure of surface filter media are highly complex, comprising

a variety of elements such as non-woven sintered or non-sintered layers
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Fig. 2. Model simplifications for calculating the pressure drop of surface filter media at low absolute pressures.
of fibers, woven meshes, or sintered granules. Surface filter media are
often composed of multiple layers [17]. For example, high performance
media consist of a needle felt medium as a carrier with an additional
fine fiber layer or e-PTFE membrane lamination, or sintered granular
PE filters as a carrier with a fine sintered PPS coating. Furthermore,
surface filter media frequently exhibit a highly inhomogeneous struc-
ture. The pressure drop characterization of such filter media is therefore
a complex undertaking, necessitating the development of a simplified
calculation model for mathematical description. One potential simpli-
fication of the filter medium structure is illustrated in Fig. 2. In this
model, the filter medium is simplified as a row of parallel, straight pipes
with an average diameter 𝑑𝑃 . Here 𝑑𝑃 is an appropriate flow-related
equivalent diameter rather than a simple geometric dimension of the
filter structure.

It is further assumed that a micro or nano flow is present in the
pipes of the filter medium. Beskok et al. provide a universal equation
for calculating the pressure distribution as a function of the position
along a pipe for the entire Kn-number regime (Eq. (3)) [31]:

�̇� =
−𝜋

(

𝑑𝑃
2

)4

8𝜇
⋅
𝑑 𝑝
𝑑 𝑥

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐼

⋅
(

1 + 4𝐾 𝑛
1 − 𝑏𝐾 𝑛

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐼 𝐼

⋅ 𝐶𝑟
⏟⏟⏟

𝐼 𝐼 𝐼

(3)

Where �̇� is the flow rate in the filter medium, 𝑑𝑝 is here the mean pore
diameter of the filter medium, 𝜇 is the dynamic gas viscosity, Kn is the
Kn-number, b is the slip coefficient and 𝐶𝑟 is the rarefaction coefficient.
The flow rate is defined as:

�̇� =
𝑣𝐹 𝜋

( 𝑑𝑝
2

)2

𝜀
(4)

where 𝑣𝐹 is the filter face velocity and 𝜀 the mean porosity of the filter
medium.

Eq. (3) is made up of three parts. The first part (𝐼) describes the
volume flow through a pipe in the continuum regime. The second
part of Eq. (3) (𝐼 𝐼) corrects the volume flow due to slip effects with
increasing Knudsen number, as the velocity at the pipe wall no longer
corresponds to zero from the slip flow range. The third part of Eq. (3)
(𝐼 𝐼 𝐼) corrects the volume flow due to rarefaction effects.

For the correction of the volume flow due to the slip effect, Beskok
et al. assumed a two-dimensional isothermal flow. DSMC (Direct Sim-
ulation Monte-Carlo) simulations and the solution of the linearized
Boltzmann equation have shown that the parabolic flow shape and wide
3 
ranges of the Kn-number are maintained. For this reason, Beskok et al.
assumed a parabolic flow profile with a consistent slip condition over
the entire range of the Kn-number [32]. The slip boundary condition
(Eq. (5)) derived by Beskok et al. corresponds to a second order
boundary condition and is valid in the entire Kn-number range and for
compressible flows:

𝑈𝑠 − 𝑈𝑥 =
2 − 𝜎𝑣
𝜎𝑣

⋅
[ 𝐾 𝑛
1 − 𝑏𝐾 𝑛

( 𝜕 𝑈
𝜕 𝑛

)

𝑠

]

(5)

𝑈 corresponds to the non-dimensional velocity (non-
dimensionalization with a reference velocity), 𝜎𝑣 to the tangential
accommodation coefficient (tangential momentum exchange of gas
molecules with surfaces), 𝑛 denotes the outward normal vector and 𝑏
is the general slip coefficient.

The tangential momentum accommodation coefficient 𝜎𝑣 can be
defined in two limiting cases:

• 𝜎𝑣 = 0 specular reflection: The tangential velocity of the
molecules that are reflected by the walls remains constant. The
velocity of the reflected molecules is reversed due to the transfer
of normal momentum to the wall. In this case, there is no
tangential momentum exchange between the fluid and the wall,
which results in zero skin friction. [31]

• 𝜎𝑣 = 1 diffuse reflection: the molecules are reflected with an aver-
age tangential velocity of zero. There is a tangential momentum
exchange between the wall and the molecules, which leads to
friction. [31]

From the solution of the linearized Boltzmann equation and the use of
DSMC simulations, a value of b = −1 can be applied for 𝑏 in the entire
Kn-number range. In addition, 𝑏 is independent of the used gas (Air,
He, N).

The rarefaction factor, designated as Cr in Eq. (3), is introduced to
describe the influence of rarefaction with decreasing absolute pressure
on the volume flow. According to Beskok et al. the following equation
can be used in the entire Kn-number range:

𝐶 𝑟 = (1 + 𝛼 𝐾 𝑛) (6)

Where 𝛼 is an empirical correction factor [14]. The rarefaction coef-
ficient incorporates the decrease in intermolecular collisions with in-
creasing Kn-number. It therefore reflects the ratio between the number
of intermolecular collisions and the number of all collisions (inter-
molecular collisions and collisions of molecules with the wall). The
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factor 𝛼 itself is a function of the Kn-number and thus of the absolute
pressure. For very large Kn-numbers (free-molecular range), 𝛼 ap-
proaches a constant value. For small Kn-numbers, however, 𝛼 must tend
towards zero, as rarefaction effects no longer play a role at ambient
ressures [31].

To calculate the pressure drop, it is necessary to calculate the
ntegral of Eq. (3), setting the thickness of the filter medium and the

inlet pressure (𝑝𝑖) and the outlet pressure (𝑝𝑜) as integration limits.
Integration of Eq. (3) and substituting Eq. (1) and (2) into Eq. (3) yields
Eq. (7).

