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Résumé

,O QYH[LVWH j FH MRXU DXFXQH UpJOHPHQWDWLRQ I1UDQ«¢
nanomatériaux manufacturés, que ce soit au niveau de la fabrication, de lI'usage ou de la fin de
vie. De tels produits ou nartéchets peuvent se retrouver en unités d'incinération de déchets
ménagers et assimilés. Des études (projet ADEME CORTEA NanoFlueGas No. 1181C0088

Le Bihan et al. 2014 Ounoughene et al. 2018VNalser et al. 2012) ont montré laépence

dans les fumées en sortie de chambre primaire, des nanoparticules originelles, seules, ou sous
IRUPH GTDJUpJDWYV ORUV @éthadstn GRAitQnsLhinviiteR Glieées! QDQR
FODVVLTXHV GILQFLQPUDWLRQ 2 WlesGiel prolg)mesRsaniddiray etF X O H Vv
environnementaux. En effet, des études toxicologiques démontrent clairement que leur tres
petite taille est un élément clé au niveau de la toxicité, en particulier les particules non ou peu
VROXEOHV 2V WLJXéstHdurgddd une attentiénfparticuliere est portée sur le
WUDLWHPHQW GHV IXPpHV GILQFLQpUDWLRQ HQ SDUWLEF>
O 1 D E D Wed/ paRricli@sNV

La technologie étudiée dans ce travail de thése est la filtration partdes dilmanches, une
WHFKQLTXH VLPSOH HW HIILFDFH SRXU OD FDSWXUH GHV S
OHV SOXV XWLOLVpV GDQV OYLQGXVWULH /H &RT

/IHV WUDYDX[ SUpVHQWpV GDQV FH UDSSRUW RQWIlepWp UpD
entre IMT Atlantique et Universitt Mohammed V Faculté des sciences,-financée par le
programme Hubert Curien TOUBKAL (campus France + CNRST) et TREMiroupe

Séché.

/I TREMHFWLI GH FH SURMHW HVW GH TXDQWrelA.rhldch@e BV SHU I
OfpFKHOOH GX ODERUDWRLUH ORUV GHxrFANOBYXQHDPERY
UHSUpVHQWDWLI GH FHOXL pdécketS Dds applitafions spes BantldR Q G H
PPLVVLRQV GH SDUWLFXOHYV L WatXrhEviagend e@ofl industri€lpet BiW L R Q
SDUWLFXOLHU GHV GpFKHWV FRQWHQDQW GHV QDQRPDW
HISpPULPHQWDOHPHQW OfYLQIOXHQFH GHV SDUDPQWUHV R
température du gaz, la vitesse de filtration, etdaure des particules sur les performances de
ILOWUDWLRQ GYXQ ILOWUH j PDQFKH $LQVL GHV FDPSDJQ

filtration sont complétées par des simulations numériques de transport des particules.

Afin de satisfaire aux condlins réalistes de fonctionnement rencontrées dans les lignes de
traitement des fumées, le filtre & manche opere dans des gammes de température autour de

150°C, de teneur en eau de 1®%, et de vitesse de filtration autour de @n®.s'. Les



particulesco-injectées sont des réactifs (charbon actif et bicarbonate de sodium) ainsi que des
SDUWLFXOHYVY UHSUpVHQWDWLYHV GH féche@HontdndhvdddV GH
nanomatériaux (projet ADEME CORTEA NanoFlueGas No. 1181C00&8Bihan et al

/IHV SHUIRUPDQFHV GH ILOWUDWLRQ VRQW pYDOXpHV
collecte des particules et des pertes de charge du filtre a manche au cours des cycles

colmatage/décolmatage.

Une étude bibliographique présentée danshigpitre 1, porte sur le traitement des fumées
GILQFLQPUDWLRQ HW SUpVHQWH QRWDPPHQW OH SURFpC
chapitre présente également les caractéristiques structurales des meédias fibreux, la distribution
des tailles des aérosols aigsie les forces agissant sur les particules dans un écoulement de

gaz conduisant au dépét et a la capture des particules dans un média fibreux.

Ce chapitre aborde également les performances des médias fibreux en fonction du temps en
WHUPHYV G 1pYaRerke Wd ehqrgeset de l'efficacité de filtration. La théorie de la
filtration distingue deux étapes dans I'évolution des performances du filtre. Dans la premiere
étape, la collecte des particules se produit a la surface des fibres constituant lebmatdia f

grace aux mécanismes de filtration (principalementusiiéin brownienne, interception et
impaction); durant cette étape, I'évolution de la perte de charge est négligeable mais
l'efficacité de filtration augmente. Dans la deuxieme étape, un gaegoaricules se
construit a la surface du média filtrant et devient le principal responsable de la collecte des
particules et de l'augmentation de la perte de charge du filtre et de l'efficacité de collecte.

Ainsi, le gateau de particules joue un réle eskdans la collecte des particules.

&H FKDSLWUH SUpVHQWH pJDOHPHQW XQH UHYXH ELEOLRJ
température, la vitesse de filtration, la taille et la nature des particules sur le dép6t des

particules et par conséquent &g performances de filtration par un média fibreux.

Les matériels et méthodes employés durant les campagnes expérimentales sont décrits dans le

chapitre Il . Deux configurations expérimentales ont été utilisées pour le colmatage de deux

géomeétries de fite différentes (filtre & manche et filtre plan). Quelle que soit la géométrie du

filtre, il est constitué du méme média filtrant issu de 2 manches industrietiesctivement

ODYpH HQ FRXUV GH YLH HW QHXYH IRXUQ lésde F&ldh OTHQW
SRO\WWpWUDIOXRURpPWK\OgQH 37)( ,0 VIDJIJLW GYXQ PpGLD

La manche filtrante testée est un filtre prototype de diametre de 150 mm et de hauteur réduite

j PP SRXU XQH VXUIDFH QR225InO WD IFVRIQRIQIGY B @ Y RQRIQV W

manche verticale&quipé&e d'un systéme de décolmatagempulsion JePuls Au cours de



cette procédure de décolmatage en ligae particulesdéposéesur la surface ul média
filtrant sont retirées en utilisafiinjection d'air comprimé (a-8 bars) pendant,® s dans la
direction opposée au flux de gaz

/TXQLWp SLORWH GH ILOWUDWLRQ GpYHORSSg.ROBDQV OH
SRXU OfpWXGH GX ILOWUH j PDQFKH HQ FRQGLWLRQV RS
WUDLWHPHQW GHV IXPpHV @&4ducartlcespravauy deRt@seD epidie d2Pp O L |
traitement a notamment été équipé d'un systeme de nettoyageétqmesoufflage a air

comprimé (jet d'impulsions), afin de pouvoir quantifier les performances de filtration du filtre

a manche pendant plusieurs cycles de colmatage/décolmatage. Dans le pilote de filtration,
TXDWUH JRQHV VH GLVWIOQOXREQYWDWRRW GKDERWRWNH SDU !
XQH JRQH GH FKDXIIDJH GH OYDLU MXVTXYj] f& DYHF LQMH
]JRQH GH WHVW HQWLQUHPHQW FKDXIIpH | f& HW FDOF
particules,ii) le modile de filtre a manche et les points de prélevement amont/aval du filtre
SRXU OD PHVXUH GH OfYHIILFDFLW pv)3eDréjet@pted-deriSnsdatiod U 6 0 3 ¢
des gaz et filtration des particules résiduelles. Le décolmatage de la manche fiktante e
assuré par rétreoufflage (67 bar). Un réservoir amovible chauffé a 150°C permet de
UpFXSpUHU OHV SRXVVLqQUHVY HQ EDV GX PRGXOH GH ILOWU
ODERUDWRLUH GpGLp j OTpWXGH GHVY QDQRSDUWLFXOHYV

/IH VHFR QG EDdgveloppeHiManhDdes travaux de thése a été utilisé pour tester le filtre

en géométrie plane (sans systeme de décolmatage en ligne) a température ambiante (24°C) et
humidité relative ambianteeviron 45%) pour 2 différentes vitees de filtration (1,4t

1,9cm.sh).

La perte de charge maximale des filtres en géométrie manche et plane durant les colmatages

en conditions ambiantes (24°C45% HR) a été fixée a 120 Pa, et a 150 Pa en conditions
IXPpHV GYLQFLQ p-UPMHRR Qettedifff@&nce de \aleur de perte de charge
PD[LPDOH GX ILOWUH D pWp IL[pH HQ UDLVRQ GH OfLQIOXH
YLVFRVLWp GH OYDLU

Les premiers résultats de performances du filtre a manche ont été décritsateapstie 11 .

Les performancesdu filtre a manche sont évaluées lors de plusieurs cycles de
FROPDWDJH GpFROPDWDJH HQ FRQGLWLRQV GH IXPpHV GY
manche ont été chauffés a 150°C, la teneur en eau a été maintenue dans le 33%0HR,

tandis gie la vitesse de filtration & travers le filtre & manche était de 1,9.ddmamélange de

particules en suspension de taille submicronique de charbon actif et de bicarbonate de sodium,



utilisées dans les conduites de traitement des gaz de combusticipgheiment pour
O pOLPLQDWLRQ GHV GLR[LQHV IXUDQHV HW GHV JD] DFLGH

de combustion en amont de la manche filtrante.

Les performances du filtre & manche ont été étudiées sur 11 cycles de colmatage/décolmatage.
L'étude a caractérisé I'évaluation des performances de filtration au début de la durée de vie du
filtre & manche avant la stabilisation de la perte de charge résiduelle résultant des cycles de
filtration précédents. La perte de charge maximale a été fixé@ Ra pour tous les cycles de
filtration. Une fois que la perte de charge a été atteinte, le filtre a été décolmaté. La fétration

été ensuite poursuivie jusqu'a la perte de charge maximale. Les performances du filtre a
manchetestéont été étudiées enriees d'évolution de la perte de charge, et des efficacités

fractionnelle et totale de capture des particules.
Les principales conclusions de cette étude expérimentale sont les suivantes

(1) Pour chaque cycle de filtration, les essais au laboratoirerembnine efficacité totale du
ILOWUH j PDQFKH TXL DXJPHQWH DYHF OH FROPDWDJH G .
99,98%.

/IYHIILFDFLWp IUDFWLRQQHOOH YDULH HQ IRQFWLRQ GH
GTHIILFDFLWp GA) nrcBUBE@duFd&sHparticules de taider 15 nm (MPPS).

(3) La durée de colmatage diminue de 630 min pour le premade de filtration a environ
70 min pour le dernier (cycle 11), en raison de la perte de charge résiduelle qui augmente avec

les cyclede filtration.

(4) Les résultats ont montré une diminution de I'efficacité de collecte des nanoparticules en fin
de cycles de colmatage/décolmatage et une augmentation de la résistance du gateau de
particules, expliquées dans ces travaux par l'augmemtake la vitesse interstitielle de
filtration. Le gateau résiduel et la distribution non uniforme du gateau de filtre sont les
principales raisons qui pourraient conduire a une répartition non uniforme de la vitesse de
filtration sur la surface du filtrege qui contribuerait & augmenter la vitesse interstitielle dans

les zones du filer moins chargées de particules.

En général, ces résultats ont montré une efficacité élevée du filtre a manche pour la filtration
de particules submicroniques et nanométrigleess des conditions réalistes rencontrées pour

le traitement des fumées d'incinération des déchets.

Dans lechapitre IV, une étude expérimentale et théorique anéd@éesur l'influence de
différents parametres sur les performances du filire en géonmétnehe et plane. Les

parameétres opératoires étudiés étaient I'humidité (3% chiRre 0% HR a 150°C), la

4



température (150°C contre 24°C), la vitesse de filtration (1,9 constre 1,4 cm) et la
présence de réactifs.

Les résultats expérimentaux ont m@ que I'humidité a une influence importante sur les
performances du filtre & manche a 150°C. Pour un méme nombre de particules collectées,
l'efficacité de collecte augmente avec I'humidité pour les particules de plus de 110 nm de
diameétre, alors qu'aunueffet significatif n'a été observé powslnanoparticules (particules

<100 nm). En termes d'évolution de la perte de charge, I'humidité est un facteur clé qui
SURYRTXH O pOpYDWLRQ UDSLGH GH OD UpVLVWDQ@QFH GX IL
gateau de particules compacte lors du colmatage en raismmdensation capillaire entre les
particuleset OYDXJPHQWDWLRQ GHV IRWDAHVLE XDGE K pN Q RS pl \QRQURH
conduisant a un décolmatage du filtre moins efficace en pféslerG KXPLGLWp TXTHQ Dl
bref, I'numidité augmente l'efficacité de collecte du filtre a manche mais accélére
'augmentation de la perte de charge et réduit I'efficacité de décolmatage et peut donc conduire

a réduire la durée de vie du filtre & masch

L'influence de la température sur les performances du filtre @ manche a également été étudiée
expérimentalement dans ce chapitre. En termes d'efficacité de filtration, la collecte des
SDUWLFXOHV HVW SOXV pOHY®D | VIH[&S OKIMPHO REQFH GH
température sule mécanisme de diffusion brownrem La force brownienne traduit I'effet

des chocs entre les particules et les molécules du fluide enviroQedig agitatioraléatoire

est influencéepar latempérature ddluide: plus que la température est éleyguus la
fréquencedes chocs entre les molécules les particules est important@ar conséquere
mouvemendes fine particules deviet important et leuprobabilité decapture pates fibres

augmeng ce qui explique une lige efficacité a 150°C par rapport a 242@ec le colmatage,

I'évolution de I'efficacité est plus rapide a haute température et atteint une efficacité maximale

de 99,99% a 150°C contre 99,8% a 24°C.

En termesde perte de chargeudiltre, la températuren'a pas une influencdirecte sur la

résistance du gateau de particules forbes. écarts de valeurs de perte de chargee 150°C

et 24°CV {H[S O L T X\Hs@Qosite SlDfllide §ui augmente avec la température de filtration.
Indépendamment de la var@ti de la viscosité du gaz en fonction de la température, les
UpVXOWDWY QTRQW PRQWUp DXFXQH LQIOXHQFH GH OD V
particules formé.

&RQFHUQDQW OfLQIOXHQFH GH OD SUpVHQFH Gité¢ depDFWLI\

collecte augmente plus rapidement pour le filtre a manche colmaté uniqguement par les



nanoparticules de combustion, mais que dans ce cas le décolmatage est moins efficace,
conduisant a une augmentation significative de la perte de charge résidudtie @u cours

des cycles de colmatage/décolmatage. Par conséquent, la taille des particules pour les
conditions de cette étude est un facteur clé qui affecte I'efficacité de décolmatage du gateau de

particules.

L'influence de la température et de idité sur I'efficacité de filtration théorique (calculée a

partir de modeéles de la littérature) a été étudiée a 150°C et 24°C paun.§'le vitesse de
ILOWUDWLRQ /HV UpVXOWDWYV RQW PRQWUp WRXW GYDER
diametre sont les plus influencées par la température a 150°C par rapport a 24°C. Ceci est
conforme aux résultats expérimentaux obtenus en termesaté#. Théoriguement, aucune
influence de I'humidité sur l'efficacité de filtration n'a été observée a 150°C (3% HR par
rapport a 0%). Cependant, les résultats expérimentaux ont montré que, a une humidité plus
élevee, l'efficacité de collecte est sigedfiive. Cela peut confirmer I'hypothése de l'influence

de I'humidité sur l@ompacitédu gateau formé a la surface du filer raison de condensation

capillaire non prise en compte dans les modeéles étudiés.

L'efficacité de filtration et la perte de chargle filtres plans ont été évaluées durant des
FROPDWDJHY DYHF OTDpURVRO GH FRPEXVWLRQ DILQ GYpW
ainsi que du préolmatage du filtre (filtre neuf versus filtre lavé). Les principales conclusions

obtenues expérientalement sont:

(1) l'efficacité de filtration diminue avec l'augmentation de la vitesse de filtration, en
particulier pour les diamétres de particudespris entre 50 et 14tm,

(2) les filtres neufs sont nettement moins efficaces que lessfiivé en début de colmatage,

(3) la taille de particuleta plus pénétrante dans le filtf®IPPS) diminue avec le colmatage
du filtrede76 + 154 39 + 4 nm.

La simulation numérique de I'écoulement d'un mélange de fluide et de particul&upoar

la trajectoire des particules a été décrite par l'intégratiagrangienne de I'équation de
Langevin. Le fluide obéit a une loi de comportement newtonidesgiarticules solides sont

des sphéres. Les résultats de la simulation numériqgue montrent |'effet notable des paramétres
de fonctionnement du filtre sur la trajectoire des particules, en particulier la taille des
particules et la température du fluiden &fet, la fluctuation verticale des particules autour de

la fibre filtrante a 150°C est plus importante que pour une température de 24°C. Ce résultat
indique que la probabilité de collecte des nanoparticules par la fibore augmente avec

laugmentation deal température. D'autre patteffet de la taille des particules siaur

6



trajectoire est importantLes résultatsindiquent clairement que les fluctuations de la
trajectoire des particules augmentent avec la diminution du diamétre des partules.
revarche, les résultats ont révélé un effet peu significatif de la vitesse sur le comportement
des nanoparticules dans la gamme étudiée expérimentalengeef 14 et 1,9cm.s’), mais

un effet de la vitegsplus important & partir de tén.s*. La simulatbn numérique actuelle est

un travail préliminaire pour calculer théoriquement l'efficacité du filtre dans des conditions
opérationnelles similaires a celles de I'étude expérimentale. Cependant, un travalil
supplémentaire serait nécessaire pour étudier éemmismes de capture des particules et pour
calculer l'efficacité du filtre, en particulier la modélisation de la structure du filtre et le

comportement du fluide a travers le média filtrant.

~

Mots clés: Incinération de déchets, performances de filtratilitre a manche, cycle de

colmatage/décolmatage, particules submicroniques et nanomeétriques



Abstract

Filtration performance of a pulget bag filter was evaluated at the laboratscgle regarding
submicronic particles with a nanosized fractidaring clogging/unclogging cycles. The
particle size distribution was representative to those encountered at the outlet ofnaastno
incineration device at laboratesgale. The bag filter was operated in conditions as similar as
possible to those founth flue gas treatment of waste incineration plants, in terms of
temperature, humidity, filtration velocity, injection of sorbent reagents and unclogging
conditions. The air flow and the bag filter were heated to 150°C, the water content was
maintained irthe air flow in the range of 102% (3% of relative humidity RH), and filtration
velocity throughout the bag filter was fixed at 1.9 ¢hnA mixture of submicronic suspended
particles of activated carbon and sodium bicarborattiyused in flue gas trément systems
mainly for the removal of dioxins/furans and acid gases, was generated simultaneously with
the aerosol representative of combustion emissions.

7KH VWXG\ IRFXVHG RQ WKH ILOWUDWLRQ SHUIRUPDQFH D

filter for the 1 first cloggingunclogging cycles before stabilizing the residual pressure drop
reached after pulget unclogging. The maximum pressure drop was set at 150 Pa for all
filtration cycles. Once the maximum pressure drop was reached, the fikeuneéogged
using the pulsget system. The performance of the bag filter was evaluated in terms of the
evolution of pressure drop, fractional and total particle collection efficiencies, during the
clogging/unclogging cycles.

Moreover, an experimental atigeoretical study was carried out on the influence of different
parameters on the filtration performance of bag filter and flat filter, such as influence of
humidity (3% RH versus 0% RH at 150°C), temperature (150°C versus 24°C), filtration
velocity (1.9cm.s* versus 1.4 cm’y and the influence of the injection of sorbent reagents.

The main results of this study are: (i) high collection efficiency of the bag filter in
representative conditions of flue gas treatment of waste incineration: minimun particle
collection efficiency of 98.5% for particle diameter of 74 £+ 15 nm (electrical mobility
diameter), (ii) influence of residual particle cake at the beginning of the filtration cycles on
the bag filter performance, (iii) significant influence of humidity the porosity of the
particle cake due to theapillary condensation of watbetween the particles in presence of
humidity (150°C- 3% RH i.e. almos100g of water per kg of dry air). Faster increase of bag
filter pressure drop in presence of humidiy @16 - 3% RH) as compared to the dry
conditions (150°G 0% RH).

Keywords: Waste incineration, filtration performance, bag filter, clogging/unclogging cycles,
submicronic and nanosized particles
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There is no French or European regulation on the management of manufactured
nanomaterialstegardingeither themanufacturing, use or end of life. Such naomtaining
products omanewastecan end up in municipal solid waste or hazardous waste incineration
plants. Studies (ADEME CORTEA NanoFlueGas Project No. 1181C0088: Le Bihan et al.,
2014; Ounoughenet al., 2015; Walser et al., 2012) demonstrated the presétioe original
nanoparticles, either alone or as aggregates, imathdumes leaving the primary chamber
during the incineration of nanowaste in conventional incineration pl&otisnanopartles

can beresponsible fosomehealth and environmental problems. Indeed, toxicological studies
clearly demonstrated that their very small size is a key element in toxicity, particularly non
sduble particles (Ostiguy et &006). This is why specialtantion is paid to the treatment of
incineration fumes, in particular to the efficiency of processes dedicated to the removal of

particles.

Incineration isthe thermal treatment at high temperature of waste in order to convert the
undesirable materials mtchar, flue gas containing particles, and heat. The process is
conductedwithin a special furnace designed for burning these materialsing the
incineration, the particles are generally formed from the inorganic components of the waste
and can be accurated in the incineration device or carried out by the flue gas.

The air pollution control techniques used must achieve compliance with standards to control
the ambient air quality and reduce the exhausted hazardous air pollutants from the flue gas. A
variety of physical processes can be used to remove coarse and fine particles from polluted

airstreams, such as cyclones, bag filters, electrostatic precipitators and scrubbers.

Bag filter is one of the common particle collection device used in industrigesmove
suspended particles from flue gas treatment lithés generally housed in a casing commonly
known as abaghousgwhich is a gathering of severhlndredscylindrical bags. At the
bottom ofbaghousga hopper is installed to remogentinuouslythe dustcollectedfrom the

bags during filtration.

There are many studies in the literat@fdkiviades et al.1976; Billings 1966 Endo et al.
1998 Song et al. 2006Leung & Hung2008..) which focus on the performance of fibrous
filters, mostly in fla geometry and ambient air conditions. For example, the influence of
particle size or filtration velocity on the change in filter pressure drop and particle collection
efficiency was studiedboth experimentally and theoretically. Regarding bag filter
configuration, few studies are availal{fealeem et al. 201Park2012 Forster et al. 2016

Cirqueira et al. 2017 However the geometry of the filter, the special operating conditions
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(often high temperature and humidity conditions) or thelima unclogging system are
parameters which cagreatly affect the performance of the bag filter compiate the

filtration theory.

The aim of this thesis is to study the filtration performanica bagfilter with a synthetic
aerosol emitted from nanowaste incineration at laboratory dxdleepresentative othe
conditions encountered withinincineration flue gas treatmenin terms of temperature,
humidity, filtration velocity and clogging/ufagging cycles. Moreover, the influence of
operating conditions on the filtration performance was studied, such as the gas humidity,
temperature, filtration velocity or nature of clogging particles.

The studies described in this dissertativare conduct® as part of a csupervised thesis
between IMT Atlantique antniversité Mohammed V Faculté des sciencesofunded by
the programHubert Curien TOUBKAL (campus France + CNRST) and TREBBroupe
Séché According to thepreviously exposedesearch objectives, the manuscript is organized

as follows:

Chapter | proposes a bibliographic review on the aerosol science and filtration theory of
fibrous media, especially the mechanisms of particle collection by fibrous filters and the
evolution ofpressure drop and collection efficiency as a fimmcof cake filter. he literature
review about the influence of operating cdimdis on filtration performancis alsoprovided

in this chapter.

Chapter Il presents the methodolofyr the experimental stlies at the laboratorgcale. The
two experimental setups and the methodology adopted to evaluate the performance of two

filters geometries (flat filter and bag filter) are described.

Chapter 1ll presents the results dhe filtration performance of the lga filter for
clogging/unclogging cycles regarding the filtration of submicronic and nanosized particles
This under operating conditioress close as possible to those found in waste incineration
plants in terms of gas filtration velocity, concentratiorpafticle reagents, gas temperature

and humidity, pressure and duration of the cleaning gatse

Chapter IV presents the results regarding the influence of operating conditions on the
filtration performance. The investigations were carried on the infeieoic humidity,
temperature, and characteristics of the particles used for clogging on the bag filter
performance, and the influence of filtration velocity and filter aging on the performance of
filter in flat configuration.To complete the experimental vds, numerical investigations

were conductedn the influence of gas temperatyparticle size and velocity.
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Finally, the general conclusion summarizes the main conclusions achieved from the work

presented in this manuscript.
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| Introduction

Over the past few decades, the industries exhibited a growing interest for the implementation
of nanotechnology for producing nanomateriaith increased performancén 2008, the

global markets of nanotechnoleggsed products were estimated around $200 billion and the
production has been increasing at a rate of 25% per year (Roab 2211). To date,
manufacturinghananaterialss still in a growing economy (Charitidis at. 2014) and is often

seen as a new industrial revolution. In many areas of the world, nanoparticles have become an
essential part in human daily life. They are present in different fields and application, such as
textile, medicine, food and fertilizers. In fact, the main reason of developing nanomaterials is
that they create unique propert@smpared withcoarse particles of the same materials. The
products made of nanomaterials can be stronger, lighter, more duraske reactive, UV
resistant, aristain, antishrinkage in the fabrics or better electrical conductors.

Nanotechnology is the production and design of the materials by their manipulation at
molecular level and controlling their shape and size at nanostskr in order to exploit the
unique quantum and surface phenomenadheltmatter exhibits at the nanoscale, increase of
the surface area, which makes the materials more chemically reactive and affeatetigtin st

or electrical propertieGAslan etal. 2005)

Many different existing manufactured nanomaterials are prodinmhdstrially (Figure 1),
such as: TiQ ZnO, FeQ AlO, SIi0, CeQ, Ag, Carbm Nanotubes (CNTSs), fullerenes
(buckyballg, and Quantum Dots (QD).

