
HAL Id: hal-05421351
https://hal.science/hal-05421351v1

Submitted on 17 Dec 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License

Morphological parameters investigation of deposits formed
on pleated filters using DLA

Alexandre Lecoanet, Soleiman Bourrous

To cite this version:
Alexandre Lecoanet, Soleiman Bourrous. Morphological parameters investigation of deposits formed
on pleated filters using DLA. Separation and Purification Technology, 2025, 378 (3), pp.134354.
⟨10.1016/j.seppur.2025.134354⟩. ⟨hal-05421351⟩

https://hal.science/hal-05421351v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Morphological parameters investigation of

deposits formed on pleated filters using DLA

A. Lecoaneta, S. Bourrousa,∗

aInstitut de Radioprotection et de Sûreté Nucléaire (IRSN), PSN-RES/SCA/LECEV,
F-91400, Saclay, France

Abstract

Pleated �lters are widely used as they o�er a greater �ltration area, leading to

lower pressure losses. However, their geometry impacts the air �ow �elds inside

their pleats, which can evolve as more aerosol matter accumulates. This leads to

di�erent behavior between �at and pleated �lters with respect to pressure loss

evolution with both �ltration velocity and deposited mass. To study the e�ect

of streamlines inclination on deposit morphology, the possibility of producing

numerical deposits is here investigated. A custom DLA code is used, which can

handle both poly-dispersed particle populations and streamline tilt for spherical

particles. The DLA approach is particularly relevant for studying pleated �l-

ters as it accurately captures the complex interplay between particle deposition

dynamics, porosity evolution, and �ow �eld modi�cations, which are critical

for understanding clogging behavior and optimizing �lter performance. The

morphological parameters here considered are the porosity, the contact angle

distribution, and the coordination number distribution. The DLA approach, by

accounting for stochastic and deterministic forces, is well-suited for simulating

nanoparticle behavior where Brownian motion is signi�cant. It provides detailed

insights into deposit microstructures and the in�uence of pleat geometry and

�ow incidence angles, o�ering a powerful tool for advancing both theoretical

models and practical applications in aerosol �ltration systems. Computations
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were carried out to reproduce experimental results on porosity obtained with

mono-dispersed PSL and poly-dispersed CsCl particles. Comparisons show good

agreement between the experimental porosities and those computed using the

custom DLA code. Contact angles and coordination number distributions give

physically coherent results. Theoretical probability density functions for the

contact angle distributions in both the di�usion and ballistic regimes were ob-

tained and shown to agree with the distributions numerically obtained. Based

on the adequacy between simulation results and experimental data, the e�ect of

streamlines tilt on deposit porosity was investigated. In the simulations carried

out, inclination of gas �ow direction increases the limiting porosity in the bal-

listic regime when the tilt is higher than 45◦ with respect to the capture plane

normal vector.

Keywords: DLA, HEPA �lters, porosity, contact angle, coordination number,

poly-dispersed, pleated �lters, streamlines tilt

1. Nomenclature

.

Latin letters

Bv Coe�cient linked to brownian motion
√

2kbTair

mpτp
m.s−3/2 [1]

CMD Count median diameter - m [2]

Cu Cunningham coe�cient 1 +Kn [1.257 - Davies 1945

+0.4exp
(
− 1.10

Kn

)]
in [3]

d0 Reference diameter 10−9 m [2]

Db Stokes-Einstein di�usion coe�cient CukbTair

3πµairdp
m2.s−1 [3]

dp Particle diameter - m -

EB [θ] Contact angle expected value - rad -

in ballistic regime

ED [θ] Contact angle expected value - rad -
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in di�usion regime

f Friction coe�cient 3πµairdp

Cu kg.s−1 -

fB Theoretical ballistic contact - #.rad−1 Appendix B

angle probability density function

fD Theoretical di�usion contact - #.rad−1 Appendix A

angle probability density function

Fext External force - N [4]

J Porosity correlation shape factor - - [5]

kb Boltzmann's constant 1.38 · 10−23 J.K−1 -

Kn Knudsen number 2λair

dp
- -

Lf Filter side length - m -

L∗
f Scaled �lter side length Lf

CMD - -

mp Particle mass π
6 ρpd

3
p - -

N (a, b) Normal distribution with mean a
- - -

and standard deviation b

Nc Coordination number - # -

Np Number of particles - # -

NR Number of repeats - # -

p Probability - - -

P0 Standard pressure 101 325 Pa -

Pe Peclet number dpVf

Db
- -

Pair Air pressure - Pa -

R Random force - N [4]

Rp Particle radius dp

2 m -

Stk Stokes number CuρpdpVf

9µair
- -

t Time - s -

T0 Standard temperature 273.15 K -
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Tair Air temperature - K -

Up Particle velocity - m.s−1 -

Vf Fluid velocity - m.s−1 -

W Wiener process - kg.s−1/2 [1]

Xp Particle position - m -

Zmax Z position of the deposit which is - m -

the furthest from the �lter

Z∗ Scale deposit height
∣∣∣ Z
dp

∣∣∣ - -

Greek letters

α Streamline tilt - o -

∆ Di�erence / Absolute uncertainty - - -

∆t Time step - s [1]

ε Porosity - - -

εb Porosity in full ballistic regime - - -

εd Porosity in full di�usion regime - - -

θ Contact angle - rad -

λair Air molecules mean free path 21.55µair

√
Tair

Pair
m [6]

λp Particle mean free path
√

mpkbTair

f m [7]

µair Dynamic viscosity of air 1.496 · 10−6 T 1.5
air

Tair+120 Pa.s [6]

ρair Air density 1.293× 273.15 Pair

TairP0
kg.m−3 Ideal gas

ρp Particle density - kg.m−3 -

σ Standard deviation - - -

σg Geometric standard deviation - - [2]