𝐿 = 𝐶1⋅

[

4𝐶2𝑏 + 4𝐶2𝛼 ⋅ ln(𝑝𝑜 − 𝐶2𝑏) + (𝐶2𝛼 𝑏 − 4𝐶2𝛼) ⋅ ln(𝑝𝑜) + 𝑏(𝑝𝑜)
𝑏

−
4𝐶2𝑏 + 4𝐶2𝛼 ⋅ ln(𝑝𝑖 − 𝐶2𝑏) + (𝐶2𝛼 𝑏 − 4𝐶2𝛼) ⋅ ln(𝑝𝑖) + 𝑏(𝑝𝑖)

𝑏

] (7)

𝑝𝑜 is the absolute pressure downstream of the filter medium, 𝑝𝑖 is the
bsolute pressure upstream of the filter medium and 𝐿 is the thickness
f the filter medium. 𝐶1 and 𝐶2 are filter material- and fluid-specific
onstants and are defined as follows in Eqs. (8) and (9):

𝐶1 =
−𝜋

( 𝑑𝑝
2

)4

8𝜇�̇�
(8)

𝐶2 =
𝑘𝐵𝑇

√

2𝜋 𝑑2𝑑𝑝
(9)

where 𝑑𝑝 is the mean pore diameter of the filter medium, 𝜇 is the dy-
namic viscosity, 𝑘𝐵 is the Boltzmann-constant, 𝑇 is the temperature and
𝑑 is the mean molecule diameter of the fluid. An ideal gas is assumed
for ambient air, therefore the viscosity can be considered as constant. 𝑝𝑜
and 𝑝𝑖 can be obtained during measurements. The empirical correction
factor 𝛼 can consequently be determined iteratively by solving Eq. (7)
umerically, for various 𝛼 values. 𝛼 is a function of the Kn number
nd the absolute pressure for a specific geometry (here for a specific
ilter medium). It is thus necessary to determine a fit function for 𝛼 =
(Kn or p) for each filter medium. For simple geometries such as long
traight pipes with a constant cross-section, equations for the fit of 𝛼
re available in the literature [31]. However, these are no longer valid

for the complex ’pipe structure’ in a filter medium due to tortuosity,
cross-connections, changes in cross-section, and other factors. Finally
Section 4.3 presents two different methods to determining a modified

edia-specific fit function for 𝛼 based on a small number of pressure
drop measurements in ambient air and at ambient temperature. The
determined 𝛼 can be used to calculate the pressure 𝑝𝑜 downstream of
the filter medium. The difference between 𝑝𝑜 and 𝑝𝑖 yields the desired
pressure drop across the filter medium. For a more precise calculation
of the pressure drop, a pore size distribution or a porosity distribution
for the filter media can be determined instead of an average pore
size or porosity. Nevertheless, such measurements are time-consuming,
and thus the average values for the pore diameter and porosity are
employed in this study.

3. Material and methods

3.1. Experimental setup

3.1.1. Volume flow and absolute pressure adjustment
A schematic of the experimental setup used for all tests in this study

s shown in Fig. 3.
Ambient air (neglecting of humidity and fine particles in the am-

ient air) is drawn in by a compressor, which serves to regulate the
olume flow within the filter chamber and, consequently, the filter
ace velocity. The incoming volume flow is pre-throttled in a first step
y a critical nozzle. Different diameters of the critical nozzles (CN)
re selected for different combinations of volume flow and absolute
ressure in the filter chamber (𝑑 = 1.36 mm and 𝑑 = 2.94 mm).
𝐶 𝑁 ,1 𝐶 𝑁 ,2

4 
Afterwards, the volume flow is precisely adjusted with the help of
a pinch valve (from KVT GmbH, with a nominal diameter (outside
diameter) of the hose to be compressed of 6 (DN 6)). The flow rate is
measured downstream of the compressor at ambient conditions (𝑝𝑎𝑏𝑠 =
105 Pa, 𝜃 = 20 ◦C) using a mass flow meter (MFM). Two thermal MFMs
from MKS Instruments Deutschland GmbH were used to completely
cover the volume flow range to be measured (Full scale range of
2 L min−1 and 50 L min−1 with a resolution of 0.1 % of full scale). The
volume flow is adjusted so that the filter face velocity remains constant
at different absolute pressures.

With the help of a butterfly valve (from VAT Group AG, with a ISO
F DN 25 flange type) and a gas control valve (EVR 116 from Pfeiffer
acuum GmbH, with a ISO KF DN 16 flange type and a control range

rom 5 × 10−6 Pa L min−1 to 1250 mbar L min−1) after the filter chamber,
he absolute pressure on the raw gas side in the filter chamber is
egulated. The gas control valve is employed for the purpose of man-
ally establishing a specific gas flow value. The pressure is precisely
egulated by use of the butterfly valve. Due to the critical nozzle at
he inlet, it is possible to adjust the volume flow and absolute pressure
ndependently of each other. Three different filter face velocities 𝑣𝐹
2 cm s−1, 5 cm s−1 and 10 cm s−1) and a pressure range of 𝑝𝑎𝑏𝑠 = 100 −
05 mbar were investigated.

3.1.2. Filter chamber
The center of the experimental setup is the filter chamber, a pic-

ture is shown in Fig. 4. The filter chamber has a length of 152 cm
and a diameter of 19 cm. After an inlet distance of 53 cm, the filter
holder including the filter medium is installed. The filter holder can be
equipped with spacer rings, making it possible to clamp filter media of
varying thicknesses. The effective free flow area of the filter medium is
0.0154 m2. In the filter chamber the temperature (Temperature sensor
Pt 100 4-wire) and the absolute pressure (vacuum transmitter pirani
from Thyracont Vacuum Instruments GmbH, with a absolute pressure

easuring range from 5 × 10−5 mbar to 2000 mbar and a precision of
< 2 % for 𝑝𝑎𝑏𝑠 = 2000 − 200 mbar, < 5 % for 𝑝𝑎𝑏𝑠 = 200 − 40 mbar and
< 10 % for 𝑝𝑎𝑏𝑠 = 40 − 2 × 10−3 mbar) were measured at the raw gas side.
Additionally the pressure drop across the filter medium is measured
with a differential pressure transmitter (from ICS Schneider Messtech-
nik GmbH, with a measuring range up to 50 mbar and a resolution of
±0.2 % of full scale). The absolute pressure on the clean gas side of the
ilter medium can be monitored with a handheld pressure gauge.