According to the second annual declaration of the first of June 2014, the quantities and uses of
substances at nanoscale produced, distributed or imported in France are as the f(lRowing
Nano):

10,417 submitted declarations (compared with 3,409 in 2013)

1,713 active accounts corresponding to declarants in France and to European

entities based outside France (83% increase compared to 2013)

more than 1,500 reporting entities (compared3d in 2013)

In France: 274 667 t produced and 122 464 t imported
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Figure 1: Different manufactured nanomaterials

As the demand of nanomaterials products increases, there is a growing challenge in assuring
the treatment of their wastBlanowaste management is considered as an essential condition

to ensure the safety of their entllife.

Different types of wastes ntaining nanomaterials could be distinguished, such as svaste
generated during manufacturing of nanomaterials, wageerated during product use, (i.e.
degradation, abrasion), and wastgenerated from the disposition process such as

incineration.

To dag, there are no French or European regulations on the management of manufactured
nanomaterials, whether at the level of manufactuse, or engf-life. No specific treatment

for wastes containing nanomaterials was determitiexy are considered as anher waste

and undergo the Waste Framework Directive. Furthermore, no meassaesigned
specifically for management of possible risks associated to waste containing nonmaterial.

I Nanomaterials endof-life

Nanomaterials contained in products atlemately entering the waste stream and find their
way into disposal method such as incineration or landfills. According tBdpert of Design

and Operating Criterigl992) the waste containing nanomaterials is the main sources of
anthropic nanoparties released to the environment. Thereby, controlling the release of
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nanoparticles from the disposal centers of waste containing nhanomatealsniportant
topic.
Currently, incineration is considered as an efficient heghperature treatment of induatr

waste. It reduces the volume of materials while producing heat and converts it into a flue gas,

and ashes that can be safely disposefFigiu(e 2). The nature of aerosol and gas produced

from the incineration process depend on the nature of waste materials and incineration
conditionsand procesmastery. During the waste incineration(Hand common but climate

relevant compounds are emitted, C® DQG RFFDVLRQDOO\ VRPH SROOXW
beyond an acceptable value, like N&ihd acidic components (HCI, $&

Figure 2: Exhaust of waste incinerators

1.1 Incineration of nano-wastes

In the literature, degradation afanocomposite during incinerationhas attracted many
authors in order to study their behavigornesandPaul 2003; Marney et al. 2008; Lewin et

al. 2006;andBouillard et al. 2013)As a function of the waste natures and their initial states,
ultrafine particles can be emitted from the incinerators in different ways. In certain conditions,
during incineration, nanoparticles can become aerosolizedaorform aggregates, this
transformation in materials state may be the main reason to change the pdtmememted
nanoparticles (Holder etl. 2013). For example, the incineration of nanoparticles suspended
in solid or liquid waste is more likely to form aggregates. Depending on the combustion

conditions, these aggregates may not entirely burn.
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Recently Ounoughene et al(2015), have investigated the behavior of PAG6/HNTs
nanoomposite (nylon-6 incorporating halloysite nanotubek)ring the incineration at 850°C
with high oxygen/fuel contact for at least 2 s residence time for the combustion gas.

The main purpose dhis work was to study the hazardoesmpounds originatingrom the
incineration of wastecontaining nanomaterials from nanocomposites. The results showed the
presence of th@eanoobjects in theraw combustion aerosol and solid resdues,which is

likely to impactboth flue gas and gas treatments.

[I.2 Incineration technology

Operating conditions of waste incineration change as a function of the waste nature. The key
drivers used talassifywaste nature are especially: their chemical pingsical composition
(e.g. particle size composition), waste thermal characteristics, (e.g. calorific value), and

humidity levels of the waste, etc.

In order to achieve efficient incineration and maximize the performance of incinerator, the
following pamameters must be continuously controlled: temperatureygen carbon
monoxide, hydrogen chloride (HCI) and possibly total hydrocarbon (Basel Convention
Technical Guidelines on Incineration on land). Thus, the incinerators dewiast be
equipped with speéfic monitoring system for controlling and reporting functions
continuously during the gaemissions. In the case of waste heat boiler installation, which is
used to recover the energy from the exhaust energy, the monitors of CO, aglared
downstreanof the boiler to improve sampling and gas conditioning, where CO is considered

as a key indicatoof the combustion performance

As a function of waste natures and their compositions, the incinerator system can be defined
for an efficient disposition. Tta) the management option for certain types of waste requires
extensive characterization to determine an appropriate system. Some kind of waste, such as
municipal solid waste can be incinerated in several incinerators systems like: travelling grate,
rotary kilns, and fluidized beds. However, their incineration by non basic furnace system,
such as fluidized beds, requires some specific pretreatment and/or the selective collection of

the waste in order to achieve the treatment in certain particle size range.

Incineration of sewage sludge requires some pretreatment in order to reduce the content of
water and moisture level by drying or the addition of supplementary fuels to ensure stable and
efficient incineration. Sewage sludge are usually incinerated in rkila; multiple hearth,
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or fluidized bed incinerators. While the incineration of hazardous and medical waste is

commonly taking place in rotary kilns.

In the following section some characteristics of the mas$ed incinerators system are
presented Note that significantpart of the following paragrapts based onBREF 2006

currently in course of modification
Grate incinerators:

Approximately 906 of systems treating the municipal solid waste in Europe take place in
Grate incinerators. According to thiegislation Directive 2000/76/EC, the appropriate
conditions for efficiency combustion of waste is fixed at minimum temperature of 850°C for
2 s of residence time with minimum oxygen content of 6% (modified by the most recent EC
Directive). In the case ohazardous wastes with a content of 1% of halogenated organic
substances (chlorine), the incineration temperature must be raised to 11002Cs fafr

residence.
Rotary kilns:

Rotary kiln is incineration technology used almost for any kind of waste regardless their
composition.In general, this technology sommonlyapplied high temperature rang@ote

that IDVLILFDWLRQ LV Q RuMASQELES H hidh\tempetatire a¥ttmelkiln).

The operating temperature dependghe incinerated waste nature and their composition, for

example incineration of hazardous wastes requires tempesah the range of 9081200C.
Fluidized beds

Fluidized beds are especially appropriate the incineration of dried sewage sludge and
Refuse derived fuel (RDFJ.he fluidized bed is an inclinator composed of double combustion
chamber, at the bottom of the device, a bed of sand or ash on a grate is fluidized with air
where some process of wastakes place such as drying, volatilization, ignition, and

combustion.

The waste isfed continually into the fluidized bed from the top or side of combustion
chamber. The temperature in the chamber combustion can be varied between 650 and 950°C.
In the fee space above the fluidized bed material, which is designed to allow retention of the
gases in a combustion zone, the temperature is in the range of 850 and 950 °C, while the

temperature of the bed is around 650°C.

Multiple hearth furnaces:
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The multiplehearth is composed of a cylindrical lined steel jacket, and a rotating sleeve shaft
with attached agitating arms. The waste is fed at the top of the incinerator and moves through
the different hearths. The upper section of hegptiesideswaste drying, where the waste
gives up moisture while the hot fhgases are cooled. The incineration is operated at the

central hearthwith limited temperature of 98C.

1.3 Examples of mpllutants in waste incinerationraw fumes

Incineration is a combustioprocess by which refuse and air are reacted to produce an
acceptable gaseous effluent and an inert solid resithemeration of industrial waste
generates different kind afompounds, typically 0 and CQ (a harmless but climate

relevant gas) and caelease sompollutants DFLGLF FRPSRQHQWY GXVW« SD
of poor mastery of the whole procesdl. gases and aerosols in suspension at the outlet of the
furnace(i.e. before the Air Pollution ContralAPC- systems)re grouped together undie

name of faw fumes". These fumes are gaseous residues of combustion, which have been
formed duringthermoschemical processes. The primary particlesaw fumes have almost

the diffusiorequivalent diameters less than 0.5 um, but the particles canubbl larger

because of agglomeration, especially at higher fume concentrations. The fumes are mainly

composed ofLe Gléau 2012):

Air component: N, O,...

Conventional combustion gases: £6,0;

Gaseous pollutants which may be a function of the composdf the fuel:
CO, NO, NQ, SG, HCI, HF, volatile metals, PAH,;

Particles: soot, unburned fuel, fly ash, particulate matter condensation
[1.3.1 Nitrogen oxides

Nitrogen oxides (RO, NO, and NQ) are formed by reaction chains from the nitrogen
contained inthe waste and the molecular nitrogen in the combustion air. The main oxides
formed during combustiomre nitrogen monoxide (NO) and nitrogen dioxide gNO'he
name NQ is relative to the mixture of these two constituehtg remains rich in NO: about
95%NO and 5% N@during the household wasteineration

Concentrations of NOfrom the incineration center for household and similar wastes are
between 150 and 450 mNm before treatment and 1000 to 1500.Nm~ for hazardous

waste incineration units.

Two types of NQ can be distinguished:
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NOy from the conversion of the nitrogen contained in the wasi@bustibleNOy

NOy from the conversion of the nitrogen contained in the combustion air: thermal NO

Consideringthe conbustion temperatures (T <16@); 70 to 80% of the NQformed are

derived from combustible nitrogene. solid and liquid waste.
[1.3.2  Sulfur dioxide

If the treated waste contains sulfur in organic form aufates,t is mainly SQ that will be

created according to the following reacti@ O, : SO,

Sulphur dioxide (S¢) is cleaned from flugases by the injection of chemical or physical

sorption agents.

The formation mechanism of sulfur oxides occurs in cet&imperature ranges. From 280°
sulfur is oxidized by oxygen to sulfur dioxide or sulfur dioxide {f5®etween 300°C and
500°C sulfuric anhydride (S¢) is formed by oxidation of S{by the reaction:

SG+12QG : 62

In household waste incineraticthe proportion of S@can reach 5% at the inlet of the smoke

treatment line.
[1.3.3 Carbon monoxide andcarbon dioxide

The presence ofarbon monoxide in incineration flue gas is mainly produced during the
incomplete combustion of materials containing carbon. CO is produced thvben is no
enough oxygen locally and/or an insufficiently high combustion temperature (T<800°C).
KLOH LQ FDVH RI VXIILFLHQW DLU DQG WHPSHUDWXUHYV
into CQ, during incineration process. For example, Taion of municipal waste combustion,
about 0.7 to 1.7 tons of G@s generatedCarbon dioxides not considered a pollutariut

excessive quantities of this gas within the atmosphere might produce a greesffemise

The values of CO released into the atmospherimg the incineration of municipal waste and
hazardous wastes are respeg in the range of 50 mgNm™ and <30 mgim™. While for

CO, the corresponding values are respectively)3%6 and 58 %.
[1.3.4 Dust

The produced dust from the industrial waste in@tes consists of fine solid particles that
come from various sources and become part of the air or other gases. The dust formed during
the combustion can be distinguished in two types, mainly fly asts@oidThese pollutants

are different in compositioand in morphology anparticlesize distribution. Dust can be also

the carrier of certain pollutants such as heavy metals trapped in dust due to the vapor

7
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pressures of their compounds, as contained in thegéige(mainly oxides and chlorides).
Thereby, he separation of these pollutants from the-filas depends mainly on an effective
collection of dust.

11.3.4.1 Fly ash

Fly ash is a powdery particle generated from waste incineration, usually grey in color,
abrasive, mostly alkaline, anoften refractory in nature. The incomplete combustion of
particles is the main reason of fly ash formation (Chang et al. 2000) in flue gas, whose the
VLIH LV JHQHUDOO\ EHWZHHQ IHZ PLFURPHWHUYV DQG
spherical particlesf solid or hollow shape (Ahmaruzzaman 2010), with specific area ranging
from 170 to 1000 kg™ (Roy et al. 1981).

Fly ash is considered as antaminated powder because of the contantoxic elemerd
condensd from the flue gas (Ahmaruzzaman 2010)sitle the incineration system, an
important quantity of fly ash is precipitated in the furnace and the boiler (bottom ash) while
the remaining particlemay leave the furnace chimney as coarse fly ash. The fly ash may
contain an important quantity of heametals and harmful substances such as cadmium, lead,
and dioxins (Hinozaki et al. 1998). However, the characteristics of fly ash especially physical
and chemical characteristics are widely dependinghe operating conditions, the type of
incinerator andhe Air Pollution Control system desigimhe comnon chemical compositions
found in fly ash from for example municipal solid waste are: Si, Al, Fe, Mg, Ca, K, Na and
Cl, while the common oxides are: Si@l,03, CaO, FgOs, N&O, andK-0.

11.3.4.2 Soot

Soot is one of the commotypes of aerosolparticle that can be generated during the
incineration of waste, which contains carbon substances, at certain conditions, mainly at high
temperature of incineration and low oxygen concentration (Niessen 2010)maiis
characteristic is a dark substance with hagitical density flue gas emission. Soot formation

is considered asritical dysfunction of incineration procesSurrent TOC emission limit is
typically below 10 mg/Nm3 (daily average, dry flue gas at 14 BREF 2006.
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1l Aerosol classification

The sze distribution natureand geometry of particles are important characteristics that can
influence their behavioiThe particles in industrial galid flows are usually neapherical

and polydispersedJnder certain conditionsthe kinetic theory of gases can be applied to
express their movements of particles and their deposition. For the sake of simplicity of
mathematical modelsthe application of aerosol physics theories requires considering a
spherical shape for the studied particles. Nevertheteesform of particles in reality has

irregular geometryZittel et al. 2008)

1.1 Equivalent diameter

For particles of irregular shapgeveral equivalent diameters can be defined either in terms of
geometry parameters or flow dynamic characteristics. Thefebyan irregular particle we

can define more than one particle diameter.
l11.1.1 Aerodynamic and stokes diameter

The aerodynamic diamete@ is the parameter more used in filtration to characterize the
dimension of particles. It is the diameter of a spherical particle whose density is3andm

have the same velocity of fall in the gas as the studied patrticle.

The stokes diameter is tldgameter of a spherical particle having the same drop velocity and
the samealensityas the considered particilléigure 3| Renoux & Boulaud 1998

Figure 3: Different types of diameter
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[11.1.2 Electrical mobility diameter
Electric mobility corresponds to the velocity acquired by a particle of the chiygan an

electric field E. The electric mobility<y) can be definefly the equatior{2):

&g, JaA%
A nd g Pl
S ET uN B,

e
& g terminal electrostatic velocity of the particle
C.= Cunningham slip factor (dependent on particle diameter)
viscosity of surrounding gas
@ electrical mobility diameter of the particle

The electrial mobility diameter @is then defined as the diameter of a spherical particle
having the same electric mobilityy as the particle in question according to the following
equation(3):

J Ap (3)
uN By

[11.2  Particle size distribution

The particle number distributiolfigure 4) represents the particle number concentration as a

function of particle diametemparticle distribution caralso be represented as a function of
particle mass concentration. The particle distribution can be gathered in class vi@ijithe

number of particlesA Qjincluded in each clasd @jis counted. Two models of distribution

can be distinguished for particles: normal andhogmal distributionFigure 4).
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Figure 4: Normal and lognormal distribution

The normal distribution is a symmetrical curve where 68.3% of particles have a dimension

between @ F éand @ E & While for lognormal distribution68.2% of particles are within
the size of @ &jand &;

[11.2.1  Normal distribution

Normal or Gaussian distribution is the more used probabilistic model to describe the random
variation for many scientific discipling&impert et al. 2001)The main characteristic of the
normal distribution is the central limiheéorem. The general formula for the probability
density function of the normal distribution is given by the equa#in (

A‘?k:xl]?%;?oai ‘ta6:

BT, L — (4)
evte

Where d is the particle diametger is thglocation parametgand lis the standard deviation.

The case wheng = 0 and 1= 1 is called thestandard normal distribution
[11.2.2 Log-normal distribution

A Log-normal distribution isa continuous probability distribution of a random variable X
whose logarithm; L Z»: ;is normally distributedwith "In" denoting the natural logarithm.
The general formula for the probability density function of the lognormal distribution is

writing as 6):
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@—RalE 2@ A

B:T; L A%s (5)

T&te
[11.3  Simulation of particle motion and deposition

The following section describes the trajectory of a system of particles by the Lagrangian
approach applied on the movement equation. The study requires a ddestagption of
different forces applied on patrticles carried by gases and treated individually with assumption

of spherical solid form.
[11.3.1 Method of Monte Carlo

The Monte Carlo Simulation is a technique used to calculate a numerical value by random
processesin other wordsit is a probabilistic technigueommonly used in particle physics. It

is applied by(Ermak & Buckholz 1980 to calculate the motion of the particles from the
Langevinequation by Lagrangian integration and takes into account diffesesdsf such as

drag forcesvan der Waalgorces and electric Coulomb forces.

The Brownian patrticle trajectory is thus described by the folloviaggevinequation §)
(Ermak & Buckholz 1980)

@m _ ]
| 5—@PL («:PE P, El (gskPAT:ROE | 3#:P (6)
With #:P, the stochastic acceleration which depends only on time and represents the
Brownian motion.: : P, the particle trajectory is given by the formufd: (
@: :PR;
L RP 7
ar , ()
And the drag force(« is proportional to the difference between the fluid velod@yand that

of the particle@, given by the equation (8)

NTR

TM(—$XLFH 7 Qa—nFT—nFW (8)

%,is the drag coefficiena dimensionless number whose expression varies acgdalithe
flow regime which can be distinguished as a function of the particle Reyaoctdsding to

the following equation (9)

@€y eg2ey.
%, L% ©)
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The next step is to arrange the first two equations in a system of ordinary equations; the
purpose is to integrate the term of time to determine the velocity and position of each particle
(Lantermann & Hanel 2007)

@FP . (
U+r URR E (gecP 14 #:P
n@-lpr L@ T_R PEF r GEI""p (10
@P

The fluid velocity and the forces must be constant during the timeAuRit PF B, With an

identical matrix. So the complete solution of th6)(equation is written ad ():

REs ) R \b& E
F.sGL $°L s (5sMEI pE,: R = (11
T CETru ERNRVA- LIRVER L
g e ®i
With $2is given by the matrix1@):
A ficy ks F A NSo+
&L Ls 12
¥ —k FAf¢o+ dAFF—UsFA”‘?h+ (12

The proof of this equation is well detailed by (LantermaniH&aael 2007).

(g & kepresents the external forces exerted on the particles such as draglémtcesl force

etc.

ll.4 Forces acting on particles

Important part of the following paragraptased onGuiraud (2004, illustrates the main

exerted forcesn a solid particle:
[11.4.1 Weight and Archimedesprinciple

The weight is the commune force that is applied almost on particles of different size and

shape, is defined according to the relatibs):(
2L 1z (12)
Where | ,, is the particle mass. The Archimedes forcés ;, opposed to the fluid volume
weight can be defined by the relatid)
(- L F&&C (12)
With § the particle volume andyjs the fluid density.
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[11.4.2 Drag force

One of the majoforcesapplied on the fluid particles is the drag forog,;, the force which
opposes the relative movement between the particle and the fluid surrounds it (fluid friction
force).

For spherical particles, the general expression of drag force is givés)by (

1 A Ué\]'
(/z&gabﬁﬁe vQ @ (15)
% %

(s L

«—SQ is the particle velocityand %is theCunningham coefficienThe balance between
this thermophoric force and the drag force leads to the expression of the thermophoric
diffusion coefficient and the thermophoresis rateording to the following equation (16)
ué Jy Ry @ ue@ J @6
—— Lo e (16)
% % e &

L.l
And I%U L cU oTo
with K, the dimensionless thermophoric diffusion coefficient, depends mainly on the number
of Knudsen and the ratio of the thermal conductivities gas / particle described as temperature

gradient inside the particle.

11.4.3 Added massforce

Another force exerted on asolated particle is the added mass force. This force represents the
inertia of the fluid attached to the particle. The latter seems more difficult to accederite

its mass was more important.

This force has little influence on solid particles which ba considered mostly neglected. On
the other handt is one of the predominant phenomena in the case of bubble flow.

[11.4.4 History force

The force of history translates the setting up of the viscous effects around the particle. The
viscous stress needs atedér period for establishment at the interface.cbasiderthe force

of history is to take account of this del&tlye history of the patrticle.

The force of history is mostly neglectegte other phenomena generally acting more quickly

on the dynamics of the particle.
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[11.4.5 Brownian force

The Brownian force:(,,) translates the effect of the shocks between the particle and the
molecules of surrounding fluid during the motion of random agitati e Brownianforce,

defined by the equatiori§) has an increasing influence as the particle diameter decreases.

L1 a) 0 — (16)

With ); is the Gaussian distribution of random numbers whose variance is 1 and the mean is
zew, A B the step timeand 5,is the given spectral density.

The influence of the Brownian force is almost localized in the viscous sublayer of the fluid
flow. The force is important with depositing submicron aerosols on the avall especially

with decreasig of particle size.
[11.4.6 Electrostatic force

Particle carrying a charg&Isubmits, in presence of electric field an electrostatic force

given by the following formulal(?):

(ze MA )
When subjected to this electric figlthe particle acquires a velocit§ gsuch that8; gL <d
with <is the electric mobility of the particle fas™.V1.

This greatness has for expressih8){(

M
ue@Jy

The velocity acquired by the particle is such that the drag fmal@nces the electric force. It

<L (18)

should be noted that electrical fields can be created by electric charges appearing on the
surface of insulatingvalls after friction of the air flow (triboelectric effect, generally for walls
made of polymers: PVC, neopesnetc.). The deposition of charged particles can thus be

modified.
11.4.7 Lift force

The lift force reflects the effects of speed gradients on a particle. In fact, a particle placed in a
sheared flow is not subjected to the same fluid velocities and theiméise This induces a

migration of the particles towards the high velocity zones.
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[11.4.8 Thermophoresiseffect

In the presence of a temperature gradient, the particles migrate from the areas of high
temperature to the areas of lower temperature, particulatheaapproximation of the wall:
this is called the phenomenon of thermophoresis, where the force eaittdreas 19):

Fueld@* @"
téy6 @ U

With t ° t>is the temperature gradient in thaliyection ‘is the absolute temperature of

(19

cU

the particle and H is the factor taking into account the temperature gradient inside the
particle. Different models exist in the literature to evaluate the effect of thermophoresis for
particles. For instan¢eaccording toSagot(2013) the model of Beresnev and Chernyak

(1995) is the most relevant to evaluate the effect of thermophoresis for spherical particles.
[11.4.9 Turbophoresis

Turbophoresis is the movement of inertial particles from the area of high turbulence to the
areaof lower level of turbulence. The particles are migrating towards solid boundaries in

turbulent flows similarly to thermophoresis phenomena. Turbophoresis is one of the
mechanisms of particle deposition in turbulent boundary layers and requires the @@senc

inhomogeneities in the flow.
[11.4.10 Other forces

Other phenomena can still be taken into account such as the Coriolis force due to the rotation
of the Earththe photophores is force due to the incidence of a light ray on the pattele
phoresis diffusionforce due to concentration gradients constituents of the mixtime

example in the case of condensation of vapor in the wall.

1.5 Adhesion and entrainment force

The deposition of the submicron particles depends on the intermolecular forces. Currently
few dudies take these forces into consideration. Given the computational compdzitge
majority of authors consider that all particles that touch the solid obstacle (fiber or another
deposited particle) are immediately captured.

[11.5.1 Capillary forces

The capliary force is due to the formation of a film by capillary condensation of a vapor

between the particle or a surface and particles. According to Hirg8?), for a perfect
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contact between a sphere and a flat surface and a relative humidity greater%)ahed0

capillary force (, s written as 20):
(bod tel@ (20)

Where Us the liquidair surface tension (force/unit length)

The capillary force between two particless illustrated in thgrigure 5|is given by the

relation (2):

N . O?K:Q EU; E ?K® 4584
(004 ve t % E 4

(21)

Figure 5: Capillary condensation between two spherical surfaasicles (Butt & Kappl
2009)

The presence of humidity increases the adhesion forces between the particles (200@prt
explained that according to Butt & Kapfd009) even for conditions well above dew ppint
liquid water is formed by capillary condexi®n at the outer roughness or pores of the
particles. According to Feng & Y1998, this presence of water on the surface of the
particles leads to the formation of liquid bridges between them and therefore to a capillary
force which limits the relativenovement between the particles.

[11.5.2 Potential interaction
The potential interaction® between two spheres of radiudsand N having a separation
distance @etween their surfaces is given by the fo#)(

#se NsNs
8:& L IF———
; iX@MéS E Ne (22

With A, is the Hamaker constantised for measuring the dispersion interaction power
between the colloidal particles. The theoretical expression of this quantity is:

#s6 L €°J515 %5
With Jsand Jgare the number of molecules per unit volyened % gis a constant dependent
on the polar characteristics of particles.

For the case of a particle and a plahe expression 08 is given by (3):
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#s 6N

X . 23
8:@L— o (23
While the potential due to the electrostatic attractigas written as (2):
XVJy-,6 .
8 L—2 @13 F&-y; (24)

)
With J, the ionic concentration of the solution atithe constant whose calculation depends
on the potential at the surface of the particle. Hetloe force of interaction between two

sphees is given by 2):

FxV,-,6 . #56 NMsMs
‘& L F————2— 'F&-,, E—r——
(5:& 7 @t3!F& X8 Ne E Na (25
On the other handhe force of interaction between particle and plane is given@)y (2
Fxvl,-,6 . #
(6:& L F——s @18 F&-y; EXS—SE (26)
T Y

IV Bagfilter technology

Dust and other pollutants can be efficiently removed fromréveflue gases by usinm
particular

1. dry electrostatic precipitator (dry ESP)

2. wet electrostatic precipitator (wet ESP)

3. baghousdilter (BF)

To increase the efficiency dhese cleaning systems, the industries can use the following

principal processes, of which many can be combined to advantage, for example electrostatic
precipitators and bag filte(BREF 2006)

54 % of the installations are equipped with a dry ESP
70 %of the installations are equipped with a framuse filter
25 % of the installations combine these two techniques

One installation is equipped wittvé baghouse filters installed

Bag filters |Figure 6) are frequently used within industries for flue gas treatment because of

their high efficiency and their ability to collect fine particles. They are designed to handle
high dust concentration and highrgerature resistance. To date, they are among the most
effective (meaninghey give the expected reldg) and efficient (meaningthey work in an

organized \ay) gas/particle separation processes.
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IV.1 Principle of operation

The principle of filtration is simplethe dustladen air enters through a tangential inlet of
cyclonic type into the filtration chamber. The air passes through the sleeves and exits through
the top of the bag filter. The filter media which retains the dust particles is usually cleaned

most ofen via an efficient system of unclogging by compressed air while the dust is

eliminated by the lower outlais illustrated in th&igure6|(inspired from Simor§2009).

