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1 Introduction

The cleanliness requirements of fuel injection systems are pro-
gressively demanding, according to the increasing precision
required in modern automotive engines. In addition, these high
cleanliness levels have to be reached for any kind of fuel found
in the market. The initial dirtiness of these available fuels may
span one order of magnitude, as well as their typical particle
size distribution, which makes it almost impossible to define
standard filters for all markets. Therefore, filter manufacturers
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predicting with good accuracy the lifetime of the device, taking
into account the clogging of the filter and the subsequent
changes both in the permeability of the filtering media and the
fuel flow.

The simulation tool was created using a finite volume-based
open source numerical computational fluid dynamics (CFD)
code, namely OpenFOAM [6]. The particle retention model
was developed and validated for simple geometries and there-
after full 3D simulations of a filtering device were carried out
with good comparisons to experimental data.

need a broad, well-customized filter portfolio in order to pro-

vide the best filter option for each customer and market. The
consequence is that a substantial number of new filters should

2  Eulerian-Eulerian PDF Approach

be designed and eventually made available to production each

year.

Nowadays, any engineering design requires a well-balanced
succession of computational simulation and experimental re-
sults in order to reduce the time needed to obtain a proper pro-
totype. As computers increase their power and lower their
price, the role of numerical simulations is becoming predomi-
nant, for both time- and price-saving considerations. In those
numerical simulations there are specific targets to achieve.
These are the predictions of magnitudes which summarize the
quality of the product which is being developed. In the case of
a filtering device, as collected in various ISO norms, these mag-
nitudes are the pressure drop (lifetime) and particle collection

efficiency [3-5].

A numerical simulation tool with its mathematical descrip-
tion is presented for a given filtering device which is capable of
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In an earlier work [1], a suitable Eulerian-Eulerian formulation
for the two-phase flow in the filtering device was introduced.
Specifically, an Eulerian probability density function (PDF)
[1,2] is used to describe the evolution of the magnitudes asso-
ciated to the disperse phase (velocity and size). The use of the
PDF is justified for a laminar flow, as the one found in the
studied filtering system, by the stochastic boundary conditions.
In the present case, the exact velocity and position of each
particle is not exactly known at the entrance, but only in a
probabilistic sense. On the other hand, as this PDF has the
local correlation information of those magnitudes, the velocity
of the particles can be directly expressed in terms of their radi-
us, with no need of any closure. This implies that drag and
buoyancy, the main physical relevant forces acting upon the
particles, can be represented locally in an exact way. The parti-
cle radius remains fixed and the Eulerian velocity is the only
relevant magnitude changing in the particle, although depend-
ing on the local particle radius. The formulation is purely
Eulerian, hence, the usual discretization and numerical algo-
rithms can be applied, in opposition to Eulerian-Lagrangian
formulations.



1328

The mathematical description can be found in the previous
reference. The resulting transport equations are, however, quite
intuitive and reproduced here. First, a continuity-like equation
to express the conservation of the number density for the par-
ticles of each radius (there is no agglomeration or wear of the
particles):

on(r,x,t 0
(at ) = _67xj [uf(nx, t)n] (1)
where n(rx,t)" is the expected number of particles of size r,
and v(r,x,t) denotes their corresponding velocity. Second, the
corresponding momentum conservation, which adopts the
form of the evolution of the velocity of small spherical particles
in a laminar flow, considering only the dominant, drag and
buoyancy, terms [7]:

4nr® du 4mr3
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where pf and p are the densities of the particle and the fluid,
respectively, 4mr°/3 is the volume of a spherical particle with
diameter # v is the kinematic viscosity, u is the fluid velocity,
and d/dt stands for the total time derivative of the velocity of
the particle, i.e., its total acceleration, its Lagrangian time deriv-
ative. In Eq. (2), the left term represents the linear momentum
variation of a spherical particle and its added mass, because of
the equivalent volume of fluid which moves with the particle,
whereas in the right side there is first a buoyancy contribution
and, next, the drag contribution up to second order in relative
velocities, i.e., velocity of the particle relative to velocity of the
fluid, with an approximation valid for velocity particles whose
Reynolds number based on relative velocity is less than 1, the
theoretically seen drag.

The boundary conditions at the entry are given by the ex-
pected density number for each size following a prescribed log-
normal PDE equally distributed in space and assuming the
particles have the local fluid velocity at the domain entry. At
the exit, zero gradient conditions are used and non-slipping
conditions at walls. Notice that the void fraction information is
known from n(r,x,t).