3.2. Selected filter media

In this study, five different surface filter media were tested:

• Needle felt medium with broad hydro-entangled polyethersulfon
(PES) fibers (NF)

• Woven metal fiber medium (WMF)
• Non-woven sintered metal fiber medium (SMF)
• Sintered granular PE (Polyethylene) medium (SG)
• The same sintered PE (Polyethylene) medium with a sintered PPS

(Polyphenylene sulfide) coating (SGC)

Laser scanning microscope (LSM) images of the various filter media are
shown in Fig. 5. These images show the structural variations between
the different media.

An overview of the most important properties of the filter media is
shown in Table 2.

The mean pore sizes were determined by porometry, except for
he woven metal filter medium, where the mean pore diameter is
quivalent to the geometric pore size (corresponds to the diameter of
 spherical particle that can just pass through the mesh). If there was
o information on porosity available in the manufactures data sheet, a
orresponding porosity value was calculated using Eq. (10):

𝜀 = 1 − 𝑊 (10)

𝜌𝐿
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Fig. 3. Schematic illustration of the experimental setup.
Fig. 4. Picture of the filter chamber.
Fig. 5. Laser scanning microscope (LSM) top view images of five different surface filter media used in this work. (a) Woven metal fiber medium (b) Needle felt medium (c)
Sintered metal fiber medium (d) Sintered PE granulate medium (e) Sintered PE granulate medium with sintered PPS Coating.
where 𝜀 is the mean porosity, 𝑊 the basis weight (mass per filter area),
𝜌 the density of the fibers or granules and 𝐿 the thickness of the filter
medium. The selected filter media cover a large range of mean pore
diameters starting from 1.36 μm for the sintered metal fiber medium
to 28.6 μm for the sintered granular PE medium without coating. In
addition, their porosities are typical for surface filter media and hence
much smaller than 𝜀 ≈ 1. The thickness/pore diameter (length/pore
diameter) ratio of the filter media is also shown in Table 2. All filter
5 
media have high thickness/pore diameter ratios in a range from 14
for the woven metal fiber medium to a value of 331 for the sintered
metal fiber medium. For the sintered granular PE medium with the
sintered PPS coating, it is important to mention that the specification
of the mean pore size refers to the coating. The coating is responsible
for the main pressure drop for determination of the mean pore size
using porometry. However, the thickness of this filter medium refers to
the total thickness of the medium, consisting of support structure and
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Table 2
Properties of the selected filter media.

Filter medium Label Mean pore
size
𝑑𝑝/ μm

Mean fiber
diameter
𝑑𝑓 / μm

Mean
porosity 𝜀

Basis weight
W/g m−2

Thickness

L/mm

L/𝑑𝑝

Needle felt medium NF 14.35a 13.64f 0.82b 240 1 70
Woven metal medium WMF 5e 14f 0.68 230 0.07 14
Sintered metal fiber medium SMF 1.36a 1f – 1200 0.45 331
Sintered granular PE medium without sintered PPS Coating SG 28.6a – 0.47b 2066 4 140
Sintered granular PE medium with sintered PPS Coating SGC 4.82a – 0.46b 2148 4c 830

a Determined by porometry.
b Determined with Eq. (10).
c Total thickness (substrate structure + coating).
e Geometric pore size.
f Determined from the LSM images.

(d) Refers to the lamination layer.
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coating (coating thickness not specified by manufactures data sheet).

4. Results and discussion

4.1. Characterization of the flow conditions through the filter medium

In order to characterize the existing flow conditions at different
absolute pressures, a variety of non-dimensional parameters can be
utilized, taking into account the specific characteristics of the flow,
such as whether it is laminar or turbulent (Re-number), compressible or
ncompressible (Ma-number), and whether or not a slip effect is present
Kn-number).

Table 3 shows these non-dimensional numbers for the characteriza-
tion of the flow through various filter media at ambient temperature
in air for a filter face velocity of 10 cm s−1. This is the highest filter
face velocity that has been subject to this investigation. Turbulence or
ompressibility effects are absent at this filter face velocity, it can be
ssumed that these phenomena can also be neglected at lower filter
ace velocities. The Kn-number (Eq. (1)), Re-number (Eq. (11)), and
a-number (Eq. (12)) were calculated on the upstream (filter medium

inlet, indices i) and downstream side (filter medium outlet, indices o)
of the different filter media at p = 105 Pa and p = 100 Pa at a filter face
velocity of 10 cm s−1 with the following equations for Re and Ma:

𝑅𝑒 =
𝜌𝑣𝐹 𝑑𝑝
𝜇

(11)

𝑀 𝑎 =
𝑣𝑓
𝑐

(12)

Where 𝜌 is the density of the fluid, 𝑣𝐹 is the filter face velocity, 𝑑𝑝 the
ean pore diameter of the filter medium, 𝜇 is the dynamic viscosity of

he fluid and 𝑐 is the speed of sound.
The Kn-number varies from the slip flow regime to free molecular

flow. None of the filter media reached the continuum regime even at
mbient absolute pressures. It can be stated that the slip effect is present
or all filter media. The Re-number for all measured pressure ranges
nd filter media is always much smaller than 1 (𝑅𝑒 ≪ 1). The flow
ithin the filter medium can therefore be assumed to be laminar for all

esting conditions. The Ma-number is much smaller than 𝑀 𝑎 ≈ 0.3 for
ll filter media used and all filter face velocities, so the flow through the

different filter media can be considered non-compressible in the entire
investigated absolute pressure range [31].