Figure 6: Air flow in a bag filter

Bag filters can be characterized according to two main factors:
Position of bags

Basically, the bags could be installedinside baghousehanging either vertically or
horizontally. The bags could also be installed at any angle in betvoegithe vertical module
is the most common position of the industrial bag filter. They apply the same filtrates r

as horizontal filters.
Cleaning of bag filter

Filter cleaning is often carried out by injecting compressed air in the opposite direction of the
flow (countercurrent). However, it can also ferformedby shaking or at low pressure by a

fan assigneddr this purpose, in particular for media with low mechanical resistance.

IV.2 Bagfilter types

As a function of cleaning methaud bag filter, three kinds of bagusecan be distinguished
Figure 7) (Ivell 2012)
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Pulsejet
Reverse Air

Mechanical shakers

Reverse Jet Reverse Air Mechanical Shaker

Figure 7: Thethree types of bag filter (Ivell 2012)

IV.2.1 Mechanical Shaker

Bag filters are attached to the bottom plate of the filter casing. The pdatiele gas rises in a
tube and passes through the filter media from the inside to the outside. Therefore, the

depositon of particles is carried out on the filter inner surface.

The bag filters, in this case, are suspended from horizontal bars and a shaker mechanism of

this latter makes it possible to clean them in an efficient manner.
IV.2.2 Reverse Air

The structure of théltration casein is compartmaalizedto allow continuous operation of
clogging/unclogging of bag filter8efore ¢eaning operatiarthefiltration is stopped to clean
bag filters The cleaning is ensured by a countercurrent flow of compressed air, Wiaile
particle deposition is carried out on the inner surface of the haAftlr. cleaning the

compartments returned to the main stream to restart the bag filter clogging.
IV.2.3 Pulsejet (Reverse Jet)

Dirty gas enters from the bottom of thaghouseand flows from outside to inside the bags.
Thereby a collected dust is formed on the outer of bag filter surtemeh bag filter is

supported by a filter cage which is fastened at the top of the baghouse.
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Cleaning of bag filters by a short pulse of coegsed air is ensured thanks to a series of the
head at the top of the filters. A short burst of air creates a wave of shock that crosses the entire
bag The injection of the compressed air into the filter is normally controlled by two timers,
the first forthe frequency of the injection and the second for the duration of the injection.
Generally, the pulse time is very short, it is estimated to be 0.1 sec per cleaning. The
frequency of the injection is regulated by a filter pressure drop controller wistdnsstically

triggers the cleaning operation once it detects a maximum pressure drop in the system.

Many operating paramegercan influence the performancé pulsejet cleaning including
pulse duration, dust properties, and nozzle diameter.

IV.3 Operating conditions

The corrosive nature of industrial gases and the sensitivity of filter media to high temperature
are the main reasons of limited utilization of bag filters for certain applications. Thus, the pre
treatment of gases and loaded aerosols must be Hefore starting filtration in order to
eliminate or reduce the negative effect of these commoonadhe filtration performancén

some applications, decorating and cooling chambers or even recovery boilers should be used
to condition the aerosols irraer to treat the particles and to recover the thermal energy from

off-gases before dedusting.

Furthermore, filtration velocity, defined as the velocity of the gas flowing through a fabric
surface unit, is an important parameter that must be taken imtourac for filtration
efficiency. Depending on the application, the type of filter and the type of fabric, the filtration

velocity in industrial gas treatment is generally between 1 and 4'cm.s

Moreover, to choose the suitable fabric type of bag filleauratebeforehand study must
be carried out to determine a set of parameters, such as the composition of the gas, nature and
particle size of the dust, the cleaning method, and the required efficiency. Gas temperature is

also taken into account as wall the method of cooling the gas if necessary.

The main characteristics of the fabric filter are the chemical resistance, permeability, fabric
finishing, fiber shape, resistance to abrasion and flexion, its robustness, its collection

efficiency.
IV.4  Fiber properties used for bag filter

Physical and chemical properties of filter media play an important role in the filtration

performance. For instance, tip®rousstructure is an important parameter to evaluate the



Chapter | State of the art

mechanisms responsible for the collection néfparticles and to determine their interactions

and behaviors with the filtering media.

Regarding the structure of bag filter media, three basic types can be distinguished: woven,
nonwoven/Felt, andheedle(Siret 1994) Generally, nonwoven (Felt) are @dbly used for
pulsejet devices, while bag filter whose a woven media is usually used for cleaning systems
utilize shaking and reverse flofidesketh 1979).

The classic fabrics the most used in the sixties after it was replaced by ngeaiehed felts.

In this category, we find several types of weaving, symmetrical and asymmetrical.

Needle felt are fibers obtained by inserting a mass of elementary fibers into a grid of
mechanically compressed fibers without the use of a binder product. Woven fabrias lhend t
preferred with cleaning by shaking or reverse air flow. For the cleaning by forced air, the

needle is almost exclusively used.

Membrane media, obtained by plating a porous membrane with gas, are experiencing a
marked rise despite their high price. Yrgenerally allow higher filtration velocity with less

opportunity to be clogged.

The selection of suitable fibers media is based on technical and economic criteria. In fact,
natural fibers such as wool, cotton and linen are not used mainly in industries because of their
low resistance to oxidizing agents (oxygen in the air and oxidesrogen). The temperature
resistance is also a primary criterion for selecting an appropriate fiber, it is necessary to
distinguish the temperature in normal operation @r@donethat can be reached during rush

period.

V  Filtration theory of fibrous media

The behavior of fibrous filter as a function of time can be divided in two stages. At the first
stage, called the stationary filtration, the modification of filter structure due to the deposited
particles does not have an influence on its performaBoethe other hand, at the second
stage, the deposited particles are the main factor modifying the filtration process and
increasing its performances over time, this stage is called thstationary filtration(Renoux

& Boulaud1998.

The stationary filtation is founded on two basic assumptionsall particles touching the

filter media are considered collected and trapped by the fibetise Zollected particles have
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no influence on the filtration poess. In this case, the filtgrerformance, i.e. claction
HITLFLHQF\ ( DQG SUHVVXUH GURS (3 DUH DOPRVW LQYDULL

At the stage of nostationary filtration, the change in E andP over time is called
S3VHFRQGDU\ SURFHVVHY" SDUWLFOHV GH SRIvdrwdhr@, DWWD F
HWF ZKLFK GLVWLQJXLVKHG WKH 3SULPDU\ SURFHVVHV™ UH
is represented by a collection of mechanigdifusion, inertia, and impactiorfMatteson&

Orr 1986)

V.1  Stationary Filtration

V.1.1 Mechanisms ofparticle collection

Dealing with fibrous media, four main mechanisms can be distinguished as the responsible for
particle collection. As a function of particle size range, some mechanisms can intervene in the
absence of the other, while several mechanisamswork simultaneously during the particle

collection, such as Brownian diffusion, interception, and inertial impaction.

V.1.1.1 Brownian diffusion

Brownian diffusionis the main mechanism responsible for collecting the fine particles such as
nanoparticles. Under the effect of gas molecules stirring and the resulting shocks, the fine
particles immersed in the fluid are widely affected by random motion that called Brown
movement which is the main reason of random movements for carried nanoparticles. Thereby,

the fine particles do not precisely follow the flow current lines and are collected by the fibers

during their random movemeffigure 8).

Figure 8: Particle collection by diffusion mechanism

In general, particle collection is governed by the relative importance of the diffusion
moveament with respect to the fluid convective motion, which is called the Peclet nurgher

and can be expressed by the equatin):

7ya@
pL—2 (27
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Where 7y is the gas filtration velocity,@is the fiber diameter, an& is the coefficient of
Brownian diffusion, in which the movement of the particles is quanti2&l @ccording to
the equation of stokdsinstein, &can be written as:
G b6Pp
ueJ@

&L (28)

Where G is the Boltzmann constantG L saiysr’®’, & ?°; and 6is the temperature of

the gas. % is the Cunningham coefficient, a correction factor that takes into acdoeint t
discontinuities of the media aitds defined by the equatio29) (Rader1990)

%L SE-JKHES$ATIE%-J;0 (29)
Numerows studies were subsequently carried out to improve the determination of the
CunningharrMiillikan -Davies G correction factor. The following table presents the published
values of the coefficients A. B and C for the calculation of the correction fagtof the

Stokes law.

Table 1: Coefficients A, B and C for the calculation of the Cunningiitiikan-Davies
correction factor

Author A B C

Knudsen et Weber (1911) 1.034 0.536 1.219
Millikan (1923) 1.209 0.406 0.893
Davies (1945) 1.257 0.400 1.100
Allen et Raabe (1982) 1.155 0.471 0.596
Allen et Raabe (1985) 1.142 0.558 0.999

Where ais the mean free path of gas molecules &@is the particle diameter.

The Brownian motion becomes importaviien the size of the suspendetticles decreases,

the decrease of fluid viscosity, and the increase of the temperature.
V.1.1.2 Interception
This capture mechanism is only applied for particles of small diameter. |rifagbarticles

immersed in a fluid often go after the flow Iinﬁ'gure 9), because of their low inertia, and

the more these current lines approach the fibers, the more they are attracted to these
collectors. Consequdy, the particles will be collected by a fiber if they follow a current line

at a distance less tha@ t.
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Figure 9: Particle collection byinterception mechanism

In order to characterize the particle captureittgrception, the interception numbed#)(
which represents the ratio betwetbe particle diameter and the fiber diameter, is determined

as a dimensionless quanti8d:

4 L

NS

(30

V.1.1.3 Inertial mpaction

This type of collection mechanismpsirticularly significant for large particleshich can not
follow the curvature bthe current line due to theinertia Indeed, because of their high
inertia, the particles cannot be carried by the current line bypassing thewfibeln, make

them impactagainst the fiber‘Figure 10). To characterize the particle captured by this

mechanism, we use the Stokasmber(31), which describes the ratio between the stopping
distance of the particle and the characteristic length of the obs@cle

%&Q@ ,4

R—
° s2@

(39

Where é; is theparticle density and’, is thegas velocitym.s™.

Figure 10: Particle collection by impaction mechanism

V.1.1.4 Electrostatic force
The electrostatic force(f is the mechanism responsible for the collection of particles that
have an electric charge opposite to that of the filter média.harged particles which are

not collected by the mechanisms mentioned above, will be exposed to this collecting force,
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which significantly increases the filtration efficiency of the particlﬁ'gure 11).

Nevertheless, the effectiveness of this collecting mechanism decreases rapidly with the filter
clogging this is one of the disadvantages of electrostatic flreeCoq 2006) The form of

electricalforce between particles and fiber is given by the equaiign (

Mav
G ve Y@

Where Mand Mareelectric charge of particles and fibespectively and tis the distance

(32

between the particle and the fiber.

Figure 11: Particle collection by electrostatic force

V.1.1.5 Sieving

The principle of this collection mechanism is simple, it is enough that the distance between
two fibers is less than the diameter of the targeted particles. This effect applidy to
particles of large diameters. For higher porosity of the employed filter media, this collection
mechanism is neglected at the beginning of clogging, but it can become significant in the

presence of the particle cake.
V.1.2 Most Penetrating Particle Ske (MPPS)

The MPPSis defined as the most difficult particle size to be stopped by the filter media. The

main reason of this particle penetration is due to thepnedominant collection mechanism

for this particle size, the fact that leads to less catieafficiency in this area. As tffegure
iIIustrates, the increase of particle diameter relative to the MPPS leadmtyeaseon the

efficiency of the filterdue totwo collection mechanismsgiterception and impaction.
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Figure 12: Filtration mechanisms as a function of particle diameter
V.1.3 Particle collection efficiency

V.1.3.1 Single fiber efficiency

The collection efficiency of a single fiber is called unit efficiendy;. It can be determined

from the unit efficiencies of each capture mechanism, which are derived from theoretical or
semi empirical models. In general, it is assumed that a particleliegliwith a fiber is
retained by special forces such as Vander Waals forces, electrostatic or intermolecular
phenomengle Coqg2006)

There are two approaches used to calculate the unit efficiency of a single fiber. The first is to
adjust the results gprevious experiments by adapting the new filtration conditions. The
second approach is to study numerically the trajectory of the particles during their flow
around the fibers of the filter.

The first approach mentioned is the most common to calculatanibesfficiency of fiber
collection it is namely the adaptation of the calculation modules of collection efficiency.

In the literature, several expressions are found to calculate the overall and unit efficiency per
each collection mechanism, especiallsoBnian diffusion, interception and impaction, and

some of them are presented in the following section.

Lee and Liu (1982), combined the effect of two mechanisms: Brownian diffugjcand
interception Oyin order to calculate the efficiency using a bougdayer theory associated to

the Kuwabara flow filedtakingaccount the influence of neighborifigers
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where D)Lta(@A 2RK®7 and @

1/4 a Al/a a

(32)

Hku is the hydrodynamic faet according to Kuwabar@959).

The two individual efficiencies of diffusion and interception were added to obtain a combined

efficiency,assuming that the impaction mechanism is not important:

RL B E Ry (33)

LiMetheoretical equation the single fiber efficiency whitie flow is transverse to. it

Then,LeeandLiu 1982 adapted the previous equations to match with experimental results,
using data based on filtration of particle size diameter ranging from 0.05 to 1.3 um by Dacron

filter. The individual efficiencies argiven by:

D,Lszx@g—A 2R8 7 and DL rzx@s— _ (34)

Ay, a Ay, a

The latter study was followed by Liu and Rubow (1990) who corrected two terms, taking into

account the slip flow effe¢Spurny, 1998)

Q,Lsa@—A 2R7% and DL r&e (35

Ay, a Al/ a 5> E;

Where %is the correction term for the diffusion slip flow effegiven by:

. 'sFU2A° T
%LsErazzjyF———G (36)
Ae
And %is the correction term for the interception dlgpw effect, given by:
sg{x-Jy
4

Following the work of Liu and Rubow (1990), Payet (1991) adjusted the last equation

%LSE (37)

according to his experimental data, by introducing a new term related with the mechanism of

diffusion, therefore, the mediffusion equation took the following forg38):

w0, oD? ) > 7 fi
DLsxk@—A 2R°7%% and QL ra&@/i/—a_ a8)
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where %is the correction term for the diffusion slip flow eff¢Bayet et al1992) given by
theequation (39)

S
s E R

From the work of Stechkina & Fuchs (1966)jecret & Gustavson(1989) suggested the

of L

(39)

following expressior{40) for the total fractional efficiency:
BL B ERERER (40)
[, efficiency by diffusion, % efficiency by interception,(y;efficiency by impaction, (3 g
efficiency by combination of diffusion and interception.
The total efficiency of fibrous filter is the combination of all filtration mechanisms. The
simple way to predicthe total efficiency, if all individual mechanisms are small compared
with unity, is to add all predicted values by using the following equ#ib)
BL B ERERERS (41)
While if the different mechnisms acting in independent way of each other, the adequate
equation is:
BLSF :sFR;:sFR;:sFRy:sFRyaisF [y; (42)
From the other side, Gutfing &ardos (1979) valid this equation for the case of diffusion,
interception, and impactmo

BLSF :sFR;:sF;:sF ¥ (43)

The |Table 2| summarizes some of the overall of fractional efficieraayd collection

mechanism models.
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Table2: Overall of fractional efficiency and collection mechanisiodels

V.1.3.2 Overallfilter efficiency
The overall efficiency44) of a filter is calculated from the total unit efficiency. Thus, in the
case of deep filtration on fibrous media (filter paper and nonwoven fabric), the iftitéidn
efficiency can be determined as follo{Bown 1993)
1 = :U -
¢ LsFZtS FFVBST:U, NTdG (44)

The overall efficiency can be also calculated experimentally from the relation between the

particles concentration of the filter upstredn 4 and the concentration of particles of
the filter downstreanD & —according to the following relationshig9):
CLsFD 5H 4
SF——— Hsrr
¢ 0 4 ( 5)

An efficient filter is thefilter that ensures maximum particle collection efficiency and

minimal pressure drop during the clogging and after the cleaning operation.
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V.2  Non-stationary filtration

The next section examines the various parameters thanftaenice the filter performance
Before dscussing the filter performancé is relevant to understand the mechanisms of

different steps of deposition and collection of particles by fibrous media.
V.2.1 Dendrites and particle collection

In fibrous media, the captured particles lead to folwnadf particle dendrites or agglomerates
(chains of deposited particles) on the surface of fib&he geometry of the deposited
particles differs according to their size: for submicron partidles deposit is dendritic
whereas for micronic particlebd deposit takes a form of agglomerates. several decades,

the assessment of deposited particles on the fibrous media has attracted many authors for its
importance to understand cakeusture and filter performanavolution. The significance of

patten particle deposition lies on its dependence to filtration itmmd and filter
permeability.Better understanding of dendrite and agglomerates structure may lead to better
prediction of pressure drop thugh the filter. Billings (1966yvas the first author who studied
experimentally the behavior of deposited dendrites (Payatake *UD GR /IDWHU
Alkiviades etal. (1976) studied dendrite structure of dust cake in the fibrous filtration media.
The study consists to assume an ides¢ structure as similar as the tree actual structure in
order to predict the dendrite deposits behavior as a function of time and position on the fibers.
The dominant filtration mechanism is a crucial factor affecting the dendrites formation upon a
fibrous filter. That is, the dendrite is formed on the entire surface of fiber in the case of
diffusion deposition. In the case of interception, dendrites will be mainly deposited on the

sides of fiber surface. While for impaction mechanism, the dendritesranedmn the front

of fiber surface perpendicular to flow directigks illustrated in thg=igure 13|(inspired from

(Kanaoka et al. 1986)a dendrite fomation was described as a function Sikes number

(5 P @eclet numberZ Aand interception number.
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Figure 13: Dendrite formation as a function of Stk, Pe and R

From the other sideThomas(2001l) had clearly explained the different forms of deposit

particle geometry. As a function of particle size, the deposit can be formed in two different

geometries. For submicron particles, the deposit is dendrite as showFiguhe 14ra and

thgFigure 14tb, whereas for micronic particles, theposit takes a form of agglomerates.

a) Clogging of fiber with b) Clogging of fiber with

submicronic particles micro-sized particles
Figure 14: Deposit particles on fiberéfThomas 2001)

Thomas(2001) explains that for particle having a small diameter, the specific surface area is
important, which leads to a greater pressure drop of the filter and dendrite formation. While

for the coarse particles, the deposit has a greater compactness, betthe syrface area is
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lower than for the submicron particles, this leads to a lower pressure drop for the same mass

of deposited particles.
V.2.2 Filter pressure drop

V.2.2.1 Air permeability

Each filter has a specific air permeability valug,(which differs accating to its properties

and characteristics. The permeability is a widespread quantity used to control the performance
of the filter (Seville 1997) $FFRUGLQJ WR WKH 'DUF\YfV HTXDWLRQ
permeability (-) can be determined by the f@lling formula 46):

84
- L}KE (46)

Where, A 2is the pressure drop across the filtelis the filter thickness &;is the filtration
velocity, and ais the air viscosity.
V.2.2.2 Pressure drop of clean and clogged flat filter
Experimentally, the pressure drop is defined as the difference of the pressure between
upstream Z,qrpc_RNd downstreamz,myiqrpc @f the filter media, according to the
following equation 47):

A2L 2s5capb2acamcanoa (47)
As previously explained, the filter clogging occurs in two main phases, stationary and non
stationary. In the literature, the pressure drop expression of a clean filter is different from that
of a filter in a norstationary phase. To evaluate the total pnesdwop of a clogged filter, it is
essential to take into account the pressure drop of the clean filter and that of the filter cake, as
indicated by the equatiod) (Novick et al.1992)

A2L AR EAQ (48)

A 3is the pressure drop of thiid through thedust cakehat can be expressed by Kozeny

formula(for spherical particles)

Azl Jm— b U
S T VRN T

With Usthe cake compacity and), the empiricalconstant of Kozeny and Carmasg; is the

&5 (49)

particle densityandWpis thesurface massf collected particles

Davies(1973) has also developed the formulsO) for pressure drop of clean filter whose
compacity is between 0.005 and 0.4 (the range of compacity commonly used for industrial
filter media):



Chapter | State of the art

I .
s E wody; (50)

A2 L xvw&ga

With Uis the volune density of the fibers.

The pressure drop of the clogged filter media can be also written according to the equation
(5D:

.
5. 7 .
A2L x\&&a LS'SE@W%'E Ja:s&%;?@;g@/@ 8,505 (51
In the literature, several empirical formulas of pressure dropbeaysed according to state
DQG ILOWHU FKDUDFWHULVWLFV )RU LQVWDQRBRGB2DYLHVY
can be used for clean navoven fibrous filte(Hung & Leung 2011)
18
vd 4

Lsx2® @EwX A (52

The formula is obtainethrough testing of fibrous filter with fiber diamete@ ranging from

1.6 to 80 um anccompacity(.) smaller than 0.3, which include the current range used in
industrial dust.

V.2.2.3 Cake and filter resistance

Since the face velocity is low at Reynolds numi#eAOs 'DUF\fV ODZ FDQ EH DS

calculate A 2 and A afrom the following expressiors@):
L sJ&E 53958 (53
Where Jis the gas viscositygjs thefiltration velocity. - sand - g are respectively the media

filter resistance [M] IDEULF UHVLVW an® thélspdeific feSistadde of the dust cake
[m.kg™] can be defined by the equatio®sl)

. = (54)
5"803 J@Gngéﬁ‘JJ

Where 95 L u—f is thecollected particle magsake aea load)n the filtersurface

- s can be experimentally determined based on experimental data of collecting particles on a
filter. From the slope of the line describing the increase in the pressure drop as a function of

the collected mass per unit area we caoutate the constant of tloakeresistance K
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V.2.3 Filter clogging

During clogging of clean filter, three stages can be distinguighapire 15): (1) depth

filtration (2) transition filtration 8) cake filtration. In the first stage of filtration, the carried
particles by the gas stream are collected in filter depth only by filtersfiof tle filter media.

The interactionbetween collected particles increases as the quantity of captured particles
becoms important. During this stage, the euwttbn of pressure drop is sloviater, the
captured particles might play the role of filtBbers by collecting the future particles,
contributing to the performance rise of filtration efficiency but the rise of pressure drop still
slow across the filter. As a deep filter is loaded, dendrites formed on the filter media surface
begin to bridge tgether to form the so called cake filter, the flow resistance through the filter
and pressure drop rise become markedly linear. This change in mechanical structure within
fibrous filter was clearly observed by several studies.

Figure 15: lllustrated graph of 3 H Y R @sfoldedRnaass

The study of filter cake structure is important to understand its effects on filter efficiency and
the evolution of pressure drop across filter media.

As explained byForster etal. (2016) in industrial applicatiog clean bag filters araever

used immedhtely for aerosol filtration. In fact, their conditionnement is a necessary process
thatmust be applied for new filters by peeating their media with thin layer of reagent (such

as lime orsodium bicarbonate). The process of precoating is applied not only to increase

filtration efficiency, but als@o increase the chemical attack resistance and dust cake release.
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V.2.4 Filter cleaning

The collected particles on the filter media are responsiblthéopressure drop evolution. For

this reason, the particle cake must be detached to a predefined value of the pressure drop or

within a time interval. The formation and detachment of the ¢Blguie 16| inspired from

Park (2012) are among the main causes that aaftuénce the filter performancé hus,

investigating these processes is very important tergtand the filter performance

Figure 16: Influence of dust cake on filtration efficiency

In fact, the pressure drop of the filter depends on the aeraulic resistance of the filter media and
also on the dust cake formed on the filter surface. These two quaatiieconditioned by
several factors such as the cake porosity, its specific resistance, the distribution of the charge

of the cake zones, the distribution of the filtration speed and the media itself.

During the regeneration of a dust cake, the collepteticles can not be totally removed from

filter media, which may remain the residual pressure drop not stable and increase during
clogging/ unclogging cycles. The fact that increase the flow resistance across the filter media.
Thus, the residual particlesan have benefits or disaahtages for filter performancen fact,

collected particles plays a major role with regard to the collection efficiency of future
particles. Neverthless, the huge increase in residual pressure drop may be the mean reason
leadsto change the filter. Thereby, the liftime of the filter is highly dependent on unclogging
efficiency.

An incomplet detachement of cake filter (the patchy cleaning) occurs where some area of the
filter media are completely unclogged while others still mgdhe dust cakéDittler et al.
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1998) The patchy cleaning is the major cause of inefficiency filter cleaihudkhopadhyay
2010)

Patchy cleaning is attributed to several factors, for instance, theunifmmm filtration
velocity pass through the filtemedia due tothe nomhomogeneity ofpore of the media
structure. The fact that leads to form a aamform cake thikness and variation of cake

porosity which can be responsible of uneven cake removal.

Saleem et a2011) have investigated the formatiand detachment of cake dust from pulse

jet bag filter. The experiments were carried out on clogging needle felts media with limestone
particles. The rise of pressure drop was faster at the beginning of filtration and takes a
concave rise, while after ceitanoment of filter clogging the evoltion of becomes slower.

This was explained by the fact that after engagement the unclogging system, some areas of
bag filter are completely get rid of cake while others still holding residual cake. By resuming
the cbgging in next filtration cycle, the gas flow becomes higher through area holding no
cake as compared to the area holding thick cake at the same overall pressure drop. At constant
dust concentration, the cake high will increase faster at cleaned arethehaasidual cake

laden area. Therefore, the pressure drop increases rapidly until the cleaned area get layer of
cake and the entire cake surface become homogeneous. At this point, the flow resistance

bemmes balanced across the media filter and a linear rise seems to be observed

VI Influence of operating conditions on filtration performance

Before discusing thinfluence of operating conditions on filtration performantéag filters

when results are availabla the literature it is important to recognize their influence on

filtration mechanisms especially diffusion, interception and impaciibe]| Table 3|gathers

main factors that affa the eficiency of filtration mechaniseimainly flter characteristics,
particlecharacteristics, and filtration velocityhese results were observed in litterature from

cloggings with fibrous filters in flat geometry.