τp Particle relaxation time
Cuρpd

2
p

18µair
s [4]

ξχ, ξν Vector of 3 elements in N (0, 1)

- - [1]representing randomness of particle

5
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position and velocity

Indices

air Air

max Maximum

p Particle

2. Glossary

DALEC Dépôt par aggrégation Limité par la di�usion pour l'Etude du Colmatage

DLA Di�usion Limited Agregation

HEPA High-E�ciency Particulate Air

LECEV Laboratoire d'Expérimentations sur le Comportement

des Equipements et de la Ventilation

LIMA Laboratoire Interactions Media Aérosols

LRGP Laboratoire Réactions et Génie des Procédés

PSL Polystyrene Latex particle

SCA Service du Con�nement et de l'Aérodispersion des polluants

3. Introduction

. Pleated �lters are widely used, in diverse domains spanning from vacuum10

cleaner to automotive industry or nuclear industry. The reason is that they o�er

an increased �ltration surface leading to a lower �ltration velocity and therefore

lower pressure losses. This boon however comes at a price. Pleated �lters show a

non-linear dependency of pressure drop on �ltration velocity [8, 9, 10, 11] as well

as on deposited mass [12] & [13]. This dependency is function of pleats geometry15

[9, 14]. This deviation can be partially imparted to streamlines constriction with

the pleats[15, 16].

In addition to this deviation from the linear case of Darcy, they are prone to

early clogging. Deposited mater tends to form arch, see Saleh et al. simulation

5



results [17] and [8]. These empty space entrapped this way can be called a20

macroscopic porosity, which was also studied by Alilou [18]. This macroscopic

porosity comes in addition to the structural porosity. The overall porosity is

therefore higher leading to a lower lifetime of the �lter.

. Also, during pleated �lters clogging, segregation of particles can occur [14].

It stems from di�erence in ability of particles to follow streamline deviations,25

which is measured by their higher Stokes number, Stk. For particles of the same

nature, the ones with a bigger diameter will tend to accumulate at pleat end

while the smaller ones will tend to follow the streamlines closely and spread all

over the pleat. This implies that particles accumulation is not homogeneous

throughout the pleat. Particle segregation is also a function of pleats geometry30

[14].

. All phenomena listed in�uence the morphology of the deposits formed in a

pleated �lter, at both the local scale and the global scale. Di�erent zones of

the same pleat can be subjected to di�erent particle populations due to seg-

regations. Also the streamlines may not plunge into the �lter and the deposit35

in the same way, and it can change overtime due to the change in the porous

structure induced by particle accumulation. Conducting experimental investi-

gation of deposit morphology inside the pleats of a �lter is di�cult. To overcome

experimental limitations, numerical study needs to be carried on.

. For the simulation study of �lters clogging two main approach were investi-40

gated [19]. The �rst is based on 3-D microscale modelling [7, 20, 19] in which

each particles trajectories and collisions are solved. The main advantage is that

the entire deposit is obtained. It requires prior knowledge of the laden �ow

�eld and pressure loss are calculated afterward. The second approach is based

on 1-D macroscale pressure drop models [19, 17] for which particles are treated45

as a concentration and deposit in cells of the meshed domain. When particles

deposit in a cell it increases the cells particle concentration, up to when they

reach their maximum solid volume fraction. They become blocked and parti-
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cles deposit in the neighboring cells. It requires experimental data and / or

microscale simulations to determine the deposition rates of particles in the cells50

as well as the maximum solid volume fraction. The main advantage is here that

large domains can be computed, with convoluted shapes. Also, pressure drop is

directly obtained and its in�uence on the �ow can be readily taken into account.

. In this piece of work, the focus is on the possibility to study deposit mi-

crostructure via 3-D microscale modelling approach when the laden �ow arrives55

with a normal or a tilted incidence. First attempts to use DLA to study de-

posit growth date back to the pioneer work of Tassopoulos et al. [21]. In their

work particles move from cell to cell on a square grid. They are put in motion

by a superposition of a deterministic force and of a stochastic force modeling

Brownian motion. Mädler et al. [7] numerically studied the deposits formed60

of mono-dispersed spherical particles and aggregates of such particles under

thermophoresis using DLA approach. Elmøe et al. [20] also successfully used

Langevin [4] to simulate capillary clogging. More recently DLA approach was

used by Dépée et al. [22] to study scavenging of aerosol particles by rain drops

in clouds.65

. We focus on nanoparticles for which Brownian motion cannot be neglected.

Porosity of deposits formed by such particles are scarce. The work of Nuvoli et

al. [23] can however be cited. They measured porosity of deposits formed by

aggregation of nanoparticles and aggregates of nanoparticles on a �at �lter. The

laden air �ow crossed the �ltration medium at right angle. In addition, they70

have shown that the Stokes number (Stk) was more appropriate to describe

porosity (ε) evolution than the Peclet number (Pe). From their experiments,

they obtained an empirical correlation, equation (1).

ε = εd +
(εb − εd)Stk

J + Stk
= 0.9876 +

(0.82979− 0.9876)Stk

0.06498 + Stk
(1)

. The three morphological parameters investigated here are the deposit porosity,

particles contact angles distribution and particles coordination numbers distri-75
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bution. The porosity is the main factor in�uencing pressure drops and also the

clogging rate of pleated �lters. Contact angles distributions and coordination

numbers distributions give quantitative descriptions of the way particles deposit

on each other. As indirect measures of particles deposition their study could

lead to analytic clogging models. Coordination number is also linked to deposit80

resistivity which is important for gas detector, for instance.