4.2. Pressure drop measurement of different surface filter media at low
absolute pressures for different filter face velocities

The objective of this study was to investigate the pressure drop
(𝛥𝑝) of five distinct filter media at three different filter face velocities,
namely 2 cm s−1, 5 cm s−1 and 10 cm s−1, within a pressure range of 𝑝𝑎𝑏𝑠 =
100 − 105 Pa in air at ambient temperature. The results of the pressure
drop measurements as a function of the absolute pressure are presented
6 
in Fig. 6.
The pressure drop curve for each constant filter face velocity is

shown. The triangles represent the pressure drop values, and the dashed
ines represent connecting lines between them. All measurements were
arried out three times, using the same filter medium sample (to
xclude possible influences due to inhomogeneities between different
ilter medium samples). For the lowest filter face velocity of 2 cm s−1,
ests were only carried out for the sintered metal fiber medium and
oth sintered PE granulate media. The other filter media (NF and WMF)
howed very small pressure drops even at higher filter face veloci-
ies. With the applied measurement equipment, the smallest pressure
rops cannot be measured accurately at low absolute pressures (𝑝𝑎𝑏𝑠 <
00 Pa). For the WMF medium, negative pressures drops were measured
t 10 cm s−1 and 5 cm s−1, and for the NF medium at 5 cm s−1, again
ue to the resolution limit of the differential pressure sensor. For this
eason, the respective values in Fig. 6 are omitted.

All measured pressure drop curves plotted as a function of the ab-
olute pressure for the different filter media show the same qualitative
rend for all tested filter face velocities. The pressure drop across the
urface filters decreases with the reduction in absolute pressure for all
ilter media. This behavior is consistent with that observed in depth
ilter media in previously cited literature [12,17,20,21]. The reduction

in pressure drop with decreasing pressure can be attributed to the
rarefaction of the system and the associated increase in the mean free
path of the gas molecules. Higher rarefaction leads to lower frictional
energy losses of the gas flow based on fewer collisions between gas

olecules and collector surfaces (e.g. fibers) of the filter medium as
well as the increasing relevance of the slip effect.

Additionally, it can be seen that the slope of the pressure drop
curves

(

𝑑 𝑙 𝑜𝑔 𝛥𝑝
𝑑 𝑝𝑎𝑏𝑠

)

is nearly flat at high absolute pressures, near 105 Pa,
for all filter face velocities. The slope in this range is almost 0 for the
ilter medium with the largest mean pore diameter (SG) and is steepest

for the filter medium with the smallest mean pore diameter (SMF).
As the absolute pressure decreases, the pressure drop slope

(

𝑑 𝑙 𝑜𝑔 𝛥𝑝
𝑑 𝑝𝑎𝑏𝑠

)

ncreases and appears to become constant towards the lower end of
the investigated absolute pressure range.

The various filter media vary widely in their structural properties
𝑑𝑝, 𝐿, 𝜀), which affects the resulting pressure drop across the filter

medium. To compare the pressure drop of the different filter media,
Table 4 lists the pressure drop at ambient conditions for all three
filter face velocities in air. At this absolute pressure the Kn-numbers
are lowest and thus, the flow through the filter media is close to the
continuum regime. The data in the table are ordered in accordance
with the descending pressure drop. The SMF medium has the high-
est pressure drop and WMF the lowest at all investigated filter face
velocities. Furthermore, the average pressure drop gradient across the
length of the filter media (𝛥𝑝105 Pa L−1) is shown in Table 4 to achieve
a more accurate understanding of the impact of individual structural
parameters (𝑑 , 𝐿, 𝜀) of the pressure drop of the individual filter media.
𝑝
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Table 3
Dimensionless numbers (Re-number, Ma-number and Kn-number) for the flow characterization for the absolute
pressure at 105 Pa and at 100 Pa for the upstream side (indices i) and the downstream side (indices o) at a filter
face velocity of 10 cm s−1.

Absolute
pressure

Non-dimensional
number

NF SMF WMF SGC SG

105 Pa

𝑅𝑒𝑖 0.114 0.0133 0.0481 0.0671 0.407
𝑅𝑒𝑜 0.1147 0.0141 0.0481 0.068 0.41

𝑀 𝑎𝑖 3.55 × 10−4 4.35 × 10−4 4.29 × 10−4 6.2 × 10−4 6.34 × 10−4
𝑀 𝑎𝑜 3.6 × 10−4 4.6 × 10−4 4.3 × 10−4 6.3 × 10−4 6.4 × 10−4
𝐾 𝑛𝑖 0.00518 0.055 0.01487 0.015 0.0026
𝐾 𝑛𝑜 0.00519 0.058 0.01488 0.016 0.003

100 Pa

𝑅𝑒𝑖 1.145 × 10−4 1.328 × 10−5 4.811 × 10−5 6.71 × 10−5 4.07 × 10−4
𝑅𝑒𝑜 1.176 × 10−4 1.703 × 10−5 –a 1.06 × 10−4 5.5 × 10−4
𝑀 𝑎𝑖 3.55 × 10−4 4.35 × 10−4 4.29 × 10−4 6.2 × 10−4 6.34 × 10−4
𝑀 𝑎𝑜 3.7 × 10−4 5.6 × 10−4 –a 9.8 × 10−4 8.6 × 10−4
𝐾 𝑛𝑖 5.18 54.65 14.86 15.42 2.6
𝐾 𝑛𝑜 5.321 70.116 –a 24.391 3.52

a Specification not possible as the downstream absolute pressure 𝑝𝑜 cannot be reliably determined from the pressure
drop because the differential pressure sensor cannot resolve the very low pressure drop in this case.
Fig. 6. Variation of the pressure drop as a function of the system pressure for five different filter media at filter face velocities of 2 cm s−1, 5 cm s−1 and 10 cm s−1, respectively (at
2 cm s−1, media types NF and WMF were not investigated).
According to the first part (I) of Eq. (3), the pressure drop gradient in
the continuum regime is directly proportional to the reciprocal of the
square og the pore diameter and the porosity ( 𝛥𝑝𝐿 ∼ 1

𝑑2𝑝 𝜀
). It can be noted

that the mean pore diameter is the dominating factor for the pressure
drop gradient when compared to the porosity, due to the fact that the
pore diameter enters the equation with a higher power (squared) than
the porosity (linear). Additionally, the different filter media exhibit a
variation in porosity of less than a factor of 2, whereas the mean pore
size varies by a factor of ≈ 20. The pressure drop gradient for individual
filter media is observed to increase in accordance with the reduction in
mean pore size from the WMF to the SMF medium, with the exception
of the SGC medium. Despite the SGC medium having a smaller pore
diameter than the WMF medium, it demonstrates a lower pressure drop
gradient. This can be attributed to the two-layer structure of the SGC
medium: the average pore diameter is primarily indicative of the fine
coating, while the thickness is determined by the coarse support layer.
Thus, working with global average values for the bi-layered medium
7 
results in a misleading low pressure drop gradient when determined
by 𝛥𝑝 ⋅ 𝐿−1

The impact of the thickness of the filter medium is exemplified
by the WMF medium. Despite exhibiting the second highest pressure
drop gradient, the resulting overall pressure drop is lowest, due to the
minimal thickness. The resulting pressure drop is therefore a function of
the individual structural parameters and the dominant factor is can be
either pore size or media thickness on the specific structural parameters
of the medium.