Table3: Influence of operating conditions on filtration mechanigitgomas 2001)

Operating _ o
Filtration Aerosol - Filter characteristics
conditions
mechanisms _
€N @N aN @N UN B\
Diffusion P P P P N N
Interception -- N -- P N N
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Impaction N N N P N N

N: increase P: decrease

VI.1 Filtration velocity

VI.1.1 Particle collection efficiency

Forster efal. (2016)investigated the influence diftration velocity on nanopatrticle filtration

(5-40 nm in diameter). The filter was from one side a clean bag filter without dust cake, and
from the other side, bag filter contained dust cake with a pressure drop of 250 Pa, which was
built up at a filtration velocit of 3.3 cm.s'. The filtration velocity during nanoparticles
filtration was varying between 1.5 anccB.s’. The results showed that, for both filters, the
filtration velocity has a significant impact, so that, the efficiency increases with decreasing of
filtration velocity. This result is consistent with the influence of filtration velocity on
Brownian diffusion, the main mechanism explaining the collection of nanoparticles by fibrous

filters.
VI.1.2 Dust cake resistance

According toDennis & Dirgo(1981) the filtration velocity affects thepecific resistance of
the dust caké - ¢. Numerous studies have shown the following relationsbip lfetween-,
and 8(Cheng& Tsai 1998)

-, L Bgf (59
With Band Jare positive constants. The walofn depends on the partidigpe used during
filtration, for instanceJ L r & {for nanosized Arizona particlgRkudnick & First 1978)

J L ravfor coal fly ash(Dennis et al. 1979)The findings showed thatgincreases with 4

VI.2  Air humidity

VI.2.1 Particle collection efficiency

The influence of humidity on filtration performance must be taken into consideration during
clogging of filter mediaKim et al. (2006) tested the filtration of NaCl nanoparticles with
diameters ranged between 3 and 70 nm at a veloci®y50ém.& by a fiberglass filterBy
changing the values of the filtration humidity during clogging of the filter meb&results
showed thathe humidity has no influence on the filtration efficiency. The efficiency remains
constant for the three humidity values of 10.6, 305, and 23000 ppm, corresponding to 0.04,
1.22 and 92% of relative humidity.
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VI.2.2 Filter pressure drop

Joubert efl. (2010) conducted experiment study to investigtte influence of humidity on
pressure drop. Flat filters were clogged vetidium chloride and aluminum oxidehe results
of clogging with hygroscopic sodium chloride aerosols showed that the specific cake
resisance decreases with the increase in relative humiRiggarding the nehygroscopic
aluminium oxide, no significant influence of humidity during clogging was observed on the

change in filter pressure drop.

Most of the studies which investigated the infloe of hundity on filtration performance
were carried out on filters in flat or pleat geometries. To the best of our knowledge, yo stud
wascarried out to investigate the influence of hdity on bag filter performance

VI.3 Air t emperature

VI.3.1 Filter pressure drop

In order to investigate the effect ofniperature on filter performanc&im et al. (2008)

studied the evolution of the pressure drop across dust cake of ash aerosol deposited on
ceramic filter clogged at different values of temperatuo®r( temperature 673 -). The

study showed that the pressure drop of the filter increases with filtration temperature. The
main reason was traced back to the change of fluid viscosity which increases with filtration
temperature. The equation which relatesgerature to fluid viscosity can be obtained using

the Sutherland formul&6) (Allen & Raabel982)

58

6, Ess@&
p |

Ji L Js-| _
! 67 6 Esshv

% P (56)

VI.3.2 Particle collection efficiency

Forster et al(2016) conducted experiments study in order to investigate the influence of
temperature on nanoparticles filtration. In this regéad filter was clogged with particles of

5-40 nm in diameter at constant filtration velocity of 8r8.s" for three different &lue of
temperature: 20, 150 and 200°C. The results showed a high collection efficiency of
nanoparticles at higher investigated temperature (200°C) which was measured between 95
and 100%, while for ambient temperature (20°C), the efficiency was betwesamd9B00%.

This result is consistent with the increase of Brownian agitation with the increase of
temperature which promotes the collection of nanoparticles by Brownian diffusion

mechanism.
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VI.3.3 Cleaning efficiency of pulsget system

According to Kim et al. (208), the cleaning efficiency of ceramic filter decreases with
increasing of filtration temperature, as a result of increasing of pressure drop which in turn

increases the compaction effect of dust cake.

Low unclogging efficiency byulsejet method can balso explained by the fact that, the
more temperature increases the more filtered air density pulsed in bag filter become low

which makes the unclogging operation less efficithikhopadhyay 2010)

VI.4 Particle loading

VI.4.1 Particle collection efficiency

Leung &Hung (2008)conducted experimental studies in order to investigate the influence of
particle loading on filtration efficiency. Clean miefibrous and nandibrous filters were
loaded with NaCl particles of size ranging from 41 to 514 nm in electricallitgabiameter.

The results showed that, at the first filtration step, the MPPS2038sand 103 nnfor
respectively micrdibrous and nanefibrous filter. As a function of particle loading, the
MPPS of micrefibrous filter shifted tal28 nm after 70h of clgging. While for the nandiber

filter the MPPS decreased from 103 nm tan@Dafter 6h of aerosol loading.

VI.5 Particle concentration

VI.5.1 Filter pressure drop

Several studies were carried out by many authors to investigate the effect of aerosol
concentration ompressure drop of fiber filters. For instance, Songlef2006) have clogged
several fibrous filters of the same type by PSL particles at different inlet concentratio
ranging from 1.44 and 2.23 nng>. The results showed that at the high loading leivem

the masse loading particles of 1¢.nthe pressure drop of filter increases as the particle
concentration increases. The authors explained the results by the effect of concentration on
particle deposition subsequentlyon the cake structure. In factyith higher inlet
concentration, the packed patterns of deposited particles become important which may be the

main reason of higher pressure drop.

For the same purpose Thom@€01) investigated the influence of particle concentration on
HEPA glass fiberifter. The study revealed no significant influence of aerosol concentration

(5 and 2Img.m?°) onthe evolution of filter pressure drop.
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VI.6 Particle shape

VI.6.1 Particle collection efficiency

An experimental study carried out by Boskoviaet(2005) showed the influence of particle
shape on filtration efficiency. According to the results of this study published on filtration of
spherical particles of iron oxide and cubic particles of magnesixide by fibrous filters at

2 cm.s! of face veloity, the filtration efficiency for spherical particles is greater than cube
particles for particle size in the range of 50 to 300 nm. The difference in efficiency increased
with particle size. Boskovic el. (2005) explained thislifferenceby the fact tat the way

which particles move on the fiber surface is different. In fact, the movement of cubic particles
is rolling on the fibers before the capture. In this case, the contact area of fiber/cubic particle
is lower than fiber/spherical particle, which ams that the probability of particle detachment
from the fiber is higher for cubic particles than spherical particles.

Nanoparticle agglomerations are a collection of particles made up of clusters or chains of
primary particles. The shape of nanopartidgglomeration has interested authors to study
the influence of particle shape on filtration efficiency. In this regard Kim et al. (2006)
conducted experiments of filtration with silver NP agglomerates with which diameter ranging
from 30 to 500 nm. Loadingf fiberglass filter media which diameter is 1.9 pm were carried
out with the face velocity of 5.3 cnfs The results showed that for the same mobility
diameters, the collection efficiency of NP agglomerates due to their larger interception length

is higher than spherical particles.
VI.6.2 Dust cake porosity andfilter pressure drop

Porosity is a physical quantity determines the flow and retention capacities of a substrate. It is
also a numerical value defined as the ratio between the void volume and theltota of a

porous mediaY7):

nmpcq

0L (57)

rmr_j
With ¥is the filter media porosity§, , , ig the pore size, an8, ,,, is the total volume of the

material (the sum of the solid and pores volume).

Cheng & Tsai (1998have experimentally determined the relationship between the filtration
rate and the porosity of the dust cake. During this study, three different types of dust have
EHHQ VWXGLHG 10\ DVK 00'$ P OLPHVWRQH 00'$
(MMD $ P
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The results showed that the porosity of dust cake decreases with increasing of filtration
velocity for the three types of tested dust. This result has been explained by the fact that for
higher filtrationvelocity, the particles of large sizwe more compressed into the bottom of

the cake, and especially when the driving force of the fluid is greater than that of particles

adhesion.

By comparing the cake of the three types of dust, it is found that the limestone and SAE
particles have largarake porosity than that of fly ash whose a spherical shape. This is due to
a random arrangement of the limestone particles and SAE relative to the spherical particles of
fly ash. Based on this result, it can be said that the porosity of the cake idystetaigd to

the shape of the particles which in turns affects the evolution of filter pressure drop.

Endo etal. (1998) have studied the effect of particle types on filter pressure drop and filter
cake stucture. Under the constant filtration veloc{.87 cm.g), the air filter was clogged

with three types of particle, mainly alumina, Talc, and Arizona particles. The results showed
the highest pressure drop for filter clogged with alumina and the lowest resistance to air flow
with Talc particles.

VI.7 Filtration cycles

VI.7.1 Particle collection efficiency

The fractional collection efficiency of a bag filter is one of the most important parameters in
filtration. Park (2012) analyzed the distribution of particles upstream and downstream of a
bag filter during sewal cycles of clogging/uncloggingihe results showed that during 6

filtration cycles, the unclogging filter by countercurrent system, affects the penetration of fine

particles, and the particle penetration decreases with filtration cycles.
VI.7.2 Filter pressuredrop

VI.7.2.1 Bag filter conditioning

After conditioning of bag filter, the collection of particles takes place on the surface of filter
media. To mimic the status of the filter in the industrial application and to create
approximately the same conditionsfdfration, the filter must be tested during the stage of
surface filtration. In other word, the bag filter must be conditioned by building up the dust

cake after several cycles of clogging/ unclogging until reaching a constant residual pressure

drop of ba filter (Figure 17) and ensure no dust inclusions in depth filter media.
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Figure 17: Pressuredrop curve for a new filter media with f@ld filter cake buildup
(Forster etal. 2016)

VI.7.2.2 Gradual increase in residual pressure drop

The residual cake on the surface and the trapped patrticles inside filter media are the main
reasons of increasing in residualH V V X U H . WhiRI$ be€oBnes aggravated with cycle
numbers of clogging/ unclogging. Depth filtration cdfeet seriously the performanand

lifetime of bag filter(Mukhopadhyay 2010)Simon (2005) has clearly explained the reason of

(G &9 increasing over filtration cycles.

Figure 18: lllustration scheme of the filter layer

As illustrated in the|lRigure 18| inspred from Stockimayer & Hoflinger (1989)the filter

media can be devised into two layers. The layer | represents the area of the media for which
the trapped particles can be detached by getssystem. The layer Il represents the area in
which the partiles can no longer be detached and are definitely trapped within the internal
fibrous structure of the media. It is these latter particles which would be responsible for the
increase in the residual pressure drop. Immediately after unclogging, the ieganpty and

new particles can penetrate in the layer Il, where they are captured in the upper part of this
zone and form an intern dust cake. The residual pressure drop is mainly dependent on the

compression of this layer of internal dust cake. Thushé& internal cake is close to
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incompressibility, the particles trapped in the layer | will not be able to evolve and the

residual pressure drop increases gradually.

VI.8 Influence of upper pressure drop on filter resistance

Effect of upper pressure drop limit on filter media and dust cake resistance parameters was
studied bySaleem etl. (2012) The tested media was needle felts made of two polymers;
polyimide (PI) and polyphenylensulfide (PPS). In bag filter geometry, traianwas clogged

at two different filtration velocity2.7 and 55 cm.s*; the filters were loaded with the same and
constant cake area load. The results showed that the residual resistance of the media is
independent of upper pressure drop in conditiont tha bag filters are properly cleaned.
While the cake resistance decreases with upper pressure drop limit. Furthermore, the effect of
maximum pressure drop on resistance of filter cake is important at high filtration velocity as

compared to low filtratiowelocity.

VI.9 Bag filter damage

The damage of bag filter is a serious issue that could be happen because of corrosion in the
case of abrasive materials contained in treated gases or because of fire risk. To avoid such
problems, it is essential to establiskefi performance monitoring systems by monitoring the

pressure drop indicators in order to check and to ensure that there is no leakage of particles

through damaged filter.

For example, pulsgt cleaning can cause a serious damage because of the higéd appl
pressure during injecting of the compressed air. In fact, the air flow can damage tharfdters
the spray tube, which leads to uncontrolled leakage gfdrtecles, by consequence thesds

to a reduction in filtration performance.

The most signiftant influential parameters are: the angle of the nozzle on the filter surface
and the distance of exposure of the filter by the flux. Increasing the filter efficiency is
essential to optimize the cleaning operation of the syfteparoux & Siegmann 2003)

Triboelectric or optical devices can be used to measure the evolution of emitted dust from the
bag filter to detect possible damage and can be also used to detect dust peaks during
unclogging cycle. When these measures are integrated into a zoning,sysée area
containing damaged filter@ can be identified and thereby repairs can be carried
out locally(BREF 2006)




Chapter | State of the art

Figure 19: Damaged bag filter (Zhou al. 2012)
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VIl Conclusiors of the chapter

Over deades, a diverse group @&fir Pollution Control devices have been developed to
remove particulates and/or gases from industrial exhaust streams. Thanks tmadese
technologies of flue gas treatment system, the emissions of hazardous substances to the
environment have beedrastically reduced. Bag filter is one of thenost efficient Air

Pollution Control device for gaparticles separation with large area of woven or needled

fabric which the flue gamustflow through.

In the present chapter,baief overview wasprovided on the conditions of industrial flue gas
treatment and the filtration mechanisms of aerosols by fiber fitess detailed Moreover,
the stretural characteristics of fibenedia, size distribution of aerosols, and their physical
and ciemical characteristiogerealso discussed in this chapter.

The chapter discussed also the performance of fibrous filter as a function of time in terms of
pressure drop and filtration efficiency. The filtration theory of fibrous media distinguished
two stages of filter performancavolution.In the first stage, the collection of particles during
filtration occurs on the surface of filter fibers thkarto the filtration mechanismb1 second

stage, the constructed dust cake on the surface of filter ngedli® main responsiblfor
particle collection and the increase of filter pressure drop and collection efficiency. Thus, the
dust cake plays an essential role to increase the collection efficiency for fibers filter.

To understand the effect of differenitration conditions on fibrous filters, a background of
the influence of operating parameters on filtration mechanisms and ostrtiedure of

constucted dust cakevasprovided in this chapter.
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I Introduction

The present chapter describes the materials and methods used in this work. Two experimental
setups were used for clogging of two different filter geometries (bag filter and flat filter). All
fillers are made from the same filtenedia (Polytetrafluoroethydne PTFE). Bag filter
experimental setupras developed in order to be representative of the bag filter unit in waste
incineration flue gas treatment in terms of temperature, humidity, filtration velocity
unclogging,and aerosol load. The second experitaesetup dedicated for flat filter was a
simple filtration conduct with the absence of-lore unclogging device. The particulate

pollutants used in the studyealsodescribedn terms of particle size distribution as well as
concentration in differeriltration conditionsnamely: (150°C3% RH- 100g water/kg aiy

and (24°C 45% RH- 10 g waterkg ain. Finally, the general experimental methodology
followed during the thesis described.

I Description of experimental setups

1.1 Bag filter setup

The experimentasetup(Figure 20) was developed in order to be representative to the bag

filter unit in waste incineration flue gas treatment in teahgemperature, humidity, filtration
velocity, uncloggingand aerosol load. This setupdisdicated to filtration/otine regeneration
tests at incineration conditier§150°C, 3% RH) and at ambient conditions (24°C, 45% RH).
As can be seen from the figure, the experimental setup can be divided into 4 areas.

In area 1, a centrifugal fan (SC10C 0.75 kW) flows filtered air (F9 filter according to
European sindard EN779:212) into the sefp. The airflow is measured with a flow meter

located upstream of the fan.

In area 2, the air is heated up to 70°C (heating collar 500 W) and moistened by steam
countercurrent injection (steam generator semiautomatic NEMO 1.6 kW). Taikveel
humidity (RH) is measured using a capacitive hygrometer downstream of the steam injection.
Area 3 corresponds to the test zone. It is composed of a heating zone affab@i€ tests at
incineration conditionspnd compriseswo particle injections The reagent particles, i.e. a
mixture of activated carbon and sodium bicarbonate, were injected by the powder dispersed
generator SAG 420, TOPAS, while carbon agglomerates, i.e. condensation ,assvsol

emitted from graphite monoliths (generator DNFO@OPalas). A straight length (internal
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diameter 48.6 mm) for gas flow stabilization and the filtration module containing the bag
filter (150 mm in diameter and 440 mm in length). Particle cour(imith SMPS, Grimm)

was performed upstream and downstreanthe bag filter thanks to sampling probes. The
whole area, namely the pipes, the filtration module and the injection or sampling probes are
heated to 150°C and thermally insulated to prevent condensation on the walls. Unclogging of
the bag filter is proded bypulsejet method. During this c#fine procedure, the cake is
removed from the filter using the injection of compressed air (&tbér) for 0.3 s in the
opposite direction of the gas flow. removable tank allows the dust to be recovered at the

bottom of the filtration module

Finally, in the area 4, gas condensation is ensured by means of dulbelheat exchanger
followed by a lost water condenser. Befalischargingto an extraction device at the room
temperature, the gas is filtered with a Hfllider (European standard EN1822:2009). The
entire pilot is installed inraunderpressurdaboratory dedicated to the study of nanoparticles

with entrance hall, and both areas 3 and 4 are under a ventilated hood
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Figure 20: Experimental setup for bag filter clogging tests
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Th

Figure 21|shows theeal picture of the bag filter experimental setup in laboratory.

Sampling nozlle

Sampling nozlle )
(filter downstream)

(filter upstream)

sation

Tan

Compressed air

Figure 21: Photograph of experimental setup for bag filter clogging tests

Tests were carried out at constant air flow of 10*Mrh corresponding to a filtration velocity
of 1.9cm.s!, and the bag filter pressure drop was measured continuously during the clogging
until 150 Pa as the maximum val(fer the tests at incineration condition¥he measurement
of temperature and pressure were performed at various points in the setugerintcor

accurately calculate the actual flow rates and relative humidity.

Bag filter regeneration is carried out by pneumatic filter cleaning. ddmapressedair
injection nozzle whoserifice of 15 mm in diameter, is centrally placed inside of the fdter
0.15m from top. For good mechanical strength of the bag filter, three support rings were
fastenedn their overall height in order to ensure their rigidity that prevents the crush during
filtration. The compressed air reservoir volume is 44 L and etysahlve is set at 7 bars. The

pressure of the compressed air tank can be varied between 6 and 7 bars.

1.2 Flat filter setup

Flat filter setup is dedicated to single filtration tests (withoutlow filter regeneration) at
ambient temperaturelose to24°C and relative humidityof 45% for different filtration

velocities (1.4 to 1.9 cra?), and for flat geometry of the filter.

An overall view of the filter unit md the filter mounting is givem the|Figure 22| The

experimental setup used for flat filtelssa simplestraightfiltration conduct with the same
equipment as the previous setup (particle injection, sampling upstream and downstream of th
filter).

A distance of 1.5 m was established between the fdstedand the particle injection in order

to establish astabilizedflow path and homogeneous dispersion of generated parfidies.
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flow is maintained constant during filter clogging doethe pressure drop control generated

by air flow through diaphragm by acting on the centrifugal fan frequency.

The setup is fed by the laboratory air after prelimirfdination (G4 and H14 filters) to ensure

that no particle other thanthe generatedare present.The maximum pressure drop of flat

filters testing at ambient conditions (24°@5% RH) was fixed at 120 P&he gas viscosity

is influenced by the change in operating parameters and increases with temperature. Thus, the
filter pressure drop af50 Pa at 150°C and 3% RH which was fixed for bag filter conditions,
corresponds to 120 Pa of pressure drop at ambient conditions {25% RH)for a similar

filter permeability
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Figure 22 Experimental setup for flat filter clogging tests



1.3  Aerosol sampling

According toHinds (1999) the isokinetic sampling of aerosols depends on their properties
especially sizeand particledensity. For nanometric and submicronic partsdenpling, the
isokinetic sample error is not significgi@aron & Willeke 2001; Arouca et &010).

Aroucaet al.(2010) showed that the isokinetic sampling conditions for nanometric aerosol
within the siz range of 1230 nm does not depend on the sampling veloaity,on the

flowing duct flow ratenor onthe diameter of the sampling nozzle.

However, as the tested aerosols are not only made up of nanoparticles, we decided, as a safety
precaution, to fobw the isokinetic sampling conditions for all aerosol and filtration
conditions because obtaining a representative aerosol sampling is the crucial condition that
must be achieved during particle measurement. The objective of this process is to capture the
guantity of particles as similar as possible to that exjsh a volume of flow insid¢he setup

without disturbing their pathrAbsence oflivergence of flow lines around the sampler inlet is

the main condition that must prevail in isokinetic samplinigusl velocities of the sampled

and sampling streams must be equal. In fact, the air flow inls&lsampling probe nozzle

must be equal to the flow at the point of the sampling area. To avoid or minimize the

divergence of sampled stream, the inlet sampliozzle must face the flow lines as illustrated

in[Figure 23ta. When the sampling velocity is too low inside of sampling probes, compared

with inlet flow, the particle concentration entering the sampling probes is higher than the

particle concentration in the main stream due to their greater inertia, while the gas is diverted

around the tube as illustrated|figure 23tc. If the velocity inthe sampling tube is higher

than the mainstream, the concentration inside sampling probes becomes lowénethan

mainstream and particles follow the streamliffeégyre 23;d). The geometry of the sampling

nozzle also influences the quality of the samplifigre 23tb).
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a: illustration of isoknetic smpling b: Too few large particles collected

c: Too many large particles collected d: Too few large particles collected

Figure 23. Schematidgllustration of air sampling(inspired fromJames & Lodge 1988)

The particle sampling is realized by nozzles introduced into the flow, upstream and

downstream of the filter at the center of the straight length.
Flat filter setup

The location of the sampling nozzle from the upstream anddtwnstream of the filter are
25cm and 30 cnrespectively The sampling is carried out respecting isokinetic conditions.

Thus, the nozzles are changed with filtration velocity. Indeed, the sampling nozzle diameters

at 1.4 and 1.em.s" of filtration velodty are respectivel1 and18 mm (Figure 24}a).

Bag filtersetup

The nozzles from the bag filter ad® cm and 15 cm upstreaamd downstream of thélter

respectively The diameter of the sampling changes with ghas velocity which in turns
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varies as a function of the pipe diametérthe setupat a constant flow rate (167in™).

Nozzle diametey upstream and downstreaof the filter are 1.7 and7 mm respectively

Figure24).

c) Nozzle forupstream bac
filter (d=1.7 mm)

a) Nozzle for b) Nozzle for
flat filter at flat filter at
V=19 cm& V=14 cm@

(d=17 mm) (d=21 mm) d) Nozzle for downstream ba

filter (d=7 mm)

Figure 24: Sampling nozle for flat and bag filter saps

Il Tested aerosols

In order to be representative of the particle size distribution (PSD) dnfitten waste
incinerationcontaining nanomateriglsarbon agglomerategere generated.e. condensation
aerosol emitted from graphite monoliths (generator DNP 2000, Palas). Mqgreoniture of
reagents (activated carbon aswhium bicarbonajevas generated to be representative of dry
treatment process of incineration fumes where those components are injected in the fumes

upstreanof the bag filters.
1.1  Aerosol description

[11.1.1 Carbon particles

Soot or black carbon nanoparticles are the unwanted @yprdrom the combustion of

carbonbased materials for disposal of waste containing nanomaterials. Black soot

nanoparticles|Kigure 25) are the majoilinvestigated particles in the present study. The

properties and the particle soot formatidependon several parametessichas the precursor,
temperature, pressure, and concentratiteynes& Wagner 1982; Glassmal989; Kennedy
1997; Richter &Howard 2@0; Frenklach& :D QJ hfi 8t al. 2001; Wang et al.
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2013; Eremin 2012)At high temperature (between 1000 and 250Q0%@agner 1978and

low oxygen concentration, the burning of wastes containing catbompoundscan lead to

the formation of sootNiessen 2010)A great deal of the research that has been carried out on
particle soot has focused on the use of carbon black as a substance of elemental carbon of

particles soot generated fraaombustionBockhorn et al. 2009).

Figure 25. SEM observation of agglomerates generatethieypNP 2000 generator
(Palas)

[11.1.2 Reagents:activated carbon and sodiumbicarbonate

The treatment of acid gases generated by waste combustion such &sdS4C| is done by

reaction with a basiconpounds The reagent particles used in this sttEElig(lre 26) in a dry

treatment,are amixture of activated carbon and sodium bicarbonate powders, generated
(generator SAG 420, TOPAS) simultaneously with the carbon particles during some clogging
tests, because the reagents are commonly introduced upstream of the bag filter in flue gas
treament line for dioxin/furan and acid gas removite efficiency of dioxin/furamemoval

during the flue gas treatment depends on severairiactuch as the quality of tlaglsorbent

injection, efficiency of thadsorbenflue gas mixing, the mass flow eadf thereagents.
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Figure 26. SEM observation of reagepérticles 6odium bicarbonate activated
carbon

[11.1.2.1 Sodiumbicarbonate

Sodium bicarbonate is a chemical compound described with the formula NaB8©of its

major appications in industrial field iswaste gas treatment. In powder forsndium
bicarbonate can be used for industrial gases treatment gm#duation agents, mainly for flue

gas desulfurization, it can be also added to regulate and stabilize pH and alkahelityn

gases. The reaction between acid gases and sodium bicarbonate is a surface reaction. The
solid is therefore generally ground in order to increase its specific surfacewhssa
decomposing into sodium carbonate, the release of gas, (@0O) further increases the
specific surface area by increasing the porq8ityckhorn et al. 2009).