2.1  Fluid Flow Model

In diesel filtration devices for the automotive industry, the frac-
tion of total volume occupied by particles is extremely small, so
both the particle-particle interaction and the influence of the
particles on the diesel flow can be neglected. However, the die-
sel flow cannot be solved once and for all as the progressive
clogging causes an increasing pressure drop across the filter,
which obviously changes the flow of diesel. Fortunately, this
process is quasi-stationary, i.e., the rate of change of permeabil-
ity caused by the clogging is much slower than all the other

1) List of symbols at the end of the paper.

timescales of the fluid. This means that the flow can be recal-
culated, up to a steady state, at a finite number of times, in
practice order 10, depending on flow and particle conditions
along the filter lifetime.

The Navier-Stokes equation (Eq. (3)) is applied to model the
flow in the pure fluid region whereas the Darcy-Brinkman
equation (Eq.(4)) is employed in the porous region. It is re-
minded that since the evolution of the permeability is very slow
in comparison to the typical flow time scales, a quasi-stationary
approximation for the computation of the flow makes sense.

The resulting equations are:

614,'“] 1 0P 0 Ou;
=t (v ()
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where P is the fluid pressure, ¢ is the porosity, being the empty
volume fraction available for the fluid, and K is Darcy’s perme-
ability with units of [L]* The flow is assumed to be incompres-
sible and with constant density, i.e., the null divergence con-
straint is applied on the velocity field, Vu = u;; = 0.

The previous equations are valid in porous and fluid media,
assuming that in the free zones € = 1 and K= . The singularity
at the interface between free and porous media is treated as
in [1].

2.2 Particle Clogging Model

In order to calculate the pressure drop along the device filter,
some information should be provided about the nature of the
paper used as filter media and its interaction with the clogging
particles absorbed. For this purpose, it is better to describe the
pressure drop not directly as a function of the media perme-
ability, but as a function of four key parameters of the filter.

2.2.1 Clean Filter

The first two parameters are the mean filter clean fiber diame-
ter dr and the ratio of the volume of fibers to the total filter vol-
ume, ie., the packing density & =1-¢ where ¢ is the porosity.
These two parameters describe, through Davies’ law, the pres-
sure drop evolution of a clean fibrous filter with filtration
velocity U as:

a2(1 4 56a%)

AP—64 U
L - Yo d%

(5)

where u is the fluid dynamic viscosity and L means the thick-
ness of the filter.
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2.2.2 Clogged Filter

The other two parameters are related to the absorption process.
The first one is another characteristic diameter, dp, associated
to the deposited particles, which form dendrites similar to a
new collection of fibers, and finally, s which is the local ratio
of the volume of collected particles to the volume of the filter
and is the only one which varies with time. Models like the
ones by Bergman et al. [8] and Thomas et al. [9] are based on
these parameters.

Herein, a model is proposed which assumes absorption of
particles proportional to the local particle concentration value
inside the filter, and an absorption coefficient bp which could
depend on particle size. For a (quasi-)stationary situation, with
a uniform velocity distribution, normal to the paper, and an
averaged absorption coefficient b = b_p for all particles, which
gives the efficiency of the filter, the model would read:

a,(Z,t) *—P %te p (—bZ) (6)

Pp

where Z is the local filter depth, Q is the flow rate, S is the
filtering surface, and X is the local mass particle concen-
tration. The value of ¢, increases with time and decreases with
local depth Z in direction normal to the paper. The permea-
bility of the medium will decrease in the opposite direction and
be related to the mass of particles absorbed. Notice that
X, exp(-bZ) is the local concentration at depth Z.

A new model has been developed in this work to predict the
pressure drop evolution:

APJ[t] MT/ 1+ Gyay(Z, 1)’
[1+ (Coy(2.0))°] 4z

where C;, C,, and C; are unknown func-

norm ISO-TR-13353. The test fluid was ShellFluid 41 doped
with fine test dust A2 ISO 12103-1.

A total of three different cases were studied, and their char-
acteristics, namely flow rate Q, filtering surface S, mass dust
concentration X,,, and dust particle density p,, are summarized
in Tab. 1.

Table 1. Parameters of the disk experiments.