The different mean pore diameters of the filter media result in
differing Kn-numbers at a given absolute pressure. Consequently the
transition from the slip flow regime to the transition regime occurs at
different absolute pressures for the various filter media. This results in
an earlier (at higher absolute pressure) steep decline in the pressure
drop for the SMF medium. Therefore, the pressure drop curves for the
SMF and SGC, as well as for the SMF and SG medium, intersect at a
fixed absolute pressure value, regardless of the filter face velocity.
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Table 4
Pressure drop at 𝑝𝑎𝑏𝑠 = 105 Pa (𝛥𝑝105 Pa) for all filter face velocities and resulting pressure
drop gradient across the filter media.

Filter face
velocity

Filter medium SMF SGC SG NF WMF

2 cm s−1 𝛥𝑝105 Pa/Pa 10.5 3.2 1.0 –a –a

𝛥𝑝105 Pa L−1/Pa m−1 23 300 800 252 –a –a

5 cm s−1 𝛥𝑝105 Pa/Pa 25 8 2.5 0.9 0.3
𝛥𝑝105 Pa L−1/Pa m−1 55 471 1994 625 995 4757

10 cm s−1 𝛥𝑝105 Pa/Pa 60.9 15.2 4.7 2.2 0.6
𝛥𝑝105 Pa L−1/Pa m−1 135 311 3798 1181 2201 9157

a Measurement not carried out due to the very low resulting pressure drops.

Fig. 7. Pressure drop as a function of the Kn-number for all filter media used at a
filter face velocity of 5 cm s−1.

Furthermore, it can be seen that the pressure drop increases with
increasing filter face velocity (at a constant absolute pressure) for each
filter medium. A proportional dependence of the pressure drop on the
filter face velocity can be recognized for the entire investigated absolute
pressure range, as was to be expected from Eq. (3). This behavior of the
pressure drop corresponds to that found at ambient conditions.

Fig. 7 shows the variation of pressure drop as a function of the
Kn-number for all five filter media at 5 cm s−1. In addition, the cor-
responding flow regimes are shown. It can be seen that the pressure
drop decreases as the Kn-number increases. This behavior was to be
expected, as the Kn-number is proportional to 𝑝−1𝑎𝑏𝑠. It can also be ob-
served that the experiments process conditions result mainly in the slip
flow and transition flow regime. Molecular flow is reached for the SMF
medium and SGC medium. Even at ambient pressure, the continuum
flow regime was not reached for any of the filter materials. In order
to perform measurements in the continuum flow regime, it would be
necessary to investigate absolute pressures above ambient pressure.
However, this is not feasible with the experimental setup currently
in use and has no relevance in vacuum filtration applications. Fig. 7
clearly show, that the simple calculation equations for the continuum
regime cannot be used to determine the pressure drop at higher Kn-
numbers. It is necessary to take the rarefaction effect and the slip effect
into account in the calculation according to Section 2.

4.3. Determination of the empirical correction factor 𝛼

The following sections will introduce two methods for determining
the empirical correction factor 𝛼, which is required for calculating the
pressure drop according to Eq. (3) and (6). The focus will be on the
filter face velocities of 2 cm s−1, 5 cm s−1 and 10 cm s−1 and the absolute
pressure range from 100 − 105 Pa. The temperature is assumed to be
8 
constant (𝜃 = 20 ◦C) for all further calculations.
In order to calculate the pressure drop as a function of the absolute

pressure, it is first necessary to identify an empirical function for the
correction factor 𝛼. This is achieved by determining the respective 𝛼
value for the experimental sampling points with the use of Eq. (7).
The filter medium properties outlined in Table 1 were employed for
the determination of the 𝛼 values. Fig. 8 shows the calculated 𝛼 values
for 2 cm s−1 as squares, for 5 cm s−1 as triangles and for 10 cm s−1 as
circles for all filter media. Diagram (a) shows the complete analyzed
absolute pressure range and diagram (b) shows a detail view of the
lower absolute pressures close to vacuum conditions. It can be observed
that the 𝛼 values at a given absolute pressure remain largely unaffected
by the differences in filter face velocities. Furthermore, different 𝛼
values can be identified for each filter medium.

The 𝛼 values calculated in this study differ greatly from the 𝛼
value range given by Beskok et al. [14]. According to the definition by
Beskok et al. 𝛼 should tend towards zero as the Kn-number decreases,
i.e. the absolute pressure becomes higher and tend towards a constant
value as the Kn-number becomes very high, i.e the absolute pressure
becomes very low [31]. The different behavior of 𝛼 observed here can
be explained by the fact that 𝛼 in this work does not only cover the
rarefaction of the system, as is the case according to Beskok et al. [31].
Beskok et al. have primarily focused their research on simple pipe and
gap structures. In this work, complex structured filter media are in-
vestigated. 𝛼 represents therefore a combination of a rarefaction factor
and a structure correction factor, thus, it is reasonable to assume that
other courses of 𝛼 will also be observed. Consequently, it is necessary to
determine a separate 𝛼 for the entire pressure range for the calculation
of the pressure drop for each individual filter medium. It would be
theoretically possible to divide 𝛼 into two factors: a rarefaction factor
and a structure correction factor, by conducting measurements in the
continuum regime. However, as previously stated, even at ambient
pressure, none of the filter media tested reach into the continuum flow
regime.