Powdered sodium bicarbonate is generally injected directly into the flue gases at the outlet of
the boiler, where it decomposes from the temperature of 108&0a etal. 1995). The
sorbent is then rained by a filter media and beues part of the formed cake filter. The
decomposition of sodium bicarbonate (NaH{fQenerates the sodium carbonate ;(D@)

which in turnreacts with sulplr dioxide according tdhe following reactiongBicocchi et al.

2009)

2NaHCQ(s) : 1 RCOs(s)+ COx(g) + HO(g)

NaCOs(s) +SQ J @ LB04(s) + CQ(g)

Na,CO; alsoallows the treatment of H@resent in the hot gases (Du@etl996) as follows:
VNagCO; V. +&0 J : 1B&Q(gy+ %HO(g)

111.1.2.2 Activated carbon

Activated carbon is the substance usually used to remove undesirable compgoachnés

dioxins/furandrom industrial gases during the utilizationadbag filter(BREF 2006)One of
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its major properties is the huge sifiecsurface due to theimesoand micrepores volume.

The activated carbon powders are injected into the flue gas during their treatment. Similarly
assodium bicarbonatehe formed cake filter on the bag filter surface due to the filtration and
the retaning particles of activated carbon, will be the mean surface of their contact to dioxins
and other semvolatiles (such as polycyclic aromatic hydrocarbpnihe adsorption of this

undesialde gases from the flue gas ocsuntil the bags are cleanéidu et al. 2013).

[ll.2  Particle generator and measurement equipment

[11.2.1 DNP 2000 spark generator (Palas)

DNP 2000 (Palas)is a generator of narsrale tests aerosols produced from graphite
electrodes under high voltages that can be used for several houstopomhe applied
discharge betweecarbongraphiteelectrodes leads to generathigh temperature that cause
the evaporation of small fraction of the carbmhich produce high nungs concentratiorof
nanosizedparticles(> 10’ particlescm®). In fact, the large number of elementary particles
(3-10 nm) can coagulate to produce agglomerates which siz85(b@n) can be adjusted by
adding compressed air. In addition to the latérpgen is required as the carrier gbkelsper

et al. 1993; Harath and Gangl 2003).The energy converted in each spark remains constant

due to the constant spark over voltage, which allinvesdevice to produce a constpatticles

concentration over timEigureZ? :

Figure 27: Principle of the spark generator

In order to ensure a goadachineperformance, a process of maintenance was periodically
applied during operation tests. In fact, the flow channel should be cleaned after 4 to 100

operating hours. During the experimental tests, we decidpdrformthe maintenance after
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each 15 operatingours. The aerosol outlet of the electrode wvals also cleaned within

cotton buds dipped in a liquethanol orpropanol.

The size distribution of the generated carbon aerosols demendhe spark frequency-(2
999Hz) and onthe dilution air flow ratewhich can be varied byweakingthe dilution air

source. The size of the agglomerates increases with increasing spark frequency.

The particle size distribution as a function of spark frequencies is prese(feglia 28/ at

constant air flow of 10.min™%. In agreement witlelsper et al(1993) the results showed the
increase of particle size number as a function of spark frequencies. Moreover, the mean
particle size was influenced by the spark frequency and increased from 42 nm at a frequency
of 100 §' to 50 nm at 9995 While, during thericreaseof the air flow rates (from 10 to
301.minY) at constant spark frequency (f=999 the measured mean particle size was shifted
from 50 to 41 nmleadingto anincreasen the particle number distributio. By
consequence, the increase in tharticles mass flow rate is only partially achieved by
increasing the particle number concentration due to a strong coagulation phenomenon
(Helsper et al. 1993)

Figure 28: Particle number distribution Figure 29: Particle number
of the carbon aerosol for different spar distribution of the carbon aerosol
frequencies for different dilutionair flow rates

[11.2.2 SAG 420 dust disperser (TOPAS)

SAG 420(TOPAS)is a dust disperser which generates solid aerosols by dispersion in air of a

powdered solid feed at a constant flow rate to the dispérberdevice conveya constant

mass flow rate of powder from a holding vesgag(re 30) to a dispersion nozzle by means

of a series of operations transport of powder on a driving belt at a given belt velocity and for a
given thickness of powder on the belt, refinmigpowder passing through a scrapper screw,

anddispersion of powder in compressed air passing through a dispersion nozzle.
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SAG 420(TOPAS) combines the dosing of particles and their dispersion quite reproductively

and ensures relatively constant aer@swicentrations over prolonged periods.

The dosing of the reagents (activated carbon + sodium bicarbonate) is ensured by transporting
of a defined amount from the holding vessel to the feeding screw. The stable quantity of
dosed particles is ensured by thgeed of dosing belt which is kept constant and can be

adjusted in a wide range.

Figure 30: Schematic of the SAG 42DOPASXust disperser, side views

The concentration of the injected reagents was fixed from the TREDienmation plant
specifications:2.5 g.m® and 0.2 g.ni respectively for sodium bicarbonasnd activated
carbon. ®rresponding concentration of mixture (2.7 §)mthe set mass flow rate of SAG
420 (TOPAS)was fixed at 4.5 gnin™ for the total flow of 7 Lmin® in the bag filter

experimental setup.
I11.2.3  Particle counter and mobility particle sizer SMPS, Grimm

SMPS(Grimm) (Scanning Mobility Particle Sizer) is the device used to measure particle size
distributions and corresponding concentration based octrield mobility. The measure
consists first of all of imposing a charge law on the aerosol before selecting a precise electric
mobility band using a classifier and counting the corresponding particles using an optical
counte. It allows measuring particldistribution in the size range of IMO0 nm, for single
channel particle concentration in a range el00 particlescm® and sample flow of

0.3 Lmin™. The device is well known for highest resolution information and lowest diffusion

losses even for small particle because of the large number of used channels for particle

classifications (23, 43 or 85 channels). As showfigure 31| the device is composed of 2

important parts:
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Differential Mobility Analyser (DMA) + Impactor + particle pigharger
Condensation Particle Counter (CPC)
The input impac6EMPSstops thedrgest particles which can carry several loads and prevents
their presence in the column (DMA).

Differential Mobility Analyser DMA is an electrostatic classifier to sort particles dase
their electrical mobilityCPC is an optical counter of particldiicially enlarged by butanol

condensation; particle counting is performed for each class of particles classified by DMA.

Figure31: lllustration scheme of different component of SMPS (Getrel.2012)

[11.3 Particle sizedistribution and concentration

A monitoring of the particle concentration generated during filtration tests was realized. For

each operating condition, the particle size distribution (PSD) and the concentration of

generated aerosol were measurpdtream bthe filter|Figure 32|represents the average PSD

measured over 6 different sampling time periods of the generation, with the standard

deviation as aciated uncertainty.
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As a function of filtration conditions and experimental setup, we can see different measured
PSD. In the bag filter experimental setup, the particle size distribution at ambient conditions
was found to be logormal with a mode at 7Gm at the concentration of 1.69710
particles.cri? for overall diameter ranging from 0.01 to 0.315 pm. While at temperature
conditions, of 150°G 3% RH and 150°C 0% RH, the concentration reduced because of the
effect of thermophoresis phenomena on submicron particle movement inside the experimental
seup despite a careful heating of the device wallke concentrations of NPs were
respectively 5.0910° and 5.7%10° particlescm™with a particle mode around 50 and 45 nm.
For the mixed aerosols (nanoparticles + reagents) the concentration was18°45
paticles.cm® for overall diameter ranging from 0.01 to 0.8 pm at incineration conditions
(150°C- 3% RH)

a) Upstream of bag filter, influence ¢ b) Upstream of bag filter T=150°C, RH=3%
T and RH conditions

c) Upstream of flat filter T=24°RH=45%

Figure 32 Particle size distribution of bag filter (@, and flat filter (c) at different
filtration conditions (T, RH)
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Table4: Evolution of geometric standard deviation and median dianfetetifferent
filtration conditions

Electrical mobility median | Geometric standard
diameter ¢, [nm] deviation 4[]
Bag filter
51 16
BC NPs (150°G 3% RH)
BC NPs (150°C 0% RH) 45 1.5
BC NPS (24°G- 45% RH) 62 1.3
BC NPs + Reagents (150°C
3% RH) 45 13
Flat filter
51 14
NPs (24°CG 45%RH)

lll.4  Stabilization of the generated aerosol

In order to stabilize the mass flow rate of generated particles and ensure their homogeneous
dispersion in the flow, the particles generator DMIRO (Palasyvas startedip outside of the

experimental setup for a period of 90 min before starting the particle generation inside the

filter device.|[Figure 33| shons the evolution of generated particle concentration and the

electrical mobility median diametewer the time. The results indicate that the BC generation

is stabilized over the time in terms of concentration from 50 min of generation

Figure 33: Evolution of nanoparticle concentration aetectrical mobilitymedian
diameter as a function of time
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IV Tested filters

IV.1 Filter geometries

Two filter geometries of the same filter media were tested in this study. The bag filter

implemented isa downsized filter of industrial bag filter with reduced length. As shown in

thgFigure 34| the bag filter is a cylindrical geometry total surfacé ratwse °of the height

bjlh

L r& vm and the diameteffp 4, &1 & wm -

—3A The filter was developed in the

Laboratory from a commercial filterfg g Lprdw, L we —E rayand L tays 9

provided by TREDI company. Flat filters were made fromdhme media used for the bag
filter with the size of 275 x 275 mm and total surface filtration of 0.0756 m

Figure 34: Dimensions of tested filters

The 2 used bag filtes weredismantled from air pollution control device in timelustrial gas
treatmenunit and sent for a special washing before receiving it in the lalbgrato

The 2 testedbag filters were received in 5 m of height and reduced to 0.44 m to adapt the
experimentalseup in laboratory. The extreength was cute out into several parts of flat
geometry(total surface filtration of 0.0756 Tnin orderto test the filter performancat two

different filtration velocities (1.4 and 1.9 crif)swith reproducibility of the results.
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IV.2  Structural parameters of thefiltering media

The structural properties of the filtering media (thickness, fiber median diameter, porosity and

basis weight) are presented|Tiable 5| These values were estimated from experimental

measurements.

The media is a newoven structure composed of Teflon fibers (Polytetrafluoroethylene

PTFE)|Figure 35|presents pictures of the surface and a transversalseoten of the filter

from Scanning Electron Microscope (SEM) observations. The pictures were carried out using
the SEMJEOL 5800LV. Before microscope observation, the samples were degassed under

vacuum and metalized by deposition of gphlladium layer.

Table5: Main structural parameters of the filtering medlae(Bihan et al. 2014

Parameters Value Method

Thickness (um) 1256+ 31 Scanning electron microscope
Fiber median diameter (um) 19.5 Scanning electron microscope
Total porosity {) 0.64 Mercury porosimetry

Basis weigh{g.m?) 750 NF EN 12 127

Figure 35. SEM observation of the surface (A) and the slice (B) of the fileztia

IV.2.1 Fiber nature

PTFE (brand name Teflon (R)) is used in several industrial applications, such as aerosol
sampling, air venting, and gas filtration. The maiapertiesof PTFE filter during filtration is

the hydrophobic characteristics, which makes rtedliawater norabsorbeniJornitz et al.
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2007) Additionally, PTFE has high chemical resistance and good thermal resistance which
makes this material a frequechoice for the membrane materialtive industrial field (nert
to most chemically aggressive solvents, strong acids ands)bas®l has a very low

coefficient of friction which avoid particle sticking and allow an eas¥iroa cleaning.

IV.2.2 Fiber diameter

The geometrical diameter of the fibers was measured by image analysis of the fiber diameters

from the SEM observations using the Image J software. More than 100 fiberanatyeed

from 3 different samples of thmedia As the results showed in tliegure 36| the fibers

distribution ismonamodalwith modal diameters observed at2® pum.

Figure 36. Size distribution of the Teflon fibers constituting the filtexdia(obtained by
SEM image analysis)

IV.2.3 Filter mediaporosity

There are several methods to characterize the porosity of anfétdiasuch as extrusion flow
porometry, extrusion porosimetrynercury intrusion porosimetry, nanercury intrusion
porosimetry, vapor adsorption, vapor condensation. In our study, mercury porosimetry was
chosen because of its efficiency to provide information about the porosity and thigbeter
porous distributioni.e., the pore size distribution of thmediaat the inteffiber scale of the
material. For this purpose, the following equation allows to estimate the equivalent diameter
of the fibers, as a function of the porosity and the hydraulic diameter of & por

Yé

= i Sm (58)
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S [m™] is the specific surface area of the fibers which corresponds to the ratio between the
external surface of a fiber and its volumg [-] is the inteffiber porosity and ghesis the

mean diameter of the poresedia Considering the fiber as cylindrical, the specific surface

area of a fiber can be used to determine its dian‘nig,tdar—s~
*N

IV.2.4 Surfacetreatment of fabric filter

In order to enhance the life period andiseance ofabric filters, thelatter must be treated
(finished) to withstand various conditions, especially moisture and abrasion. A different way
of surface filter finishing exists, for instance, mechanical and chemical treatment of either the
entire fabric or justhe fabric surface. The main objectvef surface treatment areapturing

fine particulate, improving filtration efficiency, improving the dust cake formation on the
filter and efficiency of filter cleanig. This can be achieved by common mechanicailttnent

such as: singed, eggshell, gldzealender and ePTFE membrafutten 2007). For this

work, usednediais a used calendered PTFE fabric.

Calendaring is the high pressure pressing of the filiediaby rollers to flatten or smooth the
material in eder to compress the fibers to smooth the surface. This type of treatment surface
is efficient to prevent the clogging of filter media and improve the cake release and rectify its

permeability for stabilization of the filtration efficiency (Hardman e280D3).
IV.2.5 Filter media permeability

The permeability is a widespread quantity used to control the filter performance (Seville
1997). Each filter has a specific air permeability valug (vhich differs according to its

properties and characteristc$ FFRUGLQJ WR WKH 'DUF\fV HTXDWLRQ
DSSURDFKHVY XVHG WR GHVFULEH SUHVVXUH GURS 03 DF
permeability () can be determined by the following formalaeady presented @hapter I:

5
L J_d (59)

Air permeability |Figure 37) was determined from measuring the variation in the pressure

drop generated by tested filters as a function of flelocity passing through it. These
measurements were carried dot flat and bag filter in different filtration conditions. The
permeability was performed for air velocities between 0.001 and 0.12 m.s
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Figure 37: Evolution of pressurdrop of the filter media as a function of the flow velocity
for flat and bag filter at different operating parameters of filtration conditions

The air flow across the filter was gradually increased and measured its pressure drop
accordingly. The results $6Z D OLQHDU UHODWLRQVKLS EHWZHHQ SUH
velocity for flat filters, while for bag filter the curve stightly rising in parabolic shape. This
difference in behavior is certainly due to the influence of the filter geometry wheogtamp
pressure is applied on the inner face of the bag filter. The filter resisthaogesas well

with changing the filtration conditions. Thiesistance of bag filter is higher at incineration
conditions(150°C- 3% RH) than ambient condition®24°C - 45% RH); the resistance of bag

filter increases as well in presence of humidity (1503% RH) than dry conditions (150°C

0% RH).On the other handViguel et al.(2003 showed that non effect of relative humidity

was observed on clean filter megi@meability. Neverthelessthis difference with our results

can be explained by the fact that the amount of water at 150°C arndHB¢almost 100

g water/kg air)is significant incomparisorto the water content tested by Miguehé (2003.

According tothe Darcy's lawthe filter resistance decreases with increase of air viscosity
From the other handhe air viscosity decreases with increase of humidibus the filter

resistance is important at higher value of humidity.

V  Methodology

V.1  Overall Methodology

As filter presented in this chaptelPTFE filter of two different geometries (bag and flat
configurationy were VW XGLHG DW ODERUDWRU\ VFDOH LQ WHUPV R
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collection efficiency (E%) for sequential clogging/unclogging cyclékee experimental

methodology and corresponding objectives for performance investigation of flat and bag filter

are shown ifFigure 36

Figure 38 Diagram illustrator of main experimental objectives

V.2  Operating conditions for experimentalcampaigns

Filtration performanceof bag filter was evaluated at the laboratory for -16 cycles of
clogging/unclogging. The experiments were conducted from one side at ambient conditions of
temperature and humidity (24°C15% RH) for clean and used bag filters and from the other
side two used bag filtersere clogged at incineration temperature conditions (15@% RH

and 150°C+0% RH). For all filtration conditions, filtration velocity was fixed a8 cms*

representative of that encountered in incineration plants.

The results are presented consiugthe evolution of filter pressure drop during 10 cycles of
clogging/unclogging and considering the fractional efficiency (particle collection efficiency

versus particle diameter).
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For the flat filters, each test was repeated three times with diffélitentsamples clogged at

room conditions (24°C+45% RH) for a maximum pressure drop of 120 Pa/Téiade 6(and

Table 7|resume all test made for different filters:

Table6: Experimental campaigns at ambient conditions

Used flat filter

New flat filter Used bag filter  New badfilter

Operating conditions

Ambientconditions 24°C- 45% RH

Aerosols BC NPs (0.01 to 0.315 pm)

Filtration velocity 1.9 1.4 1.9 14 1.9 1.9
(cm.sh)

Number of tested 3 3 3 3 1 (10 filtration 1 (20 filtration
filter cycles) cycles)
Maximum  pressure 120 120 120 120 120 per filtration 120 per
drop (Pa) cycle filtration cycle
Clogging time per 8-9 10 89 10 3940 3940

one tested filter (h)

Table7: Experimental campaigns at 150°C temperature conditions

Used bag filter

Used bag filter ~ Used bag filter

Operating conditions

150°C- 3%RH

150°C- 0%RH 150°C- 3%RH

Aerosols BC NPs BC NPs BC NPs +
Reagents
Filtration velocity (cm.s') 1.9 1.9 1.9

Number of tested filter

1 (10 filtration)

1 (10 filtration) 1 (10 filtration)

cycles) cycles)
Maximum pressure drop 150 150 150
(Pa)
Clogging time/cycle (h) 30 50 16
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V.3  Aerosol preparation and generation protocol

Preparation of aerosol samples in laboratogle undergoes two separate steps:
homogenization and pi@rying. The reagents sample is prepared by mixing a definite amount
of activated carbon and sodium bicarbonate (respectively.&1 gnd 0.2 g.if) that was
previously determined from TREDI conditions on real incineration plantdBiag of the
samples was performed for 48h inside the oven at 100°C. Tkalryng is currently widely

used for particle samples; it keeps the texture of the sample mmidatés the absorbed
humidity. Before the patrticle injection, the setup was periodically cleaned from the inside via
a particle vacuum. The cleaning was ensured before each test to avoid particle contamination
that can vary the concentration of injectextasols. The cleaning of nozzles and tubes for

injection and particle sampling are performed by blowing with compressed air.

The preparedeagent particlesvere then injected by the powder dispersed gene&iGs

420, TOPAS Meanwhile the carbon agglomerates were emitted from graphite monoliths
(generator DNP 2000, Palas). Before starting the particle generation inside-tie thet
generator DNP was startaalitside of the experimental setup for a period of 90 min to
stabilize the mss flow rate of generated particles and ensure their homogeneous dispersion in

the flow.

V.4  Aerosol dilution

The measurements of the particle concentrations under incineration conditions {15%°C

RH and at 150°Ct0% RH) were carried out with the implemation of a VKL diluter before

the particle counter SMPS, to avoid exceeding the maximum allowed operating temperature
and humidity for the SMPS.

VKL is a dilution system employed to reduce aerosol concentration for a giagefiow. The

dilution occursby homogeneous mixing of a definite amount of clean air with a definite

amount of aerosolFigure 39}. The ratio of the mixed amount of aerosol and cle@ns

predetermined and stable during dilution.
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Figure 39: Pneumatic control panel

Different nozzle diametermust be adopted according to the outlet flow rate in order to
prevail in isokinetic sampling and to avoid the divergence of flow lines around the sampler

inlet.

V.5 Pressure drop measurement

The measurement of the pressure drop evolution generated by thewgdsrough the filter
during clogging is ensuregsinga pressure sensor made by the company FCO (model332),
their characteristics are:

Pressure measuring range2@0 Pa

Measuring accuracy: <0.5%;

Configuration of 2, 3 or 4vires;

Voltage or currenbutput: 4- 20 mA.

The pressure measuring wires are placed upstream and downstream of the filter.

V.6  Efficiency measurement

V.6.1 Flat filter

V.6.1.1 Fractional efficiency of particle filtration
The fractional efficiency’ ., : R is the filter collection efficiency meased at the time: R ;
for a given particle diamete@. The collection efficiency of particle® is determined by the

ratio of number concentration measured upstreapaudm,apto downstream Nywnstream,dpOf

the tested filter. For the flat filter, éhfiltration efficiency for a given particle diameté® is

calculated according to the following equat{60):
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B, mg-m SonE Z,_mwg- i (S>CUF Zg.ovmg~c18 'S

gs 'S, L (60)

&>_TM§~(;;§_:§’?U; E Z)_TM§~<;I£_:§'>U;C U

An initial value of fractional efficiencythat we can determine by thklost Penetrating
Particle Size (MPPS), which represents the size of particle for which the collection efficiency

isthe lowest.

Figure 40| indicates the methodology of aerosol sampling with flat filter setup during

clogging time. The protocol is used for particle sampling upstr@amdownstream the flat

fiter. The WLPH GXUDWLRQ RI HDFK VDPSOH WDNBN WEBEBE&~  LIQHC
the gas samplingass through the particle counter without dataisitipn to stabilize flow of

the sampled gas and to avoid measutirgy particle concentration measured in the previous

gas sample. The next 3 min of sampling is the overall time that takes the particle counter to

measure the particle concentration.

Figure 40: Schematic illustraon of aerosol sapling methodology

V.6.1.2 Overall filtrationefficiency
The overall filtration efficiency E(t) at the time t, is determined from the difference of the
total measured particle numbers upstream and downstream of the tested filter. For flat filter

E(t) can baletermined from the following equati¢®l).

a)_TM§’“(¢:‘é’?U; E Z)_TM§"(¢:‘é’>U;g OF ZS.."TM§"’(¢:“§’ ;

>

q:$; L

= = T (61)
Z,_mg~ S0 E Z,_wmz~ +S&>0:0 U

V.6.2 Bagfilter

Regarding the bag filter efficiency, a significant amount of particles carried by the gas is
deposited on the walls of the filter holder upstream of the fitediaand downstream of the

particle sampling gauge. Thereby, the deposited particle concentratist be taken into
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account in order to avoid a systematic error of calculated filtration efficidinys particles

were generated in the bag filter experimental setup for the same experimental conditions

without bag filter (as illustratedh|Figure 41) in order to measure the particle concentration

downstream of bag filter holder location as representative of the upstream effective particle

concentation to be considered for tests performed with bag filter.

a) setup without bag filter b) setup with bag filter

Figure 41: Schematic illustration of particle concentration measuring upstreapagf
filter

The measured particle concentrations at ambient conditiatigyut bag filter are presented

in the|Figure 42| The curves are the averagk 6 aerosolsamplingscarried out on two

different days.The results indicate difference between particle concentration measured
upstream and downstream of the filter holder in absence of bag filter. A significant amount of

particles is deposited beforeaching bag filter (see location of depositeqhrigure 41;a).

This difference in concentration represents the particle collection efficiency of the filter
holder.
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Figure 42: Difference of particle concentration upstream and downstream of filter holder
in absence of bag filter

V.6.2.1 Fractionalefficiency of particle filtration
As explained in the above section, the particle number upstreamy(,c s Of the bag
filter cannotbe taken into account in the efficiency equation because of deposited particle in

bag filter holder. In this case, the particle number measured downstream, (qrpc s Of

the filter is varied as a function of filtration, while upstream particle nurisbar constant

ceeecaccce

value predetermined before the filtration testing‘$siiye'»ad. Thereby, the fractional
efficiency is determined as:
O BUNEREPF s g S (62)

qé_'s" g(((((((((((((
‘)‘—‘W\S"A‘(‘jg_

V.6.2.2 Overall filtrationefficiency
Similarly to fractional filtration efficiency, the overall efficiency was calculated according to
the following equatior{63):

COCEECEeeece e
o BUSEERF zg g 4§
Qs:S; L g(u(uuu% (63)
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VI Conclusiors of the chapter

In this chapter, we presented filter characteristics and the experimental setups tesstthfpr

the filter performanceThe first experimental setup was developed for bag filter geometry in
order to be as representatias closeas possible to the badtér unit in waste incineration
flue gas treatment. The device was equipped with gatsgeaning system, which allowed us

to test theifters during several cloggingpclogging cycles. The second experimental setup
was used for testing the filter in flgeometry at ambient temperature but for different
velocity. Several flat filters were clogged until the maximum fixed pressure drop without

cleaning.

The injected particles ithe flue gas were also described in this chapter. Two different
aerosols withdifferent size were used to clog the filtedslack carbon nanoparticles
representative of the particle size distribution (PSD) emitted flranewasteincineration

and reagent particles, i.e. a mixture of activated carbon and sodium bicarbonate for
dioxin/furan and acid gas removal. Particle size distribution of the aerosols anglebtical
mobility median diametewere presented as a function of operating parameters measured at
different experimental setup.

The particle sampling protocol and theofarcol for collection efficiency measurement and
pressure drogverepresented in this chapter.
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Chapter Ill Pulsejet bag filter
performance for treatment of
submicronic and nanosized particlest

waste Incinerationconditions
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I Introduction

The main objective of this chapter is to evaluite clogging/unclogging tests behavior of
single baghouse fabric filter regarding the filtration of submicronic and nanosized patrticles.
The operating conditions of filtration were fixed as close as possible to those of waste
incineration plants in termsf @as filtration velocity concentration of particle reagents, gas
temperature and humidity, pressure and duration of thaingaulsejet. The performancef

the bag filter along 11 clogging/unclogging cycles were evaluated regarding the filtration of
aerosol which particle size distribution is representativeasfewasteincineration emissions

at the outlet of the boiler (Le Bihan at 2014; Tran etl. 2014). The airflow and the bag
filter were heated to 150°C, the water content was maintaineckiaittow in the range of
10-12% (i.e. 3%RH), while the filtration velocity ttoughout the bag filter was 1cén.s.
Activated carbon and sodium bicarbonate, used in flue gas treatment lines mainly for
dioxing/furars and acid gas removal, were generatgdultaneously in air flow in

submicronic size.