. Here the focus is on the surface �ltration, where the particles accumulate

outside of the �ltration medium. First the code used is presented, as well as

the post-processing methods used to obtain the three morphological parameters

investigated here: deposit porosity, contact angle distribution an coordination85

number distribution. The code was written in Python 3 [24] and mainly used

Numpy [25] and Scipy [26] libraries. Then, the code is applied to two sets of

experimental conditions used by Nuvoli et al. [23]. The �rst one was performed

with mono-dispersed spherical PSL, the second one was performed with poly-

dispersed spherical CsCl particles. Porosities are compared Contact angles and90

coordination number distributions are analyzed. Contact angle distributions are

also confronted to asymptotic theoretical distributions presented in Appendix B

& Appendix A. It is the �rst time, to the best of our knowledge, that DLA com-

putations are applied to �ltration with poly-dispersed particles and compared to

experimental results. After the experimental validation, the e�ect of inclination95

of the laden gas direction with respect to the capture plane on deposit porosity

and contact angles and coordination numbers distributions is studied.

4. Methods

4.1. Computation domain

. Particles are entrained by air �ow toward an impenetrable capture plane which100

represents the �lter. Particles are assumed to be spherical with diameter dp.

Agglomeration of particles before they reach the deposited layer or the �lter is

neglected. To amounts to assume that particles are diluted in the gas.
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. The computational domain is schematically depicted in �gure 1.Along Oz axis,

the domain is closed on the capture side by an impenetrable plane simulating105

the �lter, and it is open on the other side. Periodic boundary conditions are

applied on the sides of the domain. To account for periodic conditions with poly-

dispersed particles populations we used ghost particles. These particles simulate

the presence of particle which exceed domain bounds through the planes on

which periodic boundary conditions are applied.110

. Particles drop plane is not �xed, but follow deposit growth. Particles are

dropped from a plane placed just further away from the deposit. The drop

margin is computed so that the biggest particle cannot touch the deposit. The

distance between the biggest particle and the top of the deposit is equal to 5 %

of the biggest particle radius. This margin is lower than that used by Mädler115

et al. [7], who used a margin of 60 dp. We tried the two approaches and did

not observe any change in the morphological parameters we study here. This is

also coherent with the fact that Brownian motion is a Markov process. Particle

position is set at random within the drop plane.

. Air is assumed to �ow upward along +Oz. The �ow can arrive at an angle to120

account for streamline tilt.

. In the code, the particles population is considered to be poly-dispersed fol-

lowing a log-normal distribution, see [2]. In order to avoid arising from unre-

alistically small or large particles the range of diameters was reduced to the

following interval. According to the properties of the log-normal distribution,125

this interval only leaves out 0.3 % of the distribution.

CMD

σ3
g

< dp < CMD × σ3
g (2)

The width of the domain, Lf , was here determined by sensitivity analysis. L∗
f =

Lf

CMD = 60 was used here.
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Figure 1: Schematic description of computation domain.

4.2. Equations of motion

. Lagrangian approach of Langevin [4] is used to simulate particle motion. It130

can be summarized by Eq. (3). It takes into account both the average e�ect of

gas molecule interaction with the particle, i.e. the drag force, and the random

e�ect, R, due to the small number of interactions induced by relative size of

particle and gas molecule mean free path. τp is the particle relaxation time.

mp
dUp(t)

dt
= −mp

τp
[Vf −Up(t)] +R+ Fext (3)

Equation (3) can here be rewritten as equation (4), where Bv is the di�usion135

coe�cient due to Brownian motion and dW (t) is the the Wiener process incre-

ment which is used to model a random walk to approximate Brownian motion

of the particle.
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
dXp(t) = Up(t)dt

dUp(t) =
1

τp
[Vf −Up(t)] dt+BvdW (t)

(4)

Due to the stochastic nature of equation (4) it cannot be solved directly. To

solve this equation the analytical Lagrangian integration scheme by Minier et140

al. [1] is used. This scheme, summarized by equations (5), gives from a given

position and velocity of a particle, its position and velocity after a time-step of

∆t. It can be applied for both short time steps, ∆t << τp, corresponding to

ballistic motion and for large time steps, ∆t >> τp, corresponding to di�usive

motion. The stochastic nature of the scheme is carried by the two vectors ξχ145

and ξν which elements are random variables following the normal distribution

N (0, 1). This scheme was successfully applied in previous studies like the one

of Dépée et al. [22], on aerosol scavenging by water droplets.



Xp(t+∆t) = Xp(t) +Up(t)τp

(
1− e

−∆t
τp

)
+ Vf

[
∆t− τp

(
1− e

−∆t
τp

)]
+Bvτp

√√√√√∆t−
2τp

(
1− e

−∆t
τp

)
(
1− e

−∆t
τp

) ξχ

+Bvτ
2
p

(
1− e

−∆t
τp

)2

√
2τp

(
1− e

− 2∆t
τp

)ξν
Up(t+∆t) = Up(t)e

−∆t
τp + Vf

(
1− e

−∆t
τp

)
+Bv

√
τp
2

(
1− e

− 2∆t
τp

)
ξν

(5)

Eventhough Minier et al. [1] scheme is valid for all values of ∆t it must

be chosen with care when deposit formation is been studied. As stated by150

Tassopoulos et al. [21] and Mädler et al. [7] the particle mean free path, λp has

an impact on deposit microstructure. A particle with a lower mean free path

is more likely to be captured and it generate more porous deposit. If the ∆t

used is too high with respect to λp then some part of the particle displacement

will be missed and it is less likely to be captured. Therefore, if ∆t value too155

high then the compacity of the deposit produced will be arti�cially high. To

11



overcome this hurdle a dimensionless time step, ∆t∗ Eq. (6), indexed on the

main driving force, Vf , the �uid velocity and λp was de�ned. A practical value,

Eq. (6), was determined by sensitivity analysis and con�rmed by confrontation

with experiments, cf. section 5.1.160

∆t∗ =
∆tVf

λp
=

1

40
(6)

4.3. Post-processing

. Deposit visualizations were used for qualitative analysis. These visualizations

were made using ParaView software [27]. For quantitative analysis Python3 [24]

was used (DALEC_PostTraitement). The focus was on three morphological

parameters :165

� The porosity ε;

� The contact angle between particles;

� The coordination numbers of particles.