A simple function is required to describe the dependence of 𝛼 on
the absolute pressure, so that the pressure drop can then be calculated
using Eq. (7). Fig. 8 illustrates a linear correlation between the 𝛼
values and the absolute pressure. In order to evaluate the efficacy of
describing the 𝛼 values as a function of absolute pressure through linear
regression, Table 5 presents the coefficient of determination (R2) for
the corresponding filter face velocity and filter medium. R2 consistently
exceeds 95% for all filter media and filter face velocities investigated,
suggesting that the 𝛼 functions for each filter face velocity can be
accurately described by a linear equation of the form 𝛼 = 𝑎 ⋅ 𝑝𝑎𝑏𝑠 + 𝑏.
This linear function of 𝛼 in dependence of absolute pressure can be
described with the use of only two pressure drop measurements and
the two corresponding 𝛼 values. In order to accomplish this, it is
recommended that one pressure drop measurement is carried out under
ambient conditions and another at a lower absolute pressure.

4.3.1. Determination of the empirical correction factor 𝛼 with two interpo-
lation points

The process of measuring pressure drop values over a wide range
of absolute pressures and filter face velocities for each filter medium is
time-consuming and technically much more demanding than a simple
air permeability test at ambient pressure. However, as the empirical
correction factor 𝛼 shows an approximately linear curve (Fig. 8 and
5), only two pressure drop measurements are required. Therefore, it is
more efficient to only measure the pressure drop for the various filter
media and filter face velocities at a specific reduced absolute pressure
value and at ambient absolute pressure. In this study, the corresponding
pressure drop values at 1000 Pa and 105 Pa were used for the estimation
of 𝛼 as a function of the absolute pressure.

The empirical correction factor 𝛼 calculated at 𝑝𝑎𝑏𝑠 = 1000 Pa and
105 Pa as a function of the absolute pressure is shown in Fig. 9. The
solid line describes the linear fit of 𝛼 based on the 𝛼 values at 1000 Pa
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Fig. 8. Empirical correction factor 𝛼 as a function of absolute pressure for 2 cm s−1, 5 cm s−1 and 10 cm s−1 for all filter media determined with all pressure drop values at ambient
temperature and with air. The results are presented in a full view for the complete absolute pressure range (a) and a detail view for the lower end of the absolute pressure range
(≤ 2500 Pa) (b).
Table 5
Coefficient of determination for a linear regression of the 𝛼 values as
a function of absolute pressure for the complete range of the analyzed
filter face velocities and all filter media.

Coefficient of determination (𝑅2)

Filter
medium

Filter face
velocity 𝑣𝐹 = 2 cm s−1 𝑣𝐹 = 5 cm s−1 𝑣𝐹 = 10 cm s−1

SMF 0.9973 0.9948 0.9937
SGC 0.9997 0.9998 0.9995
SG 0.9969 0.9982 0.9950
NF –a 0.9652 0.9867
WMF –a 0.9971 0.9981

a Measurement not carried out due to the very low resulting pressure
drops.
and 105 Pa for 10 cm s−1, the respective dashed line for 5 cm s−1 and the
dotted line for 2 cm s−1. Henceforth, this method for calculating 𝛼 will
be referred as Model with two interpolation points (two IP). Again,
diagram (a) shows the complete analyzed absolute pressure range and
diagram (b) shows a detail view of the lower absolute pressures.

An additional boundary condition was assumed for the fit of the
SGC and the SG medium, so that 𝛼(𝑝𝑎𝑏𝑠 = 100 Pa) > 0 remained, as the
original regression lines became negative in this area. However, it is
not possible to solve Eq. (7) with negative 𝛼 values.

The 𝛼 values exhibit minimal discrepancies between the various
filter face velocities for all filter media. As the filter face velocity
increases, the value of 𝛼 rises at a constant absolute pressure for all
filter media. The SGC medium has the highest 𝛼 values and also the
steepest gradient followed by the WMF medium and the NF medium.
The SG medium starts with 𝛼 values lower than those of the NF medium
and higher than those of the SMF medium, but intersects the straight
line of the SMF medium at low absolute pressures and thus, a steeper
gradient than the SMF medium.

4.3.2. Determination of the empirical correction factor 𝛼 with one interpo-
lation point and a fixed 𝑦-axis value

In most systems for characterizing the pressure drop of surface
filter media (e.g. standard procedures according to DIN ISO 11057)
or their air permeability (e.g. DIN EN ISO 9237), measurements are
only possible under ambient conditions. Thus, a characterization of the
pressure drop behavior for a filter medium at low absolute pressure
conditions based on the two IP method (see Section 4.3.1) is not
feasible. The following section will present a modified method for de-
termining the pressure drop at low pressures, without the requirement
for measurements conducted under low absolute pressure conditions.

The detailed view (b) in Fig. 8 of the course of the correction
factor 𝛼 demonstrates that all curves culminate in a comparable 𝑦-axis
9 
intersection at 𝑝 = 0 Pa. Accordingly, an average value for each filter
face velocity can be calculated from all intercepts of the respective 𝛼
curves. This yields a value of 𝛼(p = 0 Pa) = 3 which can be used as a
generic interpolation point without the need for a low absolute pressure
measurement. In conjunction with the measurements of the pressure
drop at ambient pressure conditions (p = 105 Pa) at a given temperature
and given filter media ( Table 2) and fluid specific parameters, a new
𝛼 can be determined. Just one pressure drop measurement at ambient
temperature with air is needed for the calculation of 𝛼, so this method
will be referred as model with one interpolation point (one IP).

Fig. 10 illustrates the result of a linear fit based on the 𝛼 values
calculated for ambient absolute pressure conditions and ambient tem-
perature and a single fixed 𝑦-axis value for all filter media for the
complete range of flow velocities. The complete absolute pressure range
is illustrated in Diagram (a), while a detail view is presented in Diagram
(b).

4.4. Comparison between measured and calculated pressure drop for sur-
face filter media for different filter face velocities

The pressure drop curves calculated using the empirical correction
factor 𝛼 determined with two IP (solid line) and determined with one
IP (dashed line) for all tested filter media is presented in Fig. 11. The
respective pressure drop curves were calculated with the respective
linear 𝛼 fit function for the specific filter medium at the corresponding
filter face velocity. The measured pressure drop values are once more
represented as triangles. Diagram (a) illustrates the comparison of the
measured and experimental pressure drop at a filter face velocity of
2 cm s−1, while diagram (b) depicts the same comparison at 5 cm s−1 and
(c) at 10 cm s−1.