The study aimed to characterize the evalmatbthe filtration performancat the beginning

of the bag filter lifetime that is to say before stabilization of the residual pressure drop
resulting from the gevious filtration cycles. The maximum pressure drop was set at 150 Pa
for all filtration cycles. Once the maximum pressure drop was reached, the filter was
regenerated using the pulgt systenfor 0.3s. The filtration is then continued until reaching

again the maximum pressure drop.

The performancef the studied bag filter will be presented in terms of evolution of pressure
drop, fractional and total particle collection efficiency.

I Bag filter pressure drop

Figure 433VKRZV WKH HYROXWLRQ RI WKH XVHG EDJ ILOWHU SU

over 11 successive cycles of clogging/unclogging (C1 to C11). It should be noted that the
error bargelated to the experimental points have not been represented in the figure since the
measuring accuracy of the pressure sensor is small (less than 0.5%) and did not allow a

readable representation on the graph.
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Figure43:Bag ILOWHU SUHVVXUH GURS 03 HYROXWLRQ
clogging/unclogging cycles (from C1 to CHlring clogging withreagents and
nanoparticles

In agreement with the literature (Park 2012), the experimental results show the decrease of

cycle time from he first cycle C1 (630 min) to the cycle C6 (100 min) as illustrated in the

Figure 44 Moreover, it can be noted a stabilization of clogging time @aaehed the cycle

6, cycle time ranging between 100 and 70 min. The observed behavior is associated with the
penetration of particles in the thickness of the filter media, while the -ilsgeaning is
unable to remove these trapped particles (Saleeral.eR011). Moreover, the residual
particulate cake on the surface of filter media also affects the minimum pressure drop, which
increases gradually with filtration cycles (from around 20 to 84 Pa) in accordance with the
literature (Saleem et al. 2011). Queeira et al. (2017) showed almost the same behavior
regarding unclogging filtration tests conducted with treated fibrous filter (calendared) clogged
at the maximum pressure drop of 100 Pa with the filtration velocity of 4’cin.sheir tests,

the durabn of pulsejet was fixed at 0.2 s. Their results showed the increase of residual
pressure drop from 20 Pa to 60 Pa during the first 10 filtration cycles. ladg(2015) also
reported the decrease of unclogging efficiency with the sequential filtigtedes. According

to Petear& Aguiar (2015), the unclogging efficiency can be affected by the adhesion forces
between the cake and the filter which depend of the chemical and physical proprieties of
collected particles and the filter media. Note that riésidual cake after cleaning and the
increasing filter pressure drop baseline (i.e. the filter pressure drop at the beginning of each
cycle), are strongly dependent on the efficiency of the unclogging system. The cleaning of

bag filter is considered effient when the pressure drop after unclogging remains constant and
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equal to the original minimum value of conditionbdg filter after numerous pulget
cleaning. Hence, the residual particles c#feca seriously the performanand lifetime of
bag filter(Mukhopadhyay 2010 ari8lao et al. 2014

Figure 44: Evolution of cycle time as a function of filtration cycle

From thgFigure 43|we can clearly observe that the shape pressure drop curve becomes more

concave as the number of filtration cycle increases. The concave rise chre e the

following phenomenon:

the nonuniform distribution of the aerosol concentration at the filter media
surface which leads to a noemiform digribution of the cake area load

the incomplete removal of the partiate cakefrom the mediasurface, leading

to aheterogeneous media surface mixing residual cake zones with totally clean
zoneg(Saleem et al. 2011).

The first phenomenon can be neglected in this study because of the stabilized concentration
and particle size distribution of the aerosols measured glueipeated experiments. Hence,
the concave rise can be mainly attributed to the incomplete removal paittieulatecake

Figure 45:tc). As a consequeee, during the next filtration cycle, the local gas flow through

the filter becomes higher through the clean area as compared to theldreg residual cake

Figure 45;d). At constant dust concentration, the cake thickness builds up faster for cleaned

areas than for the residual cake laden an&&guie 45t€). This means that the overall

pressure drop may increases rapidly until the cleaned areas are filled in with particles forming
a cake leading to a homogeneous cake ométgiasurface. Indeed, overall pressure drop is a

linear combination opressure drop through cleaned areas and pressure drop through residual
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cake laden areag-igure 45). At this point, the flow resistance becomes badanover the

media surface and a linear rise of pressure drop is observed.

Figure 45: Illustration scheme of incomplete detachment of cake filter and reformation of
new dust cake

SEM observations of the filter media surface of tibelogged bag filter were presented in the

Figure 46| These photographs must be taken with some caytibecause during the

sampling of unclogged filter, a part of the residual cake can be destroyed during the cut of the
fillker into small pieces and also during their transportation to the scanning electron
microscope laboratory. As the photographs shiw,detachment of the dust cake from the
media surface is not complete, we can clearly see an important residual cake emerged on the
filter media. Our assumption of ndgtomogeneous cake distribution on the surface of the
regenerated filter may be confirmbg analyzing theses pictures, where cleaned areas can be
distinguished from area clogged with particles. Across the obstructed area, the permeability of

the filter decreases with clogging and the pressure drop increases gradually. As we can see

from thelFigure 46| areas on the filter surface are not yet completely clogged, this part of

filter media constitutes preferential pathways for the airflow, wihleeeinterstitial velocity

increases because of the increase of pressure on the filter surface.
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Figure 46: SEM photographs of the unclogged bag filter

Il Bag filter efficiency for cycle 1

1.1 Total efficiency

The evolution of efficiency as a function of collected particle mass is depicted kigilve

during the first filtraion cycle. The rise of pressure drop is also plotted in order to link the

evolution of both parameters.

First of all,the determination of agglomerates density is necessary to calculate the collected
particle mass. In facthe particleggenerated by combustion are fractal agglomerates of small
primary spheres, which lead to a change of particles properties, including dbfesityq &

Xu 2004) The effective density of the primary particles can vary between 0.1 and 0.7 times
during the ggregate formatiofFuchs 1964)Thus, two most popular methods are used in the
literature to measure the effective density of agglomerates: (1) combination of measurement
of aerodynamic and mobility equivalent diameter (2) combination of measuremenbittymno

equivalent diameter and particle m@Rsstimaki et al. 2002; Charvet et al. 2014).
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In the present study, the effective density values are determinedLlieni2014) which
measured the effective density of black carbon generated by the same instrseakin the
present study (DNROQ, Palas).Lee (2014) estimated the effective density from the mass
concentration and the mobility diameter for carbons ranged from 50 nm to 600 nm of
diameter.

However to calculate the total mass of collected partibke effective density as a function of

particle diameter was generalized for the entire particles sampling which constituted of a

mixture of reagents and nanoparticles. In fact, as illustrated in the figures of particle size

distribution (Chapter |J|Figure 32) the number concentration of the generated reagents is not

significant in comparison with the generated nanoparticles. Moreover, the demwdities

reagents and nanoparticles are almost similar-(2.3 g.cn).
The collected particle masS: P, was then calculated using mass balance at different time t:
S:PRL IgH"' HPH5?® (64)

Where | §is the total mass flow rate generated particles which is calculated from the mass
flow rate according to the following equati(sb):

lgLI k¥pHI 5pH3 (65)

Where %js the number concentration of generated particles of dian@f#rcm], and Q is
the gas flow rate finin™]. is the total efficiency of the tested filter at the timand S is the

filter total surface.
| 5ds the particle mass calclated from the effective denQtywhich is defined as the mass
divided by the volume of a sphere of the same diameter according to the folleguiaton
(66):

Nt}

NTg (66)
X

I 0L Qaylys
For calculation purpose, the cake mass is considered uniform over the filter media.

The error of themeasurement which represents the difference between the measured value
and the exact value is taken into account in the present study. Thus, the uncertainties related

to the filter efficiency measurements in this study are given by:

bmulgrpc bmulgrpc_
L £ sﬁ snqrpc_k (67)

snarp& kanrpc_Q<

With bmulqrpc_lk w H bmulgrpc_k
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5% is the particle concentration accuracy of the SPMS for single particle counting according

to the technical notice.

As Cpsteam LV D FRQVWDQW YDOXH GHWHUPLQHGs#ddRsSP SUHOL
obtained from the experimental uncertainty of the particle counting measured upstream of the
ILOWHU IRU VDPSOLQJ FDUULH GuwRdéperRQorvthe Raote kiteHU HQ W
range.

The error bars plottedn figures of efficiency andcollected mass of particle per surface unit

correspond to the maximum and minimum values.

Figure 47: Evolution of overall efficiency and pressure drop dutting first filtration
cycle as a function of the collected mass of particles per surface uparticle size
range of 16750 nm andnedian diameter of 45 nm

The collection efficiency illustrated in tflegure 47|can be described in two stages. During

the first stage, the total efficiency increases with loaded particles, from 98.5 £ 0.5é6o at
beginning of cloggingo 99.98 + 0.02 % at 0.02 mg.émConsidering the overaparticle
concentration of 5.4%50° part.cm®, this means that, at the end of stage 1, pafticles.cnt

passed through the filter (corresponding to 0.02% of the upstream particles concentration).

The pressure drop varies from 28 #® 82 Pa from the beginning to the endhefstage 1.

In the second stage (from 0.02 to 0.045 m¢)srhe collection efficiency keep constant at its
maximum value of 99.98% + 0.20% while pressure drop increases from 82 to 150 Pa with a
less sharp sp than during stage 1 (4.1 Ba’.mg" during stage Hhgainst 2.7 Pa.crmg*

during stage 2).This can be explained by the incomplete regeneration of cake filter from

media surface as illustrated the(Figure 45ic. Indeed, the air flow is higher through the
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regenerated area as compared to the areas holding thick cake (Saleem et al. 2011). Hence, the
rate of clogging of regenerated area is fast whedds to form quickly a cake filter as
compared to the area holding residual cake, by consequence, fast increase of pressure drop in
the stage 1 igure 47). Once the new cake filter is reformed and important regesteeaeas

start to be full of collected particlef-igure 45€), the air flow begins to be balanced

throughout the filter surface, which leads to redineevelocity of pressure drop rigeigure

stage 2).

The high value of collection efficiency in the second stage can be explained by the

accumuléion of collected particles on the upstream surface of the filter, which forms
gradually a cake of particle while contributes to particle cagflinemas 2001)During the

dust loading, the porosity of deposited particles decreases as pressure dropsritveag et

al. 2016) which in turns reduces the penetration of particles through the filter media. The
relation between the filter efficiency and the pressure drop as a function of mass of loaded
particles was also studied Bynomas(2001)during theclogging of fibrous filters with solid
aerosol. The results showed an important effect of particle loaditigediiter performance

with linear increase of filter efficiency. These results are in good agreement with the present

study.

[ll.2  Fractional efficiency

The evolution of bag filter efficiency as a function of particle diameter for different levels of
FORJJLQJ L H GLIITHUHQW YDOXHV RI EDJ ILOWHU 03 GXUL
the|lFigure 48| The results show a minimum particle collectfficiency of 98.5£0.5 % at

75nm for 03 3 Dhey also reveal, in accordance with the filtration theory and the
literature, a gradual increa in particle collection efficiency with the filter loading (Leusag
Hung 2008; Park 2012; Forsteradt 2016). This can be explained by the effect of deposited
particles on the filter surface which contributes to the collection of incoming particlesawe
notice that, the error bars of the efficiency are significant in the rangeXdI@@&m due to the

high aerosol concentration downstream of the filter because of the MPPS range.
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Figure 48: Evolution of filtration efficiencys a function of particle diameter for the first
ILOWUDWLRQ F\FOH & DW GLIIHUHQW YDOXHV RI

The difference in fractional efficiency as a function of particle diameter can clearly be seen in
the figure. The influence of partictiameter on the filtration efficiency is explained by the
filtration mechanisms responsible for particle collection by fibers. At the beginning of

clogging 0 3 3tbree areas of particle diameter can be distinguished|Fighee 48

(1) For small particles of 185 nm, the efficiency is 99.5 + 0.1%. This high collection
efficiency is in agreement with the experimental kvof Forster et al. (2016) obtained at the
same temperature conditions as our study (150°C) during the filtration of nanoparticles with
fibrous bag filter. In this particle size range, the dominant particle collection mechanism is the
Brownian diffusion. Acording to thditerature Brown 1993 Kulkarni et al. 2011), the effect

of filtration mechanism by Brownian diffusion decreases with increasing of particle diameter.
Moreover,according toSaleem et al. (2011dhe retention time of nanometric particksthe
vicinity of fibers is important at low filtration velocity (1.9 crif)s because those
nanoparticles are less influenced by the gas stré@fact thaincreases their chance to be

collected on the fibers by the Brownian diffusion.

(2) The secondrea of particle size range is between 40 and 170 nm. This particle size range
is the most penetrating through the filter media, and the efficiency achieves the lowest value
of 98.5% (most penetrating particle size MPPS close t80/@m at the beginning of
clogging). The main reason of this particle penetration is due to theredominant

collection mechanism for this particle size.
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(3) For patrticles higher than 200 nm in diameter, the efficiency is higher than 99.5 + 0.1%
even at the beginning of filtian. Interception is the dominant filtration mechanism

responsible for particle size collection in the range of 200 nm and 750 nm.

[11.3  Evolution of MPPS as a function of clogging

The Figure 49 llustrates the evolution of Most Penetrating Particle Size at differenslefel

filter clogging during the first filtration cycl€for different values of pressure drop)he

results show a decrease of the MPPS with filter loading from 76 +15 to 39 phirticle
diameter. In this zone of lower filtration efficiency, the Brownian diffusion mechanism is
neglected due to size of particles leading to the Pe number ranging between 34 to 423 at the
given condition of flow, while the interception and impantimechanisms are less efficient
because of too small particle sizésu. et al. 2011) (Stoks number is ranging between
4.410°to 6.810%).

According to the literature, numerous studies showed that the range of MPPS can vary as a
function of the cloggd filter model and the operating filtration conditions (Lee & Liu 1980;
Leung & Hung 2008; Agranovski 2010). the preseninvestigation, the measured values of
MPPS(76 +15 to 39 + Am) are lower than those usually mentioned in the literature (between
0.1 and 0.5 pnaccording tdPodgdrskietal., 2006.

The increase of interception mechanism contribution to particle capture with filter loading
may be a reason of decreasing of MPPS. According to L&urgng (2008), the size of fiber
diameter has a sidgigant influence on the collection efficiency. Indeed, the study shows that
the nanefibrous media exhibiting higher surface area per unit volume of fiber is more
efficient regarding particle collection than the miditeers filter. The mechanism of
interaeption is responsible of this decrease of MPPS and increase of the collection efficiency.
According to these results it can be assumed in our study that the nanoparticle agglomerates
forming denditic network at the surface of the filter media are equntale a nanofibrous

network contributing to collect the incoming particles.

However, these valuesf MPPSmust be taken with some cautions because in some curves
the diameters corresponding to the minimum filtration efficiency is not clear from the curves,
this can be due to the effect of the cake formation which contributes to the collection of

particles.
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Figure 49: Evolution of MPPS as a function of clogging during filtration cycle 1

IV Influence of filtration cycles on bag filter total efficiency

Evolution of collection efficiency of the bag filter as a function of time is presented in the

Figure 50| Indeed, the operation of bag filter consistsacgequencef 11 filtration cycles

& & 11). One filtration cycle represents the overall time of clogginguankbgging

of the filter media.

Figure 50: Evolution offiltration efficiency during thd 1 filtration cycles

Regarding the efficiency at the beginning of each clogging/unclogging cycle, except for the
first cycle C1, the results tend to reveal a first stage with a gradual increase in the efficiency at
the minmum pressure drop values of filtration cycles. They then seem to indicate a second
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stage with a stabilization of the filtration efficiency evolution for the last filtration cycles at

residual pressure drop (almost 98.6%).

Regarding the efficiency at thend of clogging of filtration cycle C1, C2, and C3, the values
are close to 99.9%. However, we can notice a slight but significant decrease of the maximum
collection efficiency from the filtration cycle number Bhe reason can be attributed to the
residud cake as explained in the previous section. The airflow may follow preferential
pathways inside the loaded filter leading to an increase of the interstitial velocity. By
consequence, the effect of Brownian diffusion, the main mechanism responsible iz@@dno

particle collection, decreases with increasing of interstitial velocity.

For more investigation, we will discuss in the following section the evolution of fractional

efficiency as a function of clogging and filtration efficiency.

V  Fractional efficiency as a function of filtration cycles

Figure 51] and|Figure 52| represent the filtration efficiency measured respectively at the

minimum and the maximum pressure drop of the filtration cycles C3, C5, C7, and C9.

Figure 51: Evolution of fractional efficiency measuretithe minimum pressure drop for
different filtration cycles as a function of particle diameter
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Figure 52: Evolution of fractional efficiency at the maximum pressure drop (150 Pa) for
different filtration cycles as a function pérticle diameter

As a function of filtration cycles, the fractional efficiency at residual pressure drop in the

Figure 51jincreases from 97.5% to 99% for particles in the size range-&¥35m (MPPS

range). While, the collection efficiency of the particles lower than 30 nm and above 200 nm in
diameter is lesgfluenced by the sequence of clogging/unclogging cycles. The residual cake
from previous filtration cycles becomes a part of filter media and contributes to increase the

collection efficiency.

As illustrated in th@Figure 53|the remaining particle cake from the media surface increases

with filtration cycles, the fact that leads to increase the overall surface of residual gake (L
< Lcake9) , Which will contribute to collect important number of the incoming particleg <N
Ng).
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Figure 53: lllustration scheme of the increase of residual particle cake with filtration
cycles

Regarding the fractional efficiency at theaximum pressure dropg-igure 52), the results

show that the collection efficiency is close to 100% for all filtration cycles (between 99.85%

and 99.9%). However, a slight decrease of fractional collection efficiency can be observed
for the couple of efficiency curve (C7 & C9) as compared to the filtration cycles (C3 & C5).

As illustrated in thi=igure 54] the norshomogeneous particle cake at the maximum pressure

drop leads to preferential pathways with local increase of filtration velocity. Indeed, the
VXUIDFH DUHDV RI ORZHU WBDWHWHKMKQHOWUDIW LGRHF F\FO
which create local increase of interstitial velocity through these preferential pathways of the
DLUIORZ 3ZI19WSKTHukY the increase of interstitial velocity affects the collection
efficiency by the mechasm of Brownian diffusion. The fact that can explain the decrease of

filtration collection between C3 and C9 at the maximum pressure drop.
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Figure 54: lllustration scheme of increase of local filtration velocity at maxinfilter
pressure drop with filtration cycles

The evolution of the MPPS as a function of filtration cycles was investigated in the following

section|Figure 55|shows the particle diameter where the minimum filtration efficiency was

measured at the beginning of each filtration cycle. In contrast of what obtained regarding the
evolution of MPPS during the first filtration cycle, the results illustratenarease of MPPS

during the 11 cycles of clogging/unclogging. The MPPS over filtration cycles is ranged
between 76 + 15 and 136 + 11 nm. The increase of MPPS can be explained by the change in
the filter media structure. Changes in the physical propertiefiitef media are largely
governed by the cleaning frequency of bag filter. Indeed, the residual cake resulting from the
filtration cycles quickens the rise of pressure drop which increases the frequency of cleaning.
By consequence, the structure of filtaedia is influenced by pulget cleaning, so that the
porosity increases because of the high volume and the pressure of injected air flow in a very
short time 0.3 s. Hence, the size of penetrating particles increases with increase of media

porosity, espeally at the beginning of filtration cycle.
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Figure55 (YROXWLRQ RI 0336 DV D IXQFWLRQ RI ILOWUDWLF
drop after regeneration for a given filtration cycle)

VI Evolution of cake filter and filter media resistance after cleaning

Evolution of media and dust cake filter resistance is important to understand the dust cake
formation and cake detachment as a function of filtration cycle.

The dust cake resistance can be determined based on experimentlcddescting particles

by the filter. In fact, the specific cake resistanggm.kg™] is calculated from the slope of the
curve describing the increase in the pressure drop of the filter as a function of the collected
particlemass per unit are® cansideringthe gas viscosity J), and the filtration velocity &),

as determined in the following equations:

PL pcngs_djr(spajmeegEe a_ié_; (68)
‘PL  pcqgbsdresgajmeegfe a_ic (69)

With
a_ics L Msdpda o (70)

And
S 71
-olL ™R A (71)
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The evolution of pressure drop as a function of collected particle per unit area for 10

successive filtration cycles is plotted in Ekgure 56|in order to calculate the specific cake

resistance. The slope of the curvesswa& ¢

As the results illustrate, the pressure drop curves are concave initially and become linear
afterwards. The intensity of the concaige increases with residual pressure drop, thus with

filtration cycles. Note that, the specific cake resistance is calculated from the linear part of the

pressure drop curin(gure 56).

Figure 56. Pressure drop evolution across used bag filter against collected particles
mass per unit area

The filter media resistandenmediatelyafter cleaning, i.e. the residual resistancg[K™],
was determined aftemclogging of the bag filter according to the following equatio?y:

. L pcggbs dircsdajmeegle (72)

&a

TheFigure 57|shows the evolution of the residual resistance and the specific cake resistance

build up on the used bag filter as a function of filtration cycle. In general, the cake resistance
increases gdually with filtration cycle, a similar behavior is also reported by Saleem &
Krammer(2007). The slight increase of the residual resistance was also observed and seems

to be leveled off from the filtration cycle C6.
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Figure 57: Evolution of specific cake resistance and media filter resistaa@function
of filtration cycles

According to the literature, the increase of filtration velocity leads to the increase of the
specific resistance of the dust cakel&iet al.1999 Cheng & Tsai 1998)Moreover, the

cake porosity is also affected by the filtration velocity, where the dust cake betmes
porouswith filtration velocity (Cheng & Tsai 1998)Thereby, these results can be explained

by two main reasons:

1. The first reasn is due to the assumption that the qomiform distribution of the cake filter
formation leads to neaniform distribution of the filtration velocity on the cake surface, and

an increase of filtration velocity locally through the filter media. Henceritrease of cake
resistance can be explained by the decrease of cake porosity which leads to a filtration
velocity increase locally and so gradually favors increase of cake resistance. Indeed, for
higher filtration velocity, the coarse particles are managressed deeper into the cake when
fluid drag force overcomes patrticle adhesion fdf@leeng & Tsai 1998).

2. The second reason can be explained by the effect of the pulsed air of the cleaning system
on the residual cake. Indeed, with filtration cyclele tresidual cake becomes more

compacted because of the pressure of gelsddence, the resistance of residual cake filters

increases with filtration cyclgéigure 58| inspired from Park 20)2
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Figure 58. Effect ofpulsejet cleaning on residual dust cake structure

VIl Conclusiors of the chapter

The present chapter focused from the onedham the filtration performancef bag filters

used for the treatment of flue gas from waste incineration. The study aimed tdyqtinan

filtration performanceof a pulsejet bag filter at the laboratorscale regarding submicronic
particles with a nanosized fraction during cloggimglogging cycles. The bag filter was
operated in realistic conditionas close as possible to thdeend in flue gas treatment lines

of waste incineration, in terms of temperature, humidity, filtration velocity and injection of
sorbent reagents. From the other hand, the resistance of the bag filter was investigated as a

function of filtration cycles. fie main conclusions of this experimental study are:

(1) The high performancef the industrial pulsget bag filter during submicronic and
nanosized particle filtration. The overall efficiency of the bag filter increases rapidly with

clogging from a minimm value of 98.5% to a maximum of 99.98%.

(2) The fractional efficiency varies with particle size. Three areas with significant differences
in efficiency can be distinguished. Particles with a diameter of 76 +15 nm are the most
penetratinghrough the filte, for which the efficiency reaches a minimum value of 98.5%. As

a function of clogging, the decrease of MPPS was observed from 76 +15 to 39 £ 4 nm patrticle
diameters. However, the evolution of MPPS at residual pressure drop during 11 filtration
cycles wadlifferent, the results showed the increase of MPPS over filtration cycles from 76 +
15 to 136 = 11 nm. The increase of MPPS was explained by the change in the filter media

structure.
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(3) Clogging duration decreases from 630 min for the first filtratiaziecto around 70 min

for the last one, as a result of the residual pressure drop increases with unclogging cycles.

(4) The residual cake and the noniform distribution of the cake filter are the main reasons

of nonuniform distribution of filtration vedcity on the mediaurface which contributes to
increase the interstitial velocity through the area less loaded with particles. The investigation
showed that the increase of the interstitial velocity can lead to decrease the collection

efficiency of nanoprticles and increase the cake resistance.

In general, these results demonstrated the effectiveness of bag filters for submicronic and
nanosized particle filtration in industrial conditions for the treatment of waste incineration

fumes.
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Chapter IV Influenceof operating parameters on filtration performance of bag filter and flat
filter

I Introduction

In thechapter Il we have studied the performarafethe bag filter in operating conditions as
close as possible to those found in 1&zdle waste incineration plants (150°G@% RH). In

the following chapter we will discuss experimentally and theoretically the influence of
different parametaron the bag and flat filter performanicased on the reference condition
(150°C- 3% RH). The investigation will be in terms of the influence of opegaparameters
such as humidity (3% RH versus 0% RH), temperature (150°C versus 24°C), filtration
velocity (1.9 cm.2 versus 1.4 cms?) and the dust characteristics (reagents versus
nanoparticles). The loading of the media will be discussed as well én wrdnvestigate the

influence of filter aging and the residual daake on the filter performance

I Influence of humidity

To illustratehow the bag filter performanaghange with clogging/unclogging cycles during
nanoparticle filtration at 150°C, the Foling section describes the variation of pressure drop
and the filtration efficiency over 10 successive cycles of clogging/unclogging. The bag filter
was clogged at maximum pressure drop of 150 Pa for two different values of hufdity

RH (dry gas) an@% RH (humid gas) which correspond respectively to 0l&xxy water/kg

air.