. To compute the local porosity of the deposit was sliced by 3 000 planes and for

each slice the porosity was taken equal to the ratio of the surface not in a particle170

too the total surface of the slice. As the capture plane is an idealization from

the real case the �rst slices are not representative of the deposit. Likewise for

the lat slices the deposit is not established. Therefore, to compute the average

porosity of the deposit and its standard-deviation, only the porosity of the slices

between 20× CMD and 50 % of the total height of the deposit.175

. For each particles touching at least another one, the contact location is mea-

sured here as the angle between the equatorial plane1 and the contact point.

Only positive values are considered to avoid counting the same contact twice.

Therefore, the contact angles ranges here from 0o if the contact point is on the

1i.e. the plane parallel to the �lter surface passing by the center of the particle.
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equatorial plane and 90o if the contact point is at the pole of the touched par-180

ticle. A theoretical probability density function, f, was obtained, see Appendix

Appendix B. The histograms are here all compared to f.

The distribution of contact angles of the particles gives an indication on how

the particles are captured. Indeed, if particles stack one above the others, i.e.

at 90o from particle equatorial plane, the deposit will be more porous than if185

they preferentially stack side by side, i.e. at 0o from particle equatorial plane.

. For every particle in the deposit, the number of particles it is in contact

with is determined to give a distribution. The distribution of coordination

numbers gives a measure of the deposit morphology as a contact number of 2

corresponds to a particle in a linear chain while coordination number of one is190

a chain termination and contacts angles above two correspond to particle at a

fork.

5. Results & discussion

. In this section the results obtained are presented in two parts. The �rst one

focuses on experimental confrontation with experiments carried out with mono-195

dispersed and poly-dispersed spherical particles. The second one deals with the

e�ect of �ow direction tilt on morphological parameters.

5.1. Experimental confrontation

. DLA code are often compared to each other [7], but often su�er from a lack

of experimental confrontation. That is why our code is confronted here to200

experiments carried out by Nuvoli et al. [5, 23].

5.1.1. Mono-dispersed PSL particles

. Nuvoli et al. [5, 23] performed experiments with spherical PSL. These particles

had a CMD of 64 nm. The experimental conditions tested by Nuvoli et al.

[5, 23] are summarized in table 1, along with the porosity, ε, which was the205

main results of these experiments.
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. Calculations were launched for the same gas velocity as for the experiments,

see table 1. All relevant parameters used for the calculations are summarized

in table 2. All particles generated had the same diameter; σg was set to 1.

. The porosity evolution with the absolute scaled distance from the �lter, Z∗ =210 ∣∣∣ Z
dp

∣∣∣, for all the calculations are given in �gure 2. The two establishment zones

are visible for low and high values of Z∗. The �rst spans roughly up to between

Z∗ = 10 and Z∗ = 20 while the second one begins at Z∗ = Z∗
max − 20. The

analysis zone is located outside the establishment zone. Therefore, no bias was

introduced by this means in the porosity calculations.215

. Figure 3 show the evolution of the average deposit porosity, ε, with Stokes

number, Stk, as obtained via the computations along side the one obtained from

experimental results from Nuvoli et al. [5, 23] and the one given by Nuvoli et

al. [5, 23] correlation, equation (1). Visualizations of three deposits formed in

the di�usive regime, V0, the transition regime, V2, and the ballistic regime are220

given in �gure 3.

For V ⩾ V 2 the computations reproduce accurately the the both the mea-

sured values as well as the ones from the correlation. The computed values

are within the experimental uncertainties, or the experimental point, V4, lies

inside the dispersion interval around the computed values. For V0 and V1, the225

computed values for ε are similar to the ones obtained with correlation (1), but

they are far from the experimental ones. The correlation was obtained on a

larger batch of experiments with more diverse conditions. Therefore, experi-

mental bias is suspected and the results from the correlation is deemed more

truth worthy.230

. DLA can thus be used to construct numerical deposit of mono-dispersed par-

ticles which porosities are coherent with real deposits.

. As our code can reproduce macroscopic morphological parameter of the PSL

deposits, the porosity porosity, it is possible to go further and analyze the con-

tact angles distributions as well as the coordination numbers distributions.235
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Figure 2: Porosity evolution for PSL with scaled deposit height, Z∗ for every repetition of

every calculation corresponding to tables 1 & 2. Red vertical discontinuous line represents

the lower bound used for mean porosity evaluation, see section 4.3. Other discontinuous lines

represent the higher bound used for mean porosity evaluation, see section 4.3.
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ε

10-2 10-1

Stk
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0.86

0.88

0.90
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0.94

0.96

0.98
Correlation

Simulations

Experiments

V4
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Figure 3: Top: Porosity evolution with Stk for PSL particles, considering input parameters

in tables 1 & 2, according to the simulations, to correlation (1), and to experiments presented

in [23] & [5]. Con�dence intervals on experimental points are pictured by means of arrows.

Arrows on simulations represent dispersion 2σε. Bottom: Deposit visualization for the �rst

repeat calculations for V0, V2 and V4 obtained with ParaView. 3D representations of the

three deposits showed here are available as ".ply" �les in supplementary materials.
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Index Vf

[
m.s−1

]
σVf

[
m.s−1

]
Pe [−] σPe [−] Stk [−] σStk [−] ε [−]

V0 7.34 · 10−3 3.3 · 10−5 0.314 6.1 · 10−3 1.22 · 10−2 2.4 · 10−4 0.988

V1 1.54 · 10−2 6.9 · 10−5 0.66 1.3 · 10−2 2.57 · 10−2 5.0 · 10−4 0.978

V2 6.61 · 10−2 3.0 · 10−4 2.83 5.5 · 10−2 1.10 · 10−1 2.1 · 10−3 0.898

V3 1.47 · 10−1 6.6 · 10−4 6.3 1.2 · 10−1 2.45 · 10−1 4.7 · 10−3 0.868

V4 6.67 · 10−1 1.6 · 10−3 15.7 3.0 · 10−1 6.11 · 10−1 1.2 · 10−2 0.845

Table 1: Porosity obtained by Nuvoli [5] for PSL with CMD = 64 nm and σg = 1.1, along

with the corresponding experimental parameters. The uncertainty on ε is ∆ε = 0.003.