Disk 1 Disk 2 Disk 3
QILh7) 15 15 25
S [m?] 0.0133 0.0133 0.0133
X, [mgL™] 30 100 30
PP [kgm™] 2650 2650 2650

The filtering media (paper) properties are presented in
Tab. 2, namely thickness L, maximum pore diameter Ay;, mean
pore diameter A, porosity €, and initial (clean media) perme-
ability K,

Table 2. Properties of the filtering paper.

L [m] A [m] A [m] € Ko [m?]

6.5x107 15%10°° 5x107° 0.517 2.813x107"

Following the ISO norm, the flow rate was kept constant,
with the exception of the first 30 min of the test when, in order
to check the efficiency of the filtering media, the dust concen-
tration is lowered to 5mgL™". After that period, the concentra-
tions are given in Tab.1. Singular pressure losses, i.e., those
caused by the experimental device without the filtering ele-
ment, are also taken into account.

The single fitting of Eq. (7), integrated along the filter depth
L, to the experimental data for the disk configuration is excel-
lent as it can be seen in Fig. 1.

tions of &, dg, and dp whose values are to be
fitted from experiments for each particular
combination of filtering media and dust.
Eq.(7) is a modified version of Bergman’s
model, but applied to a slice [8, 9]. This for-
mula stays valid for each time increment
and enables the prediction of the pressure
drop during clogging.

p(bar)

3 Experiments and
Numerical Procedure

3.1 Model Calibration
In order to calibrate the filtering media

properties, a series of experiments in a sim-
ple geometrical configuration are needed. 0

| ! | ! | 1

Therefore, a set of measurements of life- 0
time for the disk geometry of the filtering
media have been performed, following the

50 100 150 200
time(minutes)

Figure 1. Pressure drop as a function of time for the three disk configurations of Tab. 1.
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The progressive pressure drop in the filter device is now
described by means of the same constant values of C;, C,, and
C; which are presented in Tab. 3. Using specific values of the
absorption coefficient b as a function of the particle size does
not lead to significant improvements of the fit. Notice that spe-
cific values of b are readily obtained from efficiency experi-
ments.

Table 3. Fitting parameters for Disk 1, 2, and 3.

Cl C2 C3 b

4.06219x10" 22.4152 6.92728 4096

3.2 3D Simulation

A typical filtering element is depicted in Fig. 2a. Such a design
of a filtering element is based on three geometrical parameters,
namely, the filtering paper thickness L, the total filtering sur-
face A, and the required maximum height of the filtering ele-
ment H. With these three parameters, the geometrical design
will result in the filtering element having a certain number of
pleats, separating the, what would be, clean and dirty sides of
the filter. From the numerical simulation point of view, for a
detailed full 3D model a reasonable mesh would have at least a
number of cells of the order presented in Fig.2b, namely,
3-3 M cells. As previously mentioned, the flow is quasi-station-
ary which means that the flow varies so slowly due to the small
pressure drop rate that the flow field should be only updated
for a certain number of times during the lifetime simulation. If
one is seeking for reasonable computing times, this process in-
evitably requires a further simplification of the geometry of
study down to a “building block”, and in the current case this
could be considered the geometry of a single pleat, with a cer-
tain height and with a filtering paper of certain thickness.

In all that follows, 3D simulation results will be presented
for a single pleat geometry, with a mesh size of around 70K
cells, as depicted in Fig. 3. A block-structured mesh was gener-
ated using the in-code mesher of OpenFOAM for this geo-
metry. The model of particle retention was implemented in a
custom solver [1] for filtering developed as a module in
OpenFOAM.

Figure 2. (a) Bosch filter device with the external wall removed to see the filter-
ing paper. The flow enters vertically through the upperside external slots and
exits through the upperside central duct. (b) 3.3M cell mesh.

Figure 3. 3D 70K cell, one pleat mesh.

Two cases are presented here with inflow fluid rates of 120
and 210 Lh™" doped with fine test dust A2-fine of concentra-
tion X, = 50 mgL™".

Detailed flow and particle topology in a more realistic geom-
etry, namely one-sixth of the filtering element in Fig.2b was
described in [1] for a clean filter situation. It could be seen that
the flow field and the particle concentrations were no longer
uniform across the filter surface. Therefore, the direct use of
Eq. (7) considering the same parameters, i.e., filtering area, flow
rate, and particle concentration, is expected not to produce rea-
sonable results which can be observed in Fig. 4.