The concentrations of NPs at (1502@3% RH) and (150°G 0% RH) were respectively
5.0910° and 5.79LC° particles.crit with particle modeespectivelyof 50 and 45 nm. For both
experimental conditions, the same bag filter was used for clogging test. In fact, filtration test
wasperformed at (150°€0% RH) for several clogging/unclogging cycles in order to remove
the residual cake and reduce the pressdrep before a new filtration step. The
clogging/unclogging teswvasthen performed for next filtration condition (1502@% RH).

The main purpose of this assessment is to investigate the influence of humidity on
experimental pressure dr@md efficiencyevolutiors and to study the behavior of the filter

regarding cake detachment.

1.1 Filtration efficiency

[1.1.1  Experimental results

Figure 59[shows the evolutioof fractional efficiency at different pressure drop during the

first filtration cycle in humid (3% RH) and dry (0% RH) conditions. At the same level of
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pressure drop, the fractional efficiency is lower at (B3) as compared to (0%H)
whatever the partie diameter (in the studied range) with minimum efficiency of 96.7% £1%
in humid conditions (3%RH) against 98.5% +0.5% for dry conditions (6®d). For the two

conditions, the increase of fractional efficiency with pressure drop is clearly observed.

Figure 59: Fractional efficiency of bag filter for different pressure drop level at 150°C
3% RH and 150°C 0% RH with carbon nanoparticles for the first clogging cycle

This difference in fractional efficiency can be explainedthwy difference in the number of
collected patrticles. Indeed, at the same level of pressure d¥6(Q Pa), the number of
calected particles at 3% RH i4.10"* against4.10* of collected particles at O%RH.
According to the literature (Leungy Hung 2008 Park 2012; Forster et al. 2016) the deposited

particles on the filter surface contributes to the collection of incoming particles.

The evolution of fractional efficiency as a function of the same collected particle number in
humid (3% RH) and dry (0% RHpnditions is plotted in trfléigure 60,
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Figure 60: Evolution of fractional efficiency for different collected carbon nanoparticle
number- 150°C in humid (3% RH) and dry (0% RH) conditions for the filtsation
cycle

Two ranges of particle diameter can be distinguished frontritdpgre 60| First, for particle

size range 1400 nm, no significant diérence of filtration efficiency is observed for the two
relative humidities. Second, for submicron particles higher than 110higher filtration
efficiency is reported at 3% compared with 0% RH, for collected particle numbers equal to
10" and 3.5.18'.

[1.L1.2  Theoretical investigation

Theoretically, the influence of humidity on the filter efficiency is investigated in the present
section based on the three main filtration mechanisms, mainly Brownian diffusion,
interception, and impaction. The theoreticaldst takes into account the filtration conditions

(T, humidity), gas characteristics (air density, mean free path, viscosity), filter characteristics
(filter thickness, compactness, fiber diameter) and particles proprieties (diameter and density).

In the|Figure 61 the fractional efficiency estimated from the Kasper mdHekper et al.

1978)is plotted at 150°C for 3% and 0% of relative humidity. Thei@slof gas viscosity at
150 °C for different humidities were taken from theyerimental study of Melling eal
(1997) 2.4x10° and 2.%10° kg.m*.s* respectively for 0% and 3% RH.
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Figure 61 Influence of humidity otheoretical filtration efficiency

No significant difference of collection efficiency was observed comparing the two filtration
conditions. The model predicts very high collection efficiency for particles lower than 70 nm
in diameter (~100%), while the MPRS identified at 550 nm. Regardless the difference of
fractional efficiencies between the theoretical simulation and the experimental findings, the
main conclusion is that the theoretical filtration mechanisms cannot explain the influence of
humidity on he filtration efficiency observed from experimental results. The difference
between experimental and theoretical studies in terms of minimum fractional efficiency and
MPPS can be explained byeinfluence of humidity on particle size distribution and shap
aggregated particles which is not considered in the model. Mordbeedjfference between

the structural parameters of the tested non homogeneous used filter media and its
corresponding ideal theoretical filteanpartly explain the discrepancy heéen the results.

Then it can be assumed that the humidity has a direct influence on the structure of the
deposited particles which in turns can affect the filtration efficiency.

The investigation of pressure drop evolution in the following section mayské&l to
understand the influence of higity on bag filter performance

[I.2  Filter pressure drop

Figure 62| shows the evolution of bag filter pressure drop with filtration time. The total

filtration time of bag filter clogging at 3% RH is 1850 min against 5000 min at 0% RH. For
both filtration condions, the time of the filter clogging decreases gradually with number of

filtration cycles.
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Figure 62: Influence of humidity onhange in bag filter pressure drop during
clogging/unclogging cycles
In the following section, thd LOW H U U HiiV]Lis/apbe€sEdHas the ratio of the measured
SUHVVXUH GURS 03 PLQXV Wkldf the filtar L(de@n Sédld)Vovetthd GURS
filtration velocity Vi WLPHYV DLU Y LYBRYWNW)\ —

Figure 63 VKRZV WKH HYROXWLRQ RI ILOWHU UHVLVWDQFH G)>

(0% RH) and humid gas (3% RH) during the first filtratigrtle. As can be seen, the increase

of the filter resistance is identical during the first short number of collected particed @

part), then a sharp increase of filter resistance can be clearly observed at 3% RH as compared
to 0% RHindicating differentstructural propertiesf the deposited particleAt the maximum
YDOXH RI ILOWHU UHWY, Whe/ BuitbeH of collected particles significantly

higherat 0% RH as compared to 3% RH, respectively *7.40d 2.5.1& particles. Hence,

significant effect of humidity can be observed on the evolution of filter resistance.
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Figure63 (YROXWLRQ RI 43 DV D IXQFWLRQ RI FROOHFWHC
3% RH) and (150°CG 0% RH)

Considering literature review on the influence of humidity on filter resistance, different
findings were observed in terms of pressure drop evolution as a function of hudodibgrt
et al. (2010) and Gupta et al.(1993) showed that the pressure drop decreases with the
presence of humidity during clogging of HEPA filteflsr a given mass ofubmicron
hygroscopic aerosolsollectedat ambient temperatur&éhe difference between literature and
the present study reghng the influence of humiditycan be explained by the difference of
filtration conditions in terms of temperature (150°C), humidity, and also the aerosol nature
and their size. Indeed, due to the important amount of gas hunmadiynd 100y water/ kg
air) in the present study, and to the small size of particles3{6nm)with high specific
surface area which increases the ability of water absorption, the particles have tendency to

attract water molecules at (3% RH).

1.3  Discussion ofperformance results

Accordingto the literature, the presence of humidity between two solid surfaces causes an
attractive force called the capillary for¢Butt and Kappl 2009. This adhesion force is the
main reason to reduce the distance between deposited particles and form & dostpzake

on the surface medas illustrated in t@ Hence, this can explain the fast increase

of pressure drop in the presence of humidity than dry gas (0% RH) as observeBiguths
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Figure 64: Effect of humidity on aggregates

According to the literature, two solid spheres of rough surface get into contact by the capillary

bridges formed between asperitigdgre 65). The asperities of solid surface can highly

influence the capillary force between the two particles. In this regard, three regimes can be

distinguished as a function of vapor pressure between partial&safi®l Kappl 2009):

At low vapor pressure, the two solid surfaces are linked by only one capillary
bridge formed at the outmost asperity. Thus, the capillary force will be low
because of the small formed curvature radius. The formed capillary bridge
creates a gap between the two particles and prevents the capillary condensation
between the remaining asperities.

At intermediate vapor pressure, the number of formed capillary bridges
increases between asperities of the two solid surfaces.

At high vapor pessure, the capillary bridges between asperities are more

important and interact with each other to form a continuous capillary bridge.
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Figure 65: illustration scheme of two solid particles of radius R1, in contact at different
vapor pressure (Butt and Kappl 2009)

In the|Table 8| the vapor pressure and absolute humidity is calculatetheathree
experimentalfiltration condiions for (24°C, 45% RH), (150°C, 3% RH), and (150°C, 0%
RH).

Table8: Vapor pressure and absolute humidity at different filtration conditions

Operating parameters Absolute humidity [g.m™] Vapor pressure [Pa]
24°C- 45% RH 10 1347
150°C- 0% RH 0 0

150°C- 3% RH 73 14285

The results show that the vapor pressure increases with increase of absolute humidity, so that
for 150°G3% RH, the vapor pressure is 10 tintegherthan at (24°C, 45% RH), thus the
formation of capillary bridges is more important at (150°80 RH). The fact that leads to
increase the capillargondensatiorbetweenthe deposited particlesThus, in presence of
humidity, the capillary condensation tksato decrease the porosity of the particulate cake and
thus it leads to increase the filter resistance to air fldvis is in accordance to the curves of
evolution of bag filter pressure drop during 10 cgdeclogging/unclogging at three different
corditions (150°G- 3% RH; 150°G 0% RH; and 24°G 45% RH) plotted in t@
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Figure 66: Influence of humidity on raw flow resistance through the bag filter

The difference of filtration efficiency observed in {regure 60jat 3% and 0% RH as a

function of the particle size, can be then explained by the direct consequence of the capillary
condensationln fact, the capillay force has a dact consequence to increase the adhesion
forces between the aggregates and decrease the distance between them, which means that the
particle cakeporosity decreases and become mmwmpactat (3% RH) as compared to 0%
RH|Figure 64

This can be confirmed according to the particle size distribution measured at the upstream of
bag filter at (150°C, 3%RH) and (150°C, 0%RH)h&pterll, |Figure 32), the distribution

shows, for particles higher than 100 nm, a slight decrease of concentration at (150°C, 3%RH)

as comprised tol60°C, 0%RH). Thereby, the decrease of particle concentration in the range
size of 106300 nm can be explained by tblestersof aggregatedue to the capillarforce at
3% RH Thus,the more the cluster is important, the mtirve size of agglomerates neases

by consequence the particle concentration decreases in presence of humidity.

Particle size ranging between 100 and 300 nm are mainly submitted to interception and
inertial impaction mechanismas the particle density is a key parameter influenamagtial
impaction mechanism, it can explain tlwallection efficiency is higheat 3% RH than 0%

RH for particle size range00-300nm.

According to the literatureKim et al. (2006)tested the filtration of hygroscopic sodium
chloride (NaCl) nanoparties with diameters ranged between 3 and 70 nm at filtration
velocity of 2.5 cm.2 by a fiberglass filter for different values of humidity (0.04; 1.22 and
92% of RH). The results showed that no influence of humidity was observed on the filter
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performanceHowever Miguel (2003) hasstudied the influence of humidity on the filtration

of nonhygroscopic aluminum particle (ADs) in the size range of 08 pm by fberglass
media. The results show that the efficiency of fibrous filter increases with the increase of
humidity at filtration velocity of 2, 5 and 15 crit.sRegardless the nature of particles, the
obtained resultsf this studyis consistent with the litature findings regarding the influence

of humidity on fiber filter efficiency.

1.4  Effect of humidity on unclogging efficiency

In order to investigate the influence of humidity on cleaning efficiency of bag filter, the
HYROXWLRQ RI ILOWSW JAWYLansY D& pgulde cleaning is plotted in the

Figure 67|as a function of filtration cycles at (15020©% RH) and (150°G 3% RH).

The resicK DO S UHV YV xUndlicates Rh® o&all pressure drop across the filter media

(G 3) and the residual cake remaining on the filter surface after the pulse cleaning, originating

from insufficient filter cleaning. The evolution of residual pressure didas a function of

filtration cycles at 3% and 0% RH increased respectively f2@nto 111 Pa and from 19 to
87Pa|Figure 62 7KXV WKH ILOWHU UHVLVWDOQFH T SORWWH
humidity (3% RH) the residual cake neneleased after cleaning is quite important in

comparison to 0% RH, which meatisat thepulsejet cleaning system is more efficient to
release the cake filter formed in dry gases @€ than dust cake in humidity conditions (3%
RH). It is obvious that the main reason of this difference of cleaning efficiency is due to the
differencein the formed cake structure. As explained before, in the cakanoid gas 8%

RH), thecapillary condensation between the particles increase the pgaitiele adhesion

forces and thus, it leads the cake is more difficult to remove from-failsgehod.

138



Chapter IV Influenceof operating parameters on filtration performance of bag filter and flat
filter

Figure 67: Filter resistance evolution of bag filter at the beginning of each filtration
cycle- (150°C- 0%RH) and (150°C 3%RH)

[I.5  Filtration cycles

[1.5.1 Fractional efficiency at residual pressure drop

To investigate thénfluence of clogging/unclogging cycles on filtration efficiency, we plotted

in thgFigure 68|the fractional efficiency measured at residual presgtop of each filtration

cycle.

Figure68 ,QIOXHQFH Rl FORJJLQJ XQFORJJLQJ F\FOH DQG Ul
and MPPS (150°C 0%RH)
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As the results illustrated, the initial pressure drop of the bag filter was avfiPst filtration

cycles, where the minimum measured collection efficiency was 94.4% at MPPS of 92 nm.

Until the filtration cycle number 4, the efficiency increased and reached almost 97.2% for the
same value of MPPS. However, from the filtration cyolember 5, we can notice a
decreasing of the MPPS, from 92 to 64.Arhis change can be explained by the increase in
residual dust cake which can be considered as loaded particles from previous Tdyeles.
results are in accordance witeung & Hung(2008 who observed MPPS decrease from
203nm to 128 nm during the loaded of nan@ibrous filters with NaCl particles of size
ranging from 41 to 514 nm in electrical mobility diameter.

At the last filtration cycle (cycle 10) where the clogging filter starteth vaigh value of
residual pressure drop (86 Pa), the efficiency was estimated at 98.2%.

In terms of comparison to the results of influence of filtration cycles on bag filter efficiency at
150°C and 3% RH, presented in the chapter lll, the measured alleetiiciency at
minimum residual pressure drop of 25 Pa was 98.5% for the MPPS of 74 nm. Since the
second filtration cycle the efficiency at residual pressure drop was varied between 97.5 and

99% with decreasing in the MPPS from 90 to 42 nm as a funatibliration cycles.
[1.5.2 Fractional efficiency at maximum pressure drop

The filtration efficiency was also monitorg&igure 69? at the maximum pressure drop of

150 Pa as a function of filtration cycles. At this stage, an important cake filter was formed on
the surface of filter media, which in turn plays an importal& in collection efficiency.

At 150°C- 0% RH, the fractional efficiency is higher than the one at 15B%RH, for the

all particle size range and for each cycle. Indeed, the fractional efficiency is higher than
99.9% in all cases and the efficienogreases gradually to achieve maximum value of almost
100 % at the filtration cycle 10. Moreover, considering the maximum pressure drop of 150 Pa

which does not correspond to a sufficiently thick dust cake on the surface of filter media, the

fractional eficiency obtained in both conditions still different. As illustrated irFigure 60

for the @me level of pressure drop (150 Pa), the number oéctaltl particles is important at
150°C- 0% RH than 150°G 3% RH.
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Figure69 &ROOHFWLRQ HIILFLHQF\ DW PD[LPXP 03 3D
(150°C- 3% RH) and (150°C 0% RH)
Similar figure was presented in thkapter 11l in order to investigate the influence of filtration
cycle on the filtration efficiency at 150 Pa for bag filter clogged with MP®agents at
150°C- 3% RH. In order to compare this result with the efficiency presenting iE'@we

the minimum efficiency obtained at pressure drop of 150 Pa during 10 cycles of

clogging/unclogging was 99.85% at the SMPS of 40 nm, while inFHbere 52| the

minimum efficiency is lower (99.4%) at the MPPS of 74 nm which then increases gradually
with filtration cycle to reach maximum value of 99.6%ka filtration cycle 10.

[l Influence of operating conditions driven by temperature

In the following section, the experiments were carried out in otdemvestigate the
performanceof bag filter at two different filtration conditions, i.e. (1502@% RH) and
(24°C- 45% RH) where the corresponding specific humidity of each condition is respectively
0 and10 g water/kg air. In order to take into account, the variation of gas viscosity with
operating parameters, especially with temperature, the maximursupredrop waset at
150Pa and 120 Pa respectively for 150°C and 24°C. To compare the different experimental
tests, the deposited particle number has to be approximately the same for a similar filtration
velocity (1.9 cm.8). Thus, filtration efficiencyand pressure drop are plotted as a function of

the number of collected particles.
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1.1 Bag filter efficiency

[11.1.1 Experimental results

In order to study the influence of temperature on the collection efficiency measured at 150 °C
and 24°C, the fractional efficiendgr each temperature at 3 levels of filter clogging (number

of collected particles) is plotted|kigure 70

The 3 values of collected particles numi§ezspectively 0.2, 0.8, and 1.6 (articles)
corresponds to the pressure drop of 26, 54, and 80 Pa for the filtration experiments at 24°C
and 36, 60, and 110 Pa for 150°C.

Figure 70: Bag filter fractional efficiency as function of particle diameter for different
collected particle numbemat 24°C- 45% RH and 150°€0%RH

As expected, for the same number of collected particles, the fractional efficiency is higher at
(150°C - 0% RH) than at (24°C 45% RH) for the entireparticle size range which is
respectively in the range of 97-99.9% and 90.599.9 %. For both conditions, the filtration
efficiency depends on the particle sizes, which lie in a range from 10 to 310 nm. A special
attention must be paid to the veryfdient fractional efficiency behavior for particle size
higher than 100 nm considering the measures obtained af petficles for the two filtration
conditions. Indeed, for the experiment at 24°C, fowenber ofparticlescollected of 1.1%,

the fracitonal efficiency slowly decreases from 100 nm to 310 nm particle diameter. On the
contrary, for a temperature of 150°C and for the same size range, the collection efficiency
increases slowly with the increase of particle size. As a consequence, MPP3a@§0atsn

at 150°C while MPPS seems to be higher than 300 nm at 24°C.
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Regarding the fractional efficiency for particles lower than 100 nm, the curves pitesl

in thelFigure 71{in order to clarify the influence of temperature in the size range -4fL16

nm. At the same number of collected particles, the fractional efficiency of particles higher
than 52 nm (5211 nn), at 150°C, is higher as compared to 24TGereby, the measured
filtration efficiency curves are in good agreement with the expected behaviBrdamnian
diffusion mechanism. While for particle lower than 35 nm, no significant influence of
temperature &s observed, although the Brownian diffusion is the mechanism predominant

which is not consistent with filtration theory.

Figure 71: Bag filter fractional efficiency as a function of particle diameter for different
collected paricle numbes at 24°C- 45% RH and 150°C0% RH for nanopartcile size
range

The findings are consistent with the recent work presented by Forster et al. (2016) during
nanoparticles filtration with fibrous filter. The study showed that the collection at 200°C was
95% against 93% at ambient temperature (20°C). The low content adityuat 24°C (45%

RH corresponding tdlO0 g water/kg air) can be considered as not influential factor in

comparison to the temperature.
[11.1.2 Theoretical investigation

The effect of temperature on the fractional filtration efficiency was investigated by a

numeical approach based on Kasper mogetjgre 72). The numerical fractional efficiency
is plotted for the two filtration conditions (24*@5% RH) and150°C- 0%RH).
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Figure 72: Influence of temperature and humidity on Initial fractional efficiency
according to Kasper et al. (1978) model

In both conditions, fractional efficiency as a function of particle size exhibits a \é sd&gp
showed byRichard(1993; Hinds (1999); Lee & Mukund (2008nd Liu et al. (2011). As
shown in theFigure 72|(for 150°C- 0% RH and 24°G 45% RH) for size ranges higher than

700 nm and lower than 30 nm, the fractional efficiency is not influenced by temperature. The

influence of temperature is olvged between 30 and 700 nm where the MPPS is identified.
These results can be explained by the influence of temperature on same filtration mechanisms

that we will discuss in the following section.

Figure 73 H[KLELWYVY WKH IUDFWLRQDO HIILFLHQF\ FDOFXODW

the Kasper model at 150°C and 24°C. The Kasper model is determined taking into account the

GLIIXVd, B8direcN LQWHUFHBWE RMX H L QH UWhiebhanismisbdn\wa R Q
following:

(- o(1- D@A- ) (73)
As expected, the results show that temperature influence is observed on Brownian diffusion
for particle size range between 30 and 700 nm in diameter. In fact, considering molecular
description of the fluid, the increase of temperature leads to increasmwlairtules motion,
leading to collision with the carried particles (nano and submicron particles) and enhancing

their fluctuation around air flow path.
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Figure 73: Efficiency of collection mechanisms by the model of Kasper @t9a18) at
150°C and 24°C

[ll.2  Filter pressure drop

To investigate the influence of filtration temperature on the bag filter pressure drop, the ratio
RI UHODWLYH SUHVVXUH GURS RYHUXVQR$hoad WHEHY YLV

Figure 74|as a function of collected particles number for the experimental results at 24°C and

150°C during the first filtration cycle. The evolution fifer resistance can be distinguished

LQ WZR VWDJHV LQ WKH ILUVW VWDJH WKH LQFUHDVH RI
identical and linear from the beginning of filtration until the collected particles number of

2x10P. The proportional incase of filter resistance to the number of collected particles can

be explained by the influence of temperature on filter resistance. Indeed, f@
the identical curves allow considering that:

594F 594; . 68F 68;
4 4 (74)

594 J68

The gas viscosity increaswith temperatureJ®°4P J®8which means thatl®°4 J68 P g by

consequence:

594F 41?94 P : 68F A?S-
) .

In the second stage, from the collecpedticle number of 2.26, the curve of filter resistance
at 150°C increases in parabolic shape and the slope enhances with loading particle number,
while the filter resistance curve at 24°C still rises linearly. This change in the filter resistance

at 19°C can be explained by the change in the structure of particle cake. Indeed, the porosity
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of particle cake is lower at 150°C as compared to the particle cake formed at 24°C. This is a
direct consequence of the difference of particle size distributionr5@tCl and 24°C as
explained in the chaptéf. Indeed, important particles are deposited on the experimental set

up because of the thermophoresis phenomena which leads reducing the particle concentration
and their size received on the filter media at (1504€ compared to 24°C. The particle
modes at 150°C and 24°C are respectively 45 a@dné. According to ThomaR003), the
resistance cake filter increases with decreasing of particle size because of their large specific

area.

Considering literature reweon influence of temperature on pressure df&pn et al. 2008)

have been studieelxperimentallythe evolution of the pressure drop across dust cake of ash
aerosol deposited on ceramic filter clogged at different values of temperature (Room
temperaturex673 K). The study showed that the pressure drop of the filter increases with
filtration temperature. The main reason of this increase was due to the change of fluid
viscosity which increases with temperature. This is consistent with the obtained results in the
Figure 74

Figure 74: Evolution of filter resistance as a function of collected particle number at
24°C- 45% RH and 150°€0%RH for cycle 1

The evolution of bag filter pressure drop at 150°C and 24°C, is ploti€ijure 75(as a

function of time during the filtration cyes|Figure 75|is not appropriate to compare the rise
Rl 43 LQ WHUPV RI WLPH EHFDXVH RI WKH FKDQJH LQ DHU

chapter I, important particles are pesited on the experimental gpt because of the

thermophoresis phenomena which leads reducing the particle concentration received on the
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filter media at (150°C) as compared to 24°C). However, the curves can be dnalygans
of filter resistance 1 03¢ 03)/(Vi.) DW UHVLGXDO Sl)HiedchUiHaterURS (3

cycle.

Figure 75 Bag filter resistance as a function of tim€24°C- 45%RH) and (150°C
0% RH)

The resultsifigure 76 VKRZ WKH HYROXWLRQ RI ILOWHU UHVLVWDQ
F\FOHV ,Q DOO FDVHV WKH UHVLYVWiQdnt seef§ to lka@dhldud DV HV

equilibrium value gradually as the number of filtration cycle increases.

JRU WKH ILUVW F\FOHV WKH ILOWHU UHVLVWDQFH 1M D
24°C. However, a slight divergence can be observed fineniltration cycle 6. According to
Mukhopadhyayet al.016)the efficiency of unclogging filter decreases with increasing of

gas temperature because of the change oditheharacteristics retrpulsed in the bag filter,

hence, the temperature effecasvdeeply related to the fluid viscosityowever, the study

was occurredat a temperature of 400°C which is much higher to than the filtration

temperature of 150°C of the present study.
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Figure 76. Residual pressure drogvolution of bag filter as a function of filtration cycles
at (24°C- 45%) RH and (150°€0% RH)

IV Influence of added reagents

Used bag filter was clogged in waste incineration conditions (153% RH) from one side

with carbonaceous nanoparticles (NPsjogal concentration of 5.09.4@articles.cri¥, from

the other side with NPs + reagents (sodium bicarbonate and activated carbon) with particle
concentration of 5.45.2@articles.cn¥. For both filtration conditions, the same bag filter was
tested in tk present investigation. Indeed, the bag filter wagldgged several times to
remove the residual cake and restart the experiments with almost the same initial residual
pressure drop for both filtration conditions. For the simplicity of results presemtttie bag

filter clogged with NPs is named (F1) while the bag filter clogged with NPs + reagents is
named (F2).

For both filters the concentration of NPs aerosol was similar in order to investigate the

influence of particle size on bag filter performarayver 10 filtration cycles.

IV.1 Filtration efficiency

The fractional collection efficiency of the tested bag filters was plotted |Rithee 77|as a

function of particle diameter for different level of filter clogging. The minimum collection
efficiency at the initial value of pressure drop was measured at 98%. At this value of pressure
drop the difference of collection efficiency for particles smallesanttvO nm was not
significant for both filters. In general, the remarkable difference that can be revealed from the

collection efficiency curves is the faster increase of fractional efficiency with clogging in the
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case of nanoaprticles in comparison withsNPreagents, especially for pressure drop equal or
higher than 60 Pa. To understand the filtration efficiency difference, we investigated in the
following section the evolution of pressure drop and the cake structure of deposited particles

as a function bdust loading.