Overall, the calculated pressure drop curves, with the correspond-
ing 𝛼 fit functions (Model with two IP and Model with one IP), are
in good accordance with the measured pressure drop values for all
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Fig. 9. Empirical correction factor 𝛼 as a function of absolute pressure for 2 cm s−1, 5 cm s−1 and 10 cm s−1 for all filter media determined with two interpolation points at 𝑝 = 1 × 103 Pa
and 𝑝 = 105 Pa under ambient temperature and with air. The results are presented in a full view for the complete absolute pressure range (a) and a detail view for the lower end
of the absolute pressure range (≤ 2500 Pa) (b).

Fig. 10. Empirical correction factor 𝛼 as a function of absolute pressure for 2 cm s−1, 5 cm s−1 and 10 cm s−1 for all filter media determined with one interpolation point at 𝑝 = 105 Pa
and a fixed 𝑦-axis intercept under ambient temperature and with air. The resulting graph is presented a full view for the complete absolute pressure range (a) and a detail view
for the lower end of the absolute pressure range (≤ 2500 Pa) (b).

Fig. 11. Comparison of measured pressure drop between the calculated pressure drop with the model that use two IP (solid line) and with the model that use one IP (dashed
line) for (a) 2 cm s−1, (b) 5 cm s−1 and (c) 10 cm s−1 for all filter media at ambient temperature with air.
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tested filter media at all filter face velocities, especially for higher
absolute pressures (max. deviation of 20% for absolute pressures down
to 5000 Pa).

For the NF medium, the two variants of calculated pressure drop
curves demonstrate a near-identical behavior for all analyzed filter
face velocities across the entire absolute pressure range. The generic
𝑦-axis interception (𝛼(p = 0 Pa) = 3) is nearly equivalent to the 𝑦-axis
intersection, which is obtained when a linear regression is conducted
using all pressure drop measurements and the corresponding 𝛼 values
from Fig. 8. This explains why the two calculated curves are in close
alignment with the measured pressure drop values (max. deviation of
10%). Both pressure drop determination models show nearly the same
calculated curves.

Furthermore, the SMF medium shows a high degree of correlation
for the two variants of the calculated pressure drop across the entire
absolute pressure range, with a slight improvement with reducing the
filter face velocity (with a max. deviation of 15% at 2 cm s−1, a max.
eviation of 20% at 5 cm s−1 and a max. deviation of 24% at 10 cm s−1).
or filter face velocities of 2 cm s−1 and 5 cm s−1, the calculated curves
or both models are almost identical. However, for a filter face velocity
f 10 cm s−1, there are slight differences between the two curves, which
ecome more pronounced as the absolute pressure decreases.

In case of the WMF medium, the pressure drop curves determined
ith the 𝛼 value which was calculated using two IPs exhibit a lower
ressure drop level than the model with one IP, within the specified
bsolute pressure range. The model with two IPs demonstrates a more
ccurate correlation with the pressure drop measurement data. It is
oteworthy that the high relative deviations between the measured and
alculated pressure drops (up to 144%) can be identified, particularly
or low absolute pressures where the absolute deviations are still small.
owever, as previously discussed, the accuracy of the measured pres-

ure drop values is limited by the resolution of the differential pressure
ensor. In the higher absolute pressure range, the discrepancies between
easurement and calculation are also found to be significantly reduced

max. deviation of 26% for 𝑝 ≥ 2.5 × 103 Pa for both models).
In the case of the SG medium, a good correlation can be observed

etween the experimental and theoretical data for both 2 cm s−1 and
 cm s−1 for the model with 2 IP, with a maximum deviation of 22%.
t a filter face velocity of 10 cm s−1, the curve for the model with two

Ps is also suitable down to 1000 Pa (maximum deviation 10%), but the
iscrepancies for low absolute pressures are considerable (maximum
eviation of 177%). This can be attributed to the additional boundary
ondition for the SG medium, which prevents the linear regression of
from assuming negative values (see Section 4.3.1). The accuracy of

he model with one IP becomes less precise with increasing filter face
elocity for the SG medium (at 2 cm/s, the maximum deviation is 26%,
nd at 10 cm/s, it is 47%).

For the SGC medium, it should be noted that it is a two-layer filter
medium consisting of a thick support structure and a thin coating. The
main pressure drop is generated by the thin coating. However, for the
calculation of the pressure drop, the total thickness and an average
porosity of the complete medium are used, whereas the average pore
diameter is related to the coating. These assumptions regarding the
structure of the filter medium can lead to issues in calculating the
pressure drop. The trends of the calculated pressure drop for the SGC
medium are analogous to those for the SG medium. The agreement
between the experimental and calculated pressure drop at 2 cm s−1 is
closest, especially for the model with two IP (max deviation of 25%) in
the complete absolute pressure range. Both models are almost identical
at 5 cm s−1 and only show a maximum deviation of 14% up to approx.
000 Pa. For a filter face velocity of 10 cm s−1, again the additional
oundary condition for the fit of 𝛼 must be considered (see 4.3.1). This
esults in very high deviations (up to 170%) between the measured and
he calculated pressure drop values.

A concise overview of the findings is as follows:
11 
• The discrepancies between the measured and calculated pressure
drops increase with increasing filter face velocity

• The relative deviations between the measurement and calculation
of the pressure drop values increase with decreasing pressure

• The model with two IP shows better agreement between the ex-
periments and calculation than the model with one IP (exception
SG and SGC Medium at 10 cm s−1)

The presented methodology allows the prediction of the pressure
rop behavior for a wide range of surface filter media in the context of
ough vacuum conditions. In order to apply the model equations and

estimate the pressure drop, it is necessary to have access to the filter
media parameters listed in Section 3, as well as at least one pressure
drop measurement at a known filter face velocity, temperature and
absolute pressure (e.g. ambient pressure). The requisite filter media
parameters can often be found in the manufactures data sheet. Further-
more, the air permeability specified in the data sheet can be employed
to ascertain the pressure drop at a given filter face velocity. However,
the data sheets often provide average values of the air permeability
from a large number of different samples of the filter medium. It is
notable that surface filter media often display a considerable degree of
variation in their structure from one sample to another. Consequently,
it is recommended that the pressure drop should be measured under
ambient conditions with each individual filter medium sample.