CMD [nm] σg [−] ρp
[
kg.m−3

]
Tair K Pair [Pa] Np [#] Rep [#]

64 1 1 050 293.15 101 325 43 200 5

Table 2: Parameters used for computations performed for confrontation with Nuvoli [5] ex-

periments with PSL, see table 1.

The contact angles distributions are available in �gure 4 for the PSL deposits

numerically created. Con�dence intervals are narrower than the di�erences be-

tween two sets of computations carried out on di�erent gas velocities. Evolution

in distributions are therefore signi�cant and can be analyzed. Going from the

lower to the higher Stk values, the mod shifts from around 0 o to around 45 o.240

The average contact angle, which are given in table 3, increase as well, while

the attached standard deviation stays the same. Distribution shape evolves

with Stk. When Stk decreases the distribution tends toward the theoretical

limit for a pure di�usion regime, as presented in Appendix A while when Stk

increases the distribution tends toward the theoretical limit for ballistic regime,245

as presented in Appendix B. The tendency is also noticed on the average contact

angles gathered in table 3 which shift from 34 o for the lowest Stk values to 43 o

for the highest ones. These values agree with the mathematical expectancies

for pure di�usion, ED [θ] = 32.7 o see. Appendix A, as well as for the ballistic

regime, EB [θ] = 45 o see. Appendix B. A di�erence between the di�usion and250
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the ballistic regimes is that in ballistic regime the angle mode and average are

identical as this is not true in di�usion regime.

From another point of view, we can note that the increase in frequency of

contact angles of around 0 o for lower values of Stk are coherent with the increase

in lateral movements of particle with respect to the �ow in di�usion regime. So255

the limit distribution of contact angles for both low and high Stk values can be

physically explained and were theoretically modeled. It builds con�dence in the

physical adequacy of the deposit created. It also means that reduced values like

the average contact angles given in 3 can be used for global description of the

deposit.260

Index θ [o] σθ [o]

V0 34 22

V1 35 22

V2 37 22

V3 40 22

V4 43 21

Table 3: Mean and standard-deviation of contact angles distributions obtained on PSL com-

putations, see table 1 & 2.

. The last microstructural parameter studied here is the coordination number,

Nc. Coordination numbers distributions computed on numerically obtained PSL

deposits are given in �gure 5. The con�dence intervals are narrower than most

evolutions witnessed. The maximum coordination number observed is of 6 when

the theoretical maximum is 8. These results are therefore, plausible. Con�dence265

intervals on coordination numbers of 5 and 6mostly include 0 in frequency. They

are left aside for the analysis. With an increase in Stk comes an increase in

relative frequencies of coordination numbers 0 and 2, and a decrease in all other

coordination numbers. Nc = 0 corresponds to particles that passed through the

deposit without touching it. The probability for this to happen increases when270
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Figure 4: Contact angles histogram for simulations conducted using PSL, cf. tables 1 & 2.

Con�dence intervals are given as black arrows. The theoretical probability function in ballistic

regime presented in appendix Appendix B is represented in continuous form as a dotted black

line, and in the histogram form as a solid black line. The theoretical probability function in

di�usion regime presented in appendix Appendix A is represented in continuous form as a

dashed-dotted red line, and in the histogram form as a solid red line.
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the particle travels in a straight line; so in ballistic regime. Likewise, particles

with Nc = 2 are parts of linear chains of particles. These linear chains can form

when particle pile on top of each other. These two Nc are coherent with ballistic

transport at high Stk values. Conversely, Nc > 2 correspond to a particle at a

fork. More particle with Nc > 2 indicates a more branched structure, with each275

branch terminated by a particle with Nc = 1. So increase in Nc = 1 and Nc > 2

are coherent with a di�usion transport regime of particles. The coordination

numbers distribution limit trends are compatible with the expected physical

transport regimes.

5.1.2. Poly-dispersed CsCl particles280

. Our DLA approach was tested on CsCl poly-dispersed particles populations

experimentally investigated by Nuvoli et al. [5, 23]. The main experimental

parameters along with the measured porosities are summarized in table 4. CsCl

particle are spherical and in Nuvoli et al. [23] experiments, their size distribution

followed a log-normal distribution. Particle population parameters are gathered285
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in table 5 along with the numerical parameters used. An example of particles size

distributions used for computations is available in �gure 6. They are compared

to the theoretical distribution. The numerically generated distributions are in

adequacy with the theoretical one. The generation limits are also displayed on

�gure 6, see equation (2).290

Index Vf

[
m.s−1

]
σVf

[
m.s−1

]
Pe [−] σPe [−] Stk [−] σStk [−] ε [−]

V0 4.09 · 10−4 8.2 · 10−6 1.6 · 10−2 2.2 · 10−3 2.6 · 10−3 3.6 · 10−4 0.974

V1 1.64 · 10−3 3.3 · 10−5 6.4 · 10−2 9.0 · 10−3 1.0 · 10−2 1.4 · 10−3 0.965

V2 8.19 · 10−3 1.6 · 10−4 3.2 · 10−1 4.5 · 10−2 5.2 · 10−2 7.2 · 10−3 0.913

V3 3.27 · 10−2 6.6 · 10−4 1.3 1.8 · 10−1 2.1 · 10−1 2.9 · 10−2 0.870

V4 1.47 · 10−1 6.6 · 10−4 5.7 8.0 · 10−1 9 · 10−1 1.3 · 10−1 0.840

V5 5.87 · 10−1 2.6 · 10−3 23 3.2 3.7 5.1 · 10−1 0.840

Table 4: Porosity obtained by Nuvoli [5] for CsCl particles with CMD = 62 nm and σg = 1.75,

along with the corresponding experimental parameters. The uncertainty on ε is ∆ε = 0.003.