For a 3D configuration, Eq.(7) should be applied locally in
space. This approach is valid because, as it can be seen in Fig. 5,
in almost every zone of the filter, the velocity vectors of the
flow are normal to the entry/exit surface. The small differences
occur where the pleat bends are not expected to produce signif-
icant errors in the model.

In Fig. 6, the pressure drop through the filter and the velocity
vectors are presented both in a state that corresponds to the
first update of the flow field during clogging (a) and the final
one (b) where the pressure drop reaches the limiting value pre-
scribed in the ISO-TR-13353 lifetime norm. Notice that the
flow pattern is not very dissimilar. The pressure drop takes
place mostly in the filtering media. However, there are, as
expected, changes in the way the clogging process affects the
pressure drop across the filtering media.

Fig.7a demonstrates that the inner corners of the pleat in
the clean side become firstly affected by the particle clogging,
thus, making the pressure drop progressively faster in that area.
With time, those areas practically do not filter anymore and
the model predicts qualitatively well the transition
towards the straight parts of the pleat where most
of the filtration takes place during the lifetime of
the device.

The variations in permeability across the filtering
paper width are presented in Fig. 6 as a result of
applying the model of Eq. (7) locally. The progres-
sive permeability loss in the first layers of the filter-
ing media facing the dirty side of the filter and
normal to the flow direction will cause the pressure
drop to be confined to these areas; see Figs. 7b and
6b.

The 3D simulations do not give only a qualita-
tive match to the experiments, but also a quantita-
tive one and in terms of comparisons with the ex-
periments a considerable improvement is achieved.
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Figure 5. View of velocity vectors on a mesh cut at midheight
plane of the model: (a) initial state, (b) final state.

This is reflected in the lifetime prediction as presented in Fig. 8.
Not only the lifetime value, which is the ultimate goal of the
simulation, but also the intermediate pressure loss due to the

clogging process is much better compared with the experimen-
tal data.

whlal

ilel

150 200

Figure 4. Pressure drop as a function of
time for a 3D filter model using Eq. (7).

4  Conclusions

Simulations of a particle filtering inside an automotive filter

have been presented to model the lifetime in detail of a stand-
ard Bosch automotive filter device.

For the distribution of particle retention, including size ef-

fects, the continuous phase governing equations are supple-
mented with transport equations for the particle size distribu-
tion, using a PDF formalism combined with an absorption law
for particles, size-dependent, and a pressure drop model

expressing the effect of clogging. Both the absorption law and

the pressure model have been developed to characterize the fil-
ter paper properties regarding particle retention, for a specific
paper and dust composition. Being able to fit three different
flows for the same paper and dust composition confirms the
robustness of the approach.

Once the characteristic parameters are fitted for a given fil-
tering paper and test dust in a simplified configuration, the
progressive effects of the non-homogeneous permeability in-
duced by the retention of particles is studied in a standard
Bosch filter device for the same filtering paper and dust. A
good agreement can be noticed between the model and the
experiments, proving the feasibility of this approach. The
numerical simulations of the proposed equations have been

carried out using an in-house modulus for filtering, developed
on top of OpenFOAM.
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Symbols used

A(m) [m]
Am(m)  [m]

bp [_]

b (-]

C1> CZ’ C3 [_]

de [m]

d, (m]

K [m?]

Ko [mz]

L [m]

P [bar]

Q (Lh™]
(T’,X,t) [_]

S [m?]

u [ms™]
v’ [ms™]
Up [ms™']
v [m?s™!]
X, [mg L’l]
Z [m]
Greek letters

ap [_]

a (-]

€ (-]

u kg m’s]
P [kgm™]
p [kgm™]

mean pore diameter
maximum pore diameter
filter absorption coefficient
depending on particle size
size-averaged filter
absorption coefficient
parameters of the pressure
drop model

mean filter clean fiber
diameter

characteristic diameter
associated to the deposited
particles

Darcy’s permeability
initial (clean) permeability
thickness of the filter
diesel pressure

flow rate

dependency on size 1,
position x, and time ¢
filtering surface

diesel velocity

particle velocity

filtration velocity
kinematic viscosity of
diesel

local mass particle
concentration

spatial coordinate through
the filter thickness

local ratio of the volume
of collected particles to the
volume of the filter
packing density, i.e., ratio
of the volume of fibers to
the total filter volume
porosity, i.e., the empty
volume fraction available
for the fluid

dynamic viscosity of diesel
particle density

diesel density
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