4.4.1. Procedure for calculating the pressure drop of different surface filter
media at low absolute pressures

In the following, a procedure is suggested for calculating the pres-
sure drop of different surface filter media at low absolute pressures
down to 100 Pa under ambient temperature with air:

1. Measurement of the pressure drop in air under ambient con-
ditions (ambient absolute pressure and temperature) for the
filter media to be analyzed at different filter face velocities
(recommendation at least two velocities).

2. Calculation of the empirical correction factor 𝛼 at ambient con-
ditions for the analyzed filter face velocities and filter media
applying Eq. (7) using the filter media specific structure param-
eters (mean porosity, mean pore diameter, thickness) and the
fluid specific constants (density and viscosity).

3. Determination of a mean value for each filter medium based
on the calculated 𝛼 values at different filter face velocities.
Thus, a single average 𝛼 value (𝛼𝑀 ) is obtained under ambient
conditions for each filter medium analyzed.

4. Determine a function for 𝛼 within the interesting absolute pres-
sure range applying a linear fit between 𝛼(𝑝𝑎𝑏𝑠 = 100 Pa) = 3
and the calculated 𝛼 values 𝛼𝑀 (at 𝑝𝑎𝑏𝑠 = 105 Pa) for each filter
medium.

5. By applying Eq. (7) and the calculated mean 𝛼𝑀 curve, the pres-
sure drop as a function of absolute pressure can be determined
for each of the analyzed filter media for all filter face velocities
of interest.

The result of this procedure for the pressure drop data from this
work under ambient temperature and with air is shown in Fig. 12
exemplary for a filter face velocity of 5 cm s−1 for all filter media used.
For absolute pressure ranges exceeding 5 × 103 Pa, the agreement is
highly satisfactory, with a maximum deviation of 25% observed across
all filter media. As absolute pressure decreases, the relative devia-
tion increases. The NF medium, however, demonstrates a maximum
deviation of only 11% across the entire analyzed absolute pressure
range.

5. Conclusion and outlook

The objective of this study was to examine the pressure drop be-
havior of surface filter media under low pressure conditions (rough
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Fig. 12. Comparison of measured pressure drop between calculated pressure drop with the model that use one IP (solid line) determined with a mean 𝛼 (mean value for
𝛼(𝑝𝑎𝑏𝑠 = 105 Pa for all three filter face velocities) for all filter media at ambient temperature with air at 5 cm s−1.
vacuum), employing experimental and modeling approaches. To this
end, pressure drop measurements were conducted at filter face veloc-
ities of 2 cm s−1, 5 cm s−1 and 10 cm s−1 using a low-pressure filtration
setup. Five surface filter media, exhibiting significantly different struc-
tural properties and surface treatments, were subject to investigation.
The absolute pressure in the experimental set up was varied from 𝑝 =
100 − 105 Pa. The pressure drop measurements ranged from the slip flow
regime to the molecular flow regime.

The measurements demonstrated that the pressure drop decreased
at lower absolute pressures. The results are in qualitative agreement
with observations reported in literature regarding the pressure drop of
depth filter media at low pressures. Furthermore, it was shown that the
pressure drop increases to the filter face velocity at a constant reduced
absolute pressure, similar to the behavior under ambient pressure.

In order to conduct a theoretical analysis of the pressure drop
behavior, a model introduced by Beskok et al. for the flow of fluids
through individual long pipes under conditions of a micro- or nano flow
was adapted and modified. To apply this model to surface filter media,
it is necessary to consider the filter medium structure as an array of
straight, parallel pipes. In order to calculate the pressure drop, it is
necessary to determine an empirical correction factor 𝛼 as a function
of the absolute pressure. The function 𝛼 = 𝑓 (𝑝𝑎𝑏𝑠) can be derived from
a linear fit of individual 𝛼 values calculated from measured pressure
drop values. Two methods were presented for the determination of this
linear fit of 𝛼 as a function of the absolute pressure.

The first method is based on the measurement of two pressure
drop values (two IP) at different absolute pressures (one pressure drop
measurement at ambient conditions and one at any reduced absolute
pressure). While the second method employs the determination of a
single pressure drop value (one IP) in conjunction with a fixed generic
𝑦-axis interception. Both methods are independent of the filter face
velocity. By employing the calculated 𝛼 curves, in conjunction with
the filter media-specific parameters (mean pore size, mean porosity
and length) and fluid-specific constants, it is possible to ascertain the
pressure drop with the use of Eq. (7). A comparison of the experimental
and calculated pressure drop demonstrated a high degree of agreement
for all employed filter media. The pressure drop curves derived from
the 𝛼 fit function with two IPs exhibited a greater degree of alignment
with the measured pressure drop values than those derived from the 𝛼
values determined with one IP. The choice between the two calculation
methods depends on the desired level of precision in the low absolute
pressure range. The method involving two IPs is recommended when
12 
a high degree of accuracy is required, whereas the method with one
IP is more suitable for applications where a lower level of precision is
sufficient.

In addition, a simple calculation procedure for determining the
pressure drop at low absolute pressures was presented. In this proce-
dure, a mean 𝛼 curve was determined based on ambient pressure drop
measurements at different filter face velocities and a fixed generic 𝑦-
axis intercept. This method also shows good agreement between the
experimental and calculated pressure drop values for all filter media.

In future work, the formation of filter cakes under low absolute
pressures will be examined. It would be of interest to examine whether
the model presented in this study for calculating the pressure drop of
different unladen surface filter media can also be applied to determine
the pressure drop of filter cakes under low pressure conditions. This
requires structural properties of the filter cake (such as the filter cake
height and the average filter cake porosity). In addition, the influence
of low absolute pressure conditions on the size-resolved separation
efficiency should be analyzed. To enable these experiments, the experi-
mental setup will be extended to include aerosol generation and aerosol
measurement equipment.
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