CMD [nm] σg [−] ρp
[
kg.m−3

]
Tair K Pair [Pa] Np [#] Rep [#]

62 1.75 3 990 293.15 101 325 15 000 5

Table 5: Parameters used for computations performed for confrontation with Nuvoli [5] ex-

periments with CsCl particles, see table 4.

. Porosity (ε) evolution with Z∗ is available for all calculations in �gure 7. The

two establishment zones are always visible. They spans up to Z∗ = 20 for the

�rst one and from Z∗ = Z∗
max−30 for the second one. Their size is greater than

for the mono-dispersed case, see �gure 2. This could be a polydispersion e�ect as

well as the e�ect of a reduction in number of particles. Computations were done295

with more particles during prototyping of domain size and number of particles,

and the increase of the second establishment zone from Z∗ = Z∗
max − 20 to

Z∗ = Z∗
max − 30, was also witnessed for computations with a greater number of

21



Figure 6: CsCl particle size distributions for the 5 simulations with V0, cf. tables 4 & 5.

The generation limits are pictures as vertical discontinuous red lines, see equation (2). The

theoretical distribution is represented as a discontinuous black line.

particles. The number of particles was reduced when poly-dispersed particles

were considered because of computation time and deposit height. The �nal goal300

is here to investigate the e�ect of streamline tilt, and computations without

tilt are used later in the present piece of work as a comparison point. To

put aside e�ect of numbers of particles, the computations should be conducted

with the same number of particles. Streamline tilt induces a drastic increase

in computational time. To keep the time reasonable with tilt and maintain the305

same number of particles, the number of particles was reduced. The height of

deposit is higher in the poly-dispersed case compared to the mono-dispersed

case. It is one of the reasons the number of particles could be reduced.

Compared to mono-dispersed case presented here, see �gure 2, porosity

evolution with deposit height in the poly-dispersed case, see �gure 7, is more310

volatile. This is due to both the reduction in particle number and to the poly

dispersion.

In between the considered analysis limits, see section 4.3, the porosity is

stable.

. Figure 8 gives porosity evolution with Stk as computed from the numerical315

deposits produced by the code, as computed using correlation (1), as measured

by Nuvoli et al. [23], along with three examples of numerical deposits. Arrows

around simulations values indicate dispersion, while the one around the exper-
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Figure 7: Porosity evolution for CsCl particles with scaled deposit height, Z∗ for every rep-

etition of every calculation corresponding to tables 4 & 5. Red vertical discontinuous line

represents the lower bound used for mean porosity evaluation, see section 4.3. Other dis-

continuous lines represent the higher bound used for mean porosity evaluation, see section

4.3.
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imental points picture the con�dence intervals. For 4 out of the 6 investigated

sets of conditions, the simulations values are within the experimental con�dence320

intervals. For the remaining 2 the experimental points are within the dispersion

around the simulations values. It appears as the change between the di�usion

and the transition regime as well as the change between the transition regime

and the ballistic regime are anticipated by the simulations. Likewise, for 4 out

of the 6 investigated sets of conditions, the simulations values are closer to the325

experimental points than correlation (1). In conclusion our approach allows for

accurate computation of deposit porosity in the three main regimes: di�usion,

transition, ballistic.

. Contact angle distributions computed for CsCl simulations are available in

�gure 9. As noted for mono-dispersed PSL the distributions tends toward the330

di�usion and ballistic theoretical limits which are presented respectively in Ap-

pendix A & Appendix B. The average and standard deviation of contact angles

are given in table 6. The values are bounded by the theoretical mathematical

expectancies for both the di�usion regime, ED [θ] = 32.7 o see. Appendix A,

for low Stk values and the ballistic regime, EB [θ] = 45 o see. Appendix B. The335

adequacy is better than for mono-dispersed PSL.

Index θ [o] σθ [o]

V0 33 22

V1 33 22

V2 34 22

V3 36 22

V4 40 22

V5 44 21

Table 6: Mean and standard-deviation of contact angles distributions obtained on CsCl par-

ticles computations, see table 4 & 5.
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Arrows on simulations represent dispersion 2σε. Bottom: Deposit visualization for the �rst
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three deposits showed here are available as ".ply" �les in supplementary materials.

25



0 
- 

10

� [°]

10
 -

 2
0

20
 -

 3
0

30
 -

 4
0

40
 -

 5
0

50
 -

 6
0

60
 -

 7
0

70
 -

 8
0

80
 -

 9
0

0.0

d
N

p
 /

 d

�

 [
#
/r

ad
]

0.2

0.4

0.6

0.8

1.0

Confidence interval

V0: Stk = 2.6 .10-3

V1: Stk = 1.0 .10-2

V2: Stk = 5.2 .10-2

V3: Stk = 2.1 .10-1

V4: Stk = 9 .10-1

Theoretical, balistic

Theoretical, diffusion

V5: Stk = 3.7

0 
- 
π
/1

8

π
/1

8 
- 
π
/9

π
/9

 -
 π

/6

π
/6

 -
 4
π
/1

8

4π
/1

8 
- 

5π
/1

8

5π
/1

8 
- 
π
/3

π
/3

 -
 7
π
/1

8

7π
/1

8 
- 

8π
/1

8

8π
/1

8 
- 
π
/2

θ [rad]

Figure 9: Contact angles histogram for simulations conducted using CsCl particles, cf. tables

4 & 5. Con�dence intervals are given as black arrows. The theoretical probability function

in ballistic regime presented in appendix Appendix B is represented in continuous form as a

dotted black line, and in the histogram form as a solid black line. The theoretical probability

function in di�usion regime presented in appendix Appendix A is represented in continuous

form as a dashed-dotted red line, and in the histogram form as a solid red line.
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. Coordination numbers histograms are reported in �gure 10. The maximum

coordination number encountered was of 30. However, frequencies for Nc > 10

show no visible evolution with Stk and their con�dence intervals limits are close

to 0 therefore this part of the diagram was left out. This is one of the di�eren-340

cies between mono-dispersed and poly-dispersed particles populations that the

maximum coordination is no longer 8, and is mush higher. Another di�erence

is that Nc = 3 frequency seems una�ected by Stk variations. The global de-

scription is the same, as lower Stk lead to more arborescent structures typical

of di�usion process, while higher values of Stk lead to more linear structures345

typical of ballistic accumulation.
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5.2. Streamlines tilt e�ect on deposit

. To study the e�ect of gas streamline tilt for a poly-dispersed population of

particles, the same CsCl particle population is considered as well as the same

numerical parameters as in previous section, see tables 4 & 5. The only change350

is the tilt, α, of the gas �ow with respect to the normal to the capture plane.

In addition to the previous case α = 0 o, 7 other values were investigated

α ∈ [5 o, 15 o, 30 o, 45 o, 60 o, 75 o, 85 o]2.

. All contact angles distributions obtained for di�erent values of α investigated

are gathered in Appendix C. No e�ect of α on the contact angles distributions is355

witnessed. Likewise, all coordination numbers distributions obtained for di�er-

ent values of α investigated are gathered in Appendix D. No e�ect of α on the

coordination numbers distributions is witnessed. Therefore, here the focus is on

the e�ect of α on porosity. Porosity results are plotted against Stk in �gure 11.

Visualizations of 4 deposits obtained from di�erent values of α and Vf are given360

in �gure 12. To extract asymptotic porosity values in di�usion, εd, and ballis-

tic, εb regimes non-linear curve-�tting3 was applied to ε = g (Stk) data for each

tested value of α. The type of function assumed for the non-linear curve-�tting

is the same as correlation (1). The unknowns are εd, εb, and J . To initialize

the non-linear curve-�tting procedure correlation (1) were used. ε = g (Stk) re-365

sulting from the non-linear curve-�tting procedures are also displayed in �gure

11. Values of εd and εb along with their con�dence intervals are plotted against

α in �gure 13.

. In di�usion regime Stk << 1, data points in �gure 11 are close to each other.

Also, the deposit formed are similar, see �gure 12. Finally, all the con�dence370

intervals of εd overlap, see �gure 13. ε is una�ected by α. The lower the Stk,

likewise the lower the Peclet number, the lower the e�ect of inertia compared to

2α = 0 o means that the �ow is normal to the capture plane, while α = 90 o means that

the �ow is parallel to the capture plane.
3Scipy.optimize.curve_�t from Scipy 1.2.1 was used.
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di�usion. Therefore, the fact that εd is una�ected by streamline tilt is physically

valid.

. In ballistic regime Stk ⩾ 1, the e�ect of α is not linear. For α ⩽ 45 o, no375

signi�cant variation of εb is visible on �gure 11 & 13. For α > 45 o, a signi�cant

increase of εb is blatant on �gure 11 & 13. This follows from a structural changes

in the deposit formed as can be seen by comparing deposits formed at V5 with re-

spectively α = 45 o and with α = 85 o in �gure 12. When streamlines are tilted,

already deposited particles prevent moving particles to deposit behind them.380

This leads to higher εd values. For the limiting case α = 90 o, the only trans-

port mechanism for particles to reach the deposit surface is di�usion. Therefore,

in this case εb = εd. One ca note that con�dence intervals of εb (α = 85 o) and

εd (α = 75 o) overlap, meaning that εb (α = 85 o) = εd (α = 75 o). The evolu-

tion of εb with α observed is coherent with the physical interpretations given.385

.
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6. Conclusion

. The aim of the present piece of work is to study the possible use of DLA

code to study microsctructural parameters of deposits produced by �ltration

of poly-dispersed spherical particles transported by an air �ow arriving on the390

capture plane with a tilt.

. It was shown that a DLA approach with periodic boundary conditions can

produce numerical deposits which porosity matches experimental porosity data

for both monododispersed and poly-dispersed particles. Other microsctructu-

tal parameters were studied, i.e. contact angles distribution and coordination395

numbers distributions. These data are di�cult to achieve experimentally. The

distributions obtained from analysis of the numerical deposits are physically

credible. Realistic theoretical models were obtained for contact angle distribu-

tions in both di�usion, see Appendix A, and ballistic, see Appendix B, regimes.

They match numerical simulations results.400

. Investigation of streamlines tilt showed that neither does it a�ects the contact

angles distributions nor the coordination numbers distributions. It does not

a�ects the limit porosity in di�usion regime, εd. However, it does a�ects the

limit porosity in ballistic regime, εb, where a threshold e�ect is witnessed. For

α ⩽ 45 o, εb stays una�ected, but for α > 45 o, εb increases and tends toward405

εd. This increase can, if it occurs to early clogging of pleated �lters.

. Data on contact angles could be used as a basis for global porosity models for

HEPA pleated �lter for instance. Segregation and surface reduction can occur

during pleated �lters clogging. Flow �elds inside the �lters pleats can therefore

change as more aerosol matter is deposited. Porosity can therefore evolve in410

time and within the pleat. Coupling DLA codes like the one used here to CFD

could help solve this problem and give accurate numerical simulations capable of

handling the e�ect of deposit microsctructural changes throughout the clogging

process on the pressure drop as well as on the clogging itself. Dynamic porosity
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maps could be generated. This in turn could lead to better design of aerosol415

�ltration units, and better operations practices.
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Appendix A. Contact angle probability density function in di�usion

regime

. A theoretical contact angle probability density function fD was obtained in

di�usion regime. The situation understudy is represented in �gure A.14. To565

obtain fD we assume that the moving particle moves in every directions with no

preferred one and can collide with the deposited particle on all its outer surface.

We then study the ratio of the number of positions corresponding to an contact

angle interval to the total number of possible positions.

. For a deposited particle of radius RD and a moving particle of radius RM ,570

all the possible positions of the center of the moving particle at collision lie on

a sphere of radius R = RM + RD. Our post-processing way gives the absolute

value of the contact angles. Therefore, here we only consider half of the sphere

for which θ ⩾ 0. The total surface containing the initial position just prior to

capture area is:575

ST = 2πR2; with R = RM +RD (A.1)

The area of the di�erential surface dS containing the positions just prior to

capture, which corresponds to contact angles between θ and θ+dθ follows from

Pappus' centroid theorem in di�erential form:

dS(θ) =

ϕ=π
2∫

ϕ=0

r (θ)

√(
dr

dθ

)2

+

(
dz

dθ

)2

dθ (A.2)

r (θ) = Rcos (θ) ; with R = RM +RD (A.3)

z (θ) = Rsin (θ) ; with R = RM +RD (A.4)

dS(θ) = 2πR2cos (θ) dθ (A.5)

The probability density is the variation of the probability p with θ.
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Figure A.14: Schematic of the system considered to obtain the probability density function

of contact angles in di�usion regime.

dp

dθ
=

1

ST

dS(θ)

dθ
=

2πR2cos (θ)

2πR2
= cos (θ) (A.6)

The probability density function can thus be written:580

fD :
[
0, π

2

]
→ [0, 1]

θ 7→ cos(θ)
(A.7)

. From the probability density function the expected value, ED [θ] of the contact

angle in di�usion regime can be computed.

ED [θ] =

π
2∫

0

θfD (θ) dθ =

π
2∫

0

θcos (θ) dθ (A.8)

Integration by parts then yields :

EB [θ] =
π

2
− 1 rad = 32.7 o (A.9)
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Appendix B. Contact angle probability density function in ballistic

regime585

A theoretical contact angle probability density function fB was obtained in

ballistic regime. The situation understudy is represented in �gure B.15. To

obtain fB the probability of capture of a spherical particle by a another one is

studied. The following assumption were made :

� the traveling particle is dropped from a plane PD;590

� the traveling particle moves in straight line in the direction of the normal,

N , to the drop plane.

The set of initial positions of the moving particle leading to capture by the

deposited particle is a disk, with an area of :

ST = π (RD +RM )
2 (B.1)

where RD is the radius of the deposited particle and RM the radius of the595

moving particle. The moving particle is initially placed at random on this disk.

The probability that the moving particle collides with the deposited particle at

a contact angle within [θ, θ + dθ], is here noted dp. dp is the ratio of the surface

containing the initial positions of the moving particle leading to a capture within

those limits, dS(θ), to the surface of the entire disk, ST :600

dp =
dS(θ)

ST
=

2πrdr

π (RM +RD)
2 (B.2)

With:

r = cos(θ) (RM +RD) (B.3)

dr = −sin(θ) (RM +RD) dθ (B.4)

As we are interested in the variation in area and not on whether it is a

reduction or an increase, we take the absolute value:
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dp

dθ
= 2cos(θ)sin(θ) = sin(2θ) (B.5)

The probability density function is therefore given by equation (B.6).

fB :
[
0, π

2

]
→ [0, 1]

θ 7→ sin(2θ)
(B.6)

. From the probability density function the expected value, EB [θ] of the contact605

angle in ballistic regime can be computed.

EB [θ] =

π
2∫

0

θfB (θ) dθ

π
2∫

0

θsin (2θ) dθ (B.7)

Integration by parts then yields :

EB [θ] =
π

4
rad = 45 o (B.8)
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N

Figure B.15: Schematic of the system considered to obtain the probability density function of

contact angles in ballistic regime.
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Appendix C. Contact angles for tilted streamlines

. Here are gathered the contact angles obtained with the di�erent α values.
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Figure C.16: Contact angles histogram for simulations conducted using CsCl particles with

α = 5 o.
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Figure C.17: Contact angles histogram for simulations conducted using CsCl particles with

α = 15 o.
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Figure C.18: Contact angles histogram for simulations conducted using CsCl particles with

α = 30 o.
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Figure C.19: Contact angles histogram for simulations conducted using CsCl particles with

α = 45 o.
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Figure C.20: Contact angles histogram for simulations conducted using CsCl particles with

α = 60 o.
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Figure C.21: Contact angles histogram for simulations conducted using CsCl particles with

α = 75 o.
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Figure C.22: Contact angles histogram for simulations conducted using CsCl particles with

α = 85 o.
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Appendix D. Coordination numbers for tilted streamlines610

. Here are gathered the contact angles obtained with the di�erent α values.
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Figure D.23: Coordination numbers histogram for simulations conducted using CsCl with

α = 5 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.24: Coordination numbers histogram for simulations conducted using CsCl with

α = 15 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.25: Coordination numbers histogram for simulations conducted using CsCl with

α = 30 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.26: Coordination numbers histogram for simulations conducted using CsCl with

α = 45 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.27: Coordination numbers histogram for simulations conducted using CsCl with

α = 60 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.28: Coordination numbers histogram for simulations conducted using CsCl with

α = 75 o. Parts of the histograms with Nc > 10 were left out.
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Figure D.29: Coordination numbers histogram for simulations conducted using CsCl with

α = 85 o. Parts of the histograms with Nc > 10 were left out.
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