Figure 77: Filtration efficiency versus particle diameter for the first filtration cycle of
XVHG EDJ ILOWHU D WaglcolliéttédHp@aricles Butni@s theRwo O 3
particles: NPs and NPs + reagents

IV.2 Influence of particles on pressure drop

The evolution of bag filters pressure drop as a function of the collected particle number during

the first filtration cycle is presented in tifggure 78[for both particles: NPs and NPS+

reagents. For the filter (F2), clogged with NPs + reagents, the results show a gradual increase

of pressure drop with particles loading, pressure drop increases with slight caeedvem

0 3= 80 Pa, while for the filter (F1), after a linear increase of pressure doopcaverise is

detected for( 3¢ 3D WKLV VXGGHQ FKDQJH LQ WKH SUHVVXUH (
clogging of all the intefibers pores with compaegglomerates resulting from nanopatrticle

collection.
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Figure 78: Evolution of pressure drop versus collected particles number at 150°C and
3% RH for the two particles (NPs and NPs + reagents) for first clogging cycle

The|Figure 79|illustrates the pressure drop evolution with clogging cycles as a function of

time for the tested particles. The results show an important influehparticle size on
unclogging efficiency. During the first filtration cycle, the clogging time of the bag filter (F1)
clogged with NPsagglomerate$800 min) is longer than the bag filter (F2) clogged with NPs
+ reagents (620 min), which can be explaibgdhe difference in total particle concentration:
respectively %.09.16 particles.crit) and 6.45.10 particles.crit). However, for the second
filtration cycle and the following ones (cycle 3 to 10) the clogging time of the filter (F1)

becomes shorter icomparison to the bag filter (F2) as illustrated in|tigre 80).

This can be explained by the porosity and the structure of the filtration cake. In fact, the
deposited nanoparticles form a resistant cake with high porosity, while the larger particles of
reagents added to the NPs build up a cake exhibiting lower porosity. The results are in
agreement with the experimental works of Thomas (2001) dealing with the clogging of
fibrous filters by solidaerosol particles. Thom#2001) observed an increase bé tpressure

drop of the filter with the decreasing of the size of loading pesticAccording to Thomas

(2001) the main reason is the specific area of particles which is larger for smaller particles

that leads to form a cake filter with higher pressuopdr
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Figure79 (YROXWLRQ RI SUHVVXUH GURS 03 RI EDJ ILO
clogging/unclogging cycles for two loading particles at 150°C,R%bo

Figure 80: Clogging time as a function of filtratiozycles for the two particles: NPs and
NPs + reagents

For more investigation, an extensive study of deposited particles structure was performed by
using scanning electron microscope (SEM). Two flat filters, used for deposited particle
sampling, were clogge respectively with NPs and reagents in order to investigate the
structure of deposited particles for the same concentration and operating parameter conditions

as the bag filter clogginlg.
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Figure 81 shows photographs performed at different locations on the filter surface. In the
photographs (a), the filter is loaded only with reagents, while in the photographs (b) the filter

is clogged wh NPs agglomerates. It can be seen from the figure the difference of deposited
particles structure. The reagents particles form a structure more homogeneous with high
porosity leading to lower pressure drop. This is probably the reason which makes the
dislodgement of particle cake easfhile, the deposited nanoparticlesm a resistant cake

Despite the increase of cleaning efficiency with reagents particles, the residual pressure drop
still not yet stabilized. Most probably, this is due to the l@alg of maximum pressure drop

R1 EDJ |LQWLB0OUPa)l According t&aleem et al(2012, 0 3.ax is one of the key
IDFWRUV WKDW DIIHFWV FDNH ILOWHU GHWDFKRHtReW ,Q ID

cleaning filter must be improved.
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a) Reagents (sodium bicarbonate b) BC Nanopatrticles
and activated carbon).

Figure 81: SEM images of particlggseagents and nanoparticlesaptured at the surface
of tested filter for the two particles
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V  Influence offilter aging

V.1  Filter efficiency

To investigate the efficiency dibrous media exposed to particle loadingged and new
filters are implemented in the experimental device presentefiapter Il allowing testing
filter in flat configuration perpendicular to air flow. Operating conditions are filtration
velocity of 1.4 cm.2¢ and ambient conditions (24°G 45% RH) for cabonaceous

nanoparticles at 3.20’ particles.cn? concentration.

The total collection efficiecy is plotted in thEigure 82|as a function of pressure drop ratio

for new and used filter.

Figure 82 Evolution of totalHIILFLHQF\ DV D |XQriuSéd &x@néw flat3 (3
filters at filtration velocity of 1.4 cmi’s

For used filter the total efficiency increases gradually with clogging from 97.8 to 99.75%.
While, for new filter, the efficiency was higher at the Imegng of clogging for total

efficiency of 98.5%, suddenly, a sharp decrease of efficiency is observed from 98.5 to 95.6%
XQWLO 03 63 7KLV IDVW GHFUHDVH LQ ILOWUDWLRQ HIILEF
interaction between particles and clefdter fibers. Indeed, the particles are collecting by

clean fibers because of the filtrations mechanisms (Brownian diffusion, interception, and
impaction) until the total recovery of fibers by the collected particles. In the some phase of
filtration (deep filtration) the deposited particles will play the role of fibers and collecting the
incoming particles. However, the efficiency of fibers to particle collection is important than

the collect by deposited particles. Hence the gradual decrease ofofiltediciency can be

154



Chapter IV Influenceof operating parameters on filtration performance of bag filter and flat
filter

explained by the gradual increase of fiber coverage with deposited particles. At the formation
of cake filter on the surface of filter media, the filtration efficiency start to increase from 96%
DW 03 03 WWDW 03 03

Figure 83f SUHVHQWY WKH IUDFWLRQDO HIILFLHQF\ IRU OHYF

expected, the fractional efficiency decreases with increasimguicle size in the range of
particle diameter 20 QP $W ORZHU YDOXH RI SUHVVXUH GURS (3

more efficient than the new filter for collecting particles higher than 90 nm in diameter.

This difference in the fractional efficiep between new and used flat filter for particles

higher than 100 nm, decreases with clogging until the particle collection efficiency of 99.2 %
FRUUHVSRQGLQJ WR 03 03 KLOH WKH FROOHFWLRQ HII
was higher for bothilfers from the beginning of filtration. Furthermore, the most penetrating
particle size is influenced by the ageing process, especially for the new filter as used filter
HIKLELW D 0336 RI QP FRPSDUHG ZLWK QP IR WKH Q
be explain bythe increase of interception effect, during filter clogging, which is considered as

one of the main mechanism responsible for particle collection which diameters higher than

100 nm.

Figure 83: Evolution offractional efficiency as a function of particle size for used and
QHZ IODW ILOWHUV DQG IRU G L I+FilichEoD VeloCitiEY. Hen.& | FORJJI

V.2  Pressure drop evolution

Pressure drop evolution of new and used bag filter as a functibmefis plotted in the
Figure 84ta). At ambient conditions (24°C 45% RH), the filters were tested over 10
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filtration cycles, clogged with carbonaeceoNPs (16315 nm in diameter). The used bag filter
was previously precoated (in conditions representative of industrial ones) by a thin layer of
reagents (sodium bicarbonate + activated carbon). Before the test, the filter was unclogged

several times bpulsejet system to remove the residual cake and reduce the pressure drop.

7KH PD[LPXP SUHVXoUHM fikedsRusd dusing 10iftration cycles was set to

120Pa at which point the process of dust cleaning is encaged.

In agreement with the prsus results of this study, the experimental results showed that the
clogging time of the filtration cycles decreases from the first cycle (1090 min) to the last one

a PLQ 7KH LQFUHDVH RI UHRY Wit XiDaborSaydiey, WorU280 8OU RS (3
Pa for used filter and from 10 to 60 Pa for new filter is due to the residual cake of the previous
filtration cycles in accordance (&aleem et al. 2011Yhe residual cake contributes strongly
to ageing process and leads to reducing the lifdtefgi{Bao etal. 2014.

Different curves are plotted in thEigure 84) in order to compare the new and the used bag

filter in terms of pressure drajse as a function of filtration cycles. The aim of this section is

to investigate the influence of filter aging on bag filter performance.

During the first filtration cyclgKigure 84tb), the initial pressure drop for new and used bag

filter are different (respectively 10 and 22 Pa) because of the residual particles on used bag
filter (clogged particles by depth filtration and the presendeagimental particle cake on the

filter media surface). This can explain the difference in pressure drop rise between both filters
during the cycle time. Indeed, during clogging of clean fi@ a), three stages can

be distinguishedRigure 84tb): (1) depth filtration, (2) transition filtrath, and (3) cake

filtration. Over the first 200 minutes of clogging, the rise of new filter pressure drop was not
important as a function of time which is explained by the occurrence of depth filtration (1)
(Mukhopadhyay et al. 2016), indeed, as the fitterdia was clean, the particle penetrates the
filter media and captured only through the fibers. The rise of pressure drop was then followed
by the change of curve slope (2) where a slight increase of pressure drop is observed, which
means that the filtradn is in transition area from deep filtration to the surface filtration. The
third phase of filtration (3) is characterized by a linear and sharp rise of pressure drop, which
corresponds to the formation of the particle cake on the media s(®B@icg etal. 2006) The

results are in good agreement with previous studies investigating clean fibrous filters clogged

with monodisperse aerosql&apuntichet al. 1994 andhomas 2001

In comparison to the used bag filter, it can be seen that the curve shape bfg filter

pressure drop is different during the first filtration cycle. In contrast to the new bag filter, the
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rise of pressure drop of used bag filter is faster from the beginning of filtration (especially for

0 3=20 Pa tol 3= 55 Pa), which can bexplained by the occurrence of deep filtration. As
compared to the overall time of filtration cycle 1, a gradual transition from concave to linear
rise can be observed for used bag filter pressure drop. This leads to slight decrease of pressure

drop rise fom 0 3= 55 Pa.
From the second filtration cycIEigure 84ic, d, e, f), the evolution of pressure drop of new

and used filter is important immediately after regeneration process. While adswiation of

pressure drop curve is observed, for bolers, during agradual transition from concave to
linear rise. The time of concave rise of pressure drop is important for new bag filter as
compared to the used bag filter. This transition in pressure rise is due to the residual particle
cake on the medisurface. Indeed, the absence of this deviation can be observed at the cake
filtration regime for new bag filter during the first filtration cycle, where no residual particle
cake was formed on the filter surface. Moreover, although the difference inalegidssure

drop for both filters (about 280 Pa) during all filtration cycles (from cycle 2 to cycle 10),
both filters reach the maximum pressure drop (120 Pa) in almost the same duration time.
Hence, the more residual cake is important, the more theage rise of pressure drop is
faster.

This can confirm the assumption discussed in the chapter 3, where theniftom
distribution of cake filter leads to increase the interstitial velocity through the preferential
pathways which means large amount siall particles (<100 nm) pass through the filter
without collection. By consequence, the particle cake on the surface of used filter media is
formed with large particles as compared to the cake filter fupldn the new filter. As a
result, the resistae of particle cake of used filter is less important than the formed on the

new bag filter which increases its clogging time as compared to the used bag filter.
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+e,f,g: imperfect unclogging 0P.s unclogging

procedure must be improved to reach 20 Pa as for

first cvcle for used filter

Figure 84: Pressure drop across new and used bag filter against time for 10 clogging/unclogging cycles at4@% &H)
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VI Influence of filtration velocity

VI.1 Collection efficiency

Figure 85|shows the fractional collection efficiency of used flat filters clogged at 2 different

filtration velocities (1.4 and 1.9 cmts IRU GLIIHUHQW OHYHO RI FORJJLQJ
seen prewusly in the[Figure 83) and in accordance with the filtration theory, the efficiency
LQFUHDVHYV ZLWK FORJJLQJ IRU ERWX ILEWUDMMRROQ GERQ & |
filtration regime before the formation of cake), the efficiency is higher at filtration velocity of

1.4 cm.§ than at 1.9 cmi5for particle size ranging from 50 to140 nm (below the MPPS).

This result is in good agreementthv filtration theory: for particle size smaller than the
MPPS, the Brownian diffusion is the dominant particle collection mechanism and its
efficiency increases as filtration velocity decreases. In fact, as described in the chapter 1 of
state of art, thearticle collection is governed by the relative importance of the diffusion
movement with respect to the fluid convective motion, which is called the Peclet number,

expressed by the following equati(fb):

%L &J—;@ (75)
Thus, as the filtratiowelocity (V;) is not important, athe Peclet number is negligible, this
means that the diffusion movement of particles is significant. By consequence, the
interactions particles/fibers become important and increase the chance of nanoparticle
collection byfibers. These results are in agreement with previous studies, conducted on

clogging of fibrous filters with nanoparticleg/allaceet al. 2010) and (Chen et al. 2001).
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Figure 85: Evolution of fractional efficiency, asfanction of equivalent diameter in
electrical mobility, of used and new flat filters at twer&étion velocities (1.4 and
1.9cm$’ DQG DW GLIIHUHQW YDOXHV RI 03 3 XQGHU

VI.2 Pressure drop

Figure 86|shows the evolution of flat filter pressure drop as a function of time. The used

filters were clogged at two filtration velocities (1.4 and 1.9 &n.s

Figure 86: Pressure drop filtration time for used flat filter at 1.4 and 1.9 &m.s

The results show that the duration of filter clogging increases with decreasing of filtration
velocity for the same uppg@ressure drop limit of 120 Pa. At the some and constination
condition, the filter clogged at 1.9 cril.seaches the uppgressure drop limit faster than

filter clogged at 1.4 cmi’s(500 and 600 min respectively).
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The initial relative pressure drop for used filter clogged at 1.9 timisnportant as copared
to the filter clogged at 1.4 cmtgrespectively 20 and 28 Pa), this indicates the influence of

velocity on pressure drop for air flow through the porous media.

The evolution of pressure drop for both conditions can be distinguished in two Siasfes
linear rise of pressure drop for both filtration velocities is observed from the beginning of
filtration to the pressure drop of 60 and 70 Pa, respectively at 1.4 and 19 Burisg the
evolution of pressure drop a slight divergence betweewnesuis observed with important
slope at 1.9 cm’sas compared to 1.4 crit,sthis stage corresponds to the transition area from
the deep filtration to the surface filtration. In the second stage, an important increase of the
curves slop is observed footh filters, with almost similar rise of pressure drop at 1.9 ¢m.s
and 1.4 cmS. Hence, the influence of filtration velocity on filter pressure drop is depending
on the different stage of deposited particles, with remarkable influence at transitoof are
filtration regime.

Moreover, to investigate whether the gap between the pressure drop curves (1 .@ecsus

1.4 cm.8) is due to the variation of the filtration velocity or due to the quantity of the

collected particles, the ratio of pressure drop and the filtration velocity times viscosity are

plotted in theFigure 87|as a function of collected particle number. The results show that for

the same level of filter resistance the number of collected particles is higher at filtration

velocity of 1.4 cm.3 than1.9 cm.§.

Figure 87: Pressure drop as a function of coléected particles for used flat filter at 1.4 and
1.9 cm:t
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VIl Mathematical and numericalmodeling of nanoparticlestransport
VII.1 Introduction

In the following section, an overview study based on numerical simulation on nanoparticle
transport in gas stream is presented. The simulation of nanoparticles movement was carried
out on a filter fiber within a control cell which is considered as thechasit and delimited

area of the studied particles. The purpose of this work is to assess the effect of temperature,
particle size and fluid velocity on nanoparticle transport around a single spherical collector
which is considered as a filter media fomoparticle filtration. The stochastic Langevin
equation was used to describe the dynamic behavior of particles, taking into account the drag,

gravitational and Brownian forces which acting simultaneously on these particles.

VIl.2 Simulation method

The trajectoy of particles moving in a gas was described by Lagrangian integration of the
Langevin equation (Paul Langevin, 1908). This one dimension classical model, for the sake of
simplicity, takes into account all the deterministic and probabilistic forces venectacting
simultaneously on a particle and influencing the its path. These forces include the drag,
gravitational and Brownian forces. In contrast, the effect of particle interaction is neglected
assuming a dilute concentration, spherical particles. &irapproach is used to determine the

path of particles as proposed by Gupta et al. (1984).

The trajectory of nanoparticles under the action of random and determinist forces are

determined by the equation (1):

b\fil'; ~
L™
br n

bt & ﬁz \ﬁ‘ ‘KX
o S Bxg B

(76)

Where R is the drag force. It refers to tfiercegacting opposite to the relative motion of

particles moving with respect to the surrounding fluid. It is the fluid resistance which is
proportional to the difference of fluid velocity u and particles velocity.scan be expressed

using the following egation {7):

&L, >&F & (77)
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Where >is the friction coefficient related to the particle mdsg >is determined from the
6WRNHVY ODZ DQG LV8ILYHQ E\ HTXDWLRQ
xNJ”,

>L (78)

s®n

Where p is the dynamic viscosity of the gas, Cu iSGhaningham coefficient.
(uis the Gravitational force responsible for particle sedimentation. It is given by the equation

(79 (Xuan et al., 2004):

%LF—':TZ:QFQ%O (79)

Where é; and & are the particle and gas density, respectively, and g is the gravitational

acceleration.

The Brownian force@resulting from the random motion, is the product of the particle mass
and a random acceleration A(t). The random acceleration depends ditheand is usually
represented as a Gaussian White noise process in stochastic terms. The effect of Brownian
force increases with decreasing of particle size and it is assumed to be random in direction.

This force can be expressed using equad (

& e & (80)

Substituting equations’{), (79) and @0) into equation 16), the trajectory of nanoparticles

canbedefined usinghe followingequation 81):

b\f:l'; ~
L~
br n

| (81)
= L >k—F ":50F %bs FLpE 5 &L -, &5
I

This system of equations can be solved analytically into equaB@hsirid 83) (Lantermann
et al., 2007):

(82)

(83)
Where ( is the external force, including gravitational force, aNelL PF Ris the time step.
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In order to calculate the integration of the system, the time step has to be sufficiently small
which enables to consider the fluid velocity and the influence of external force remains
constant during the time step. Consequen@ishould be in the ordeof relaxation time of

particlei L U°>
&L oo & (84)

Where igis the time step between successive collisions of the fluid molecules surrounding a
given particle. i, is the time step which could lead to appreciable changaermparticle
displacement due to partieparticle interaction forces which are considered negligible in this
study. The time step shall not be too small, otherwise it takes very long time to run the
simulation. The time step used in this study, as cafledl from numerical experiments, is
estimated to be.10" s; from the other side, time step shall not be larger than relaxation time

to avoid the effect of inertia due to the particle's mass.

As the random acceleration A(t) represents a stochpsbicess, the bivariate distribution
function is used to calculate the integration as described by (Chandrasekhar (1943) and
developed by Ramarao et al., (1993) and Ermak (1994).

VII.3 Initial condition of particles position

In Cartesian coordinate, the movemehtparticles is studied within a control cell which is
considered as a basic unit consisting of a single fiber, which is surrounded by a fluid envelope

of radius e which is given bg9):
&L o &= (85)

Where dis the fiber diameter, andlis the porosity of the media.

The flow fluid which is the carrier phase is tslonensional. Furthermore, the initial position
of the entering particles is located at&=and theabscisas placed from 30 to y=e. Inthe

geneal casey can be expressed according to the following equégiomn

UL \EA (86)

where z is distributed random numbhers Q V Qs

On the other hand, the initial particle velocity is determined analytically as a normal
distribution using themethods described by Zarutskaya and Shapiro (2000) as shown in

equation 87):
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RLQN ER (87)

Where Ris the Guassian random variable with the following properties:

6A i
ag

OR PLra OR& PL (88)

Where k is the Boltzmann constant.

VIl.4 Results and discussion

In thgFigure 88| the trajectory of a particle of 30 nm in diameter was studied in two different
temperatures: (150°C) and (24°C) at 2.5 ¢hoffiltration velocity.

Applying the simulation of displacemeatjuation at the same initial position, it was found

that the effect of temperature on the particle motion at 150°C to be more significant than at
24°C. There is also an important fluctuation in particle trajectory at 1%0fich can be
explained in terms foair viscosity. The gas at higher temperature has lower viscosity as
compared to cold gas, which means the air will experience less drag forces thus less gas

resistance.

Vertically, the movement of particles changes in the range of 10 um, while thelitipeeter

is 20 um. Hence, the probability that the particle contacts the fiber surface is higher at 150°C
than at 24°C. This result is in agreement with the findings of Peukert and Loffler (1991)
which demonstrated experimentally that the collection obparticles by filter become more

effective with increasing temperature.

Figure 88 Particles trajectory of 30 nm size at V=2 cth.s
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Figure 89: Particle velocity of 30 nm size at T=150°C and T=24°C

The mrticle collision velocity on the fiber surface, which could lead to a potepeidicle

rebound, can be obsed fromthegFigure 89 The results showed that there is no significant

difference in velocity between the two operating conditions; in other words, the collision

velocity of particle on the fiber surface is themgaat temperature of 150°C and 24°C.

According to the simulation results|8theibelandPorstedorfer(1984) there is no thermal

rebound for nanoparticles of size .30 nm. Hence the capture probability of a particle by
the fiber surface is the same at both 150°C and 24°C.

Figure 90: Particle trajectory of dp=30 nmgp= 40 nm, dp=60 nm and dp=100 nm at
T=150°C- V;=2.5 cm.§
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Figure 91: Particle trajectory of dp=30 nm, at T= 150°C

Furthermore, the study of particles size effect on the particle trajectory is important. The

motion of particks was calculated for four different particle diameters at the same

temperature and fluid velocityfsigure 90|indicates clearly that the fluctuations of particle

trajectory increase with decreasing of particle diameter.

Figure 9lfillustrates the effect of fid velocites, at T=150°®n the vertical displacement of

particle with 30 nm diameteThe results show that the influence of fluid velocity variation is
negligible for V=1.4 cm.s* and \=2.5 cm.s*. In contrast, the effecbf fluid velocity

becomes significarftom 10 cm.s™.

VIl Conclusion ofthe chapter

The experimental results showed that the humidity has an importantriodl on bag filter
performanceat 150°C. At the same number of collected particles the collection efficiency
increases wih humidity for particles higher than 111 nm in diameter, while no effect was
observed for nanoparticles (<100nm). In terms of pressure drop evolution, the humidity is a
key factor that causes fast rising of bag fileer flow resistance due to the fornaat of
compact dust cake during the clogging, the fact that makesle¢haing efficiencyof bag

filter with pulsejet system less efficient in presence of humidity (B¥) than filtration with

dry gases. Briefly speaking, the humidity increases the @filigi of bag filter collection but
accelerates the rise of pressure ddoe to capillary condensati@and reduces the cleaning
efficiency which increases the residual cake filter on the filter media which is the major
element that reduces the bag filtée fiime.

The influence of temperature on bag filtearfermancewas also experimentally studiekh.
terms of filtration efficiency, the particle collection was higher at 150°C than 24SG
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function of time, the evolution of efficiency was faster at high temperature and reached a
maximum efficiency of 99.99 % at 150°C and 99.8% at 24&R€pardless of the variation of
gas viscosity as a function of temperature, the results showed that no influencperbtene

was observed on thstructureof the formed cake filter.

Although the efficiency increases faster for bag filter clogged only with NPs, the
dislodgement is found to be less efficient causing the residual pressure drop to increase
quickly. Hence, lte particle size, within the conditions of this study, is found to be a key
factor that affects the unclogging efficiency of dust cake. With additional large particles
(reagents), the experimental results showed that the dislodgement of cake filter is more

efficient.

Theoretically, the influence of temperature and humidity on filtration efficiency was
investigated at 150°C and 24°C for t®.s* of filtration velocity. The results showed that

the particles less than 90 nm in diameter are most influengddnbperature with higher
collection efficiency at 150°C as compared to efficiency at 24°C. This is consistent to the

experimental results obtained.

Theoretically, there is no influence of the humidity on filtration efficiency at 150°C (3% RH
versus 0%). ldwever, the experimental results showed that at higher humidity, the increase in
collection efficiency is significant. This may confirm the hypothesis on the combined

influence of humidity on aggregates and structure of built cake filter on collectioreetiy.

The filtration efficiency and pressure drop of flat filters were evaluated for black carbon
particle size range of 1815 nm. The main conclusions obtained experimentally are: (1)
Nanoparticle filtration efficiency increases with clogging time; Eltration efficiency
decreases with increase of filtration velocity, especially for particles diameters ranging
between 5a140 nm; (3) New filters are significantly less efficient than used filters in the
LQLWLDO YDg aid) Tk NEst(Peneaiting Particle Size (MPPS) decreases with
increasing of filtration across the bag and flat filter.

The results of numerical simulation show the notable effect of gas operating parameters on
the particle trajectory, especially particle size and fluid teatpee. Indeed, the vertical
fluctuation of particles around the filter fiber at 150°C was more significant than the
fluctuations at 24°C. This result indicates that the probability of nanopatrticle collection by the
fiber increases with an increase in targiure. On the other hand, the study showed that the
particle trajectory is highly affected by particle size. In fact, the motion of small particles is
significant than larger one. In contrast, the effect of velocity on the nanoparticle motion was
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negligible for lower and narrow ranges of velocity (2.5 andchis?). However, the effect is
significant for 10cm.s! velocity of particle.

The present numerical simulation is a preliminary work aiming at theoretically calculations of
efficiency for the filte in the same operating conditions as the experimental study. However,
additional work is needed to study the mechanisms of particle capture and to calculate the
filter efficiency, especially modeling of the filter structure and the fluid behavior thrthegh

filter media.
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The results presented in this manuscript provide knowledge on assessing submicronic and
nanosized particle filtration by fibrous filters. The main objectives of this study were:

Experimental characterization of the performancea aiingle baghouse filter
regarding the filtration of submicronic and nanosized particles. The operating
conditions of filtration were fixed as close as possible to those found in waste
incineration plants in terms of gas filtration velocity, concentrabibparticle
reagents, gas temperature and humidity, pressure and duration of thgpulse
cleaning.

Experimental investigations of the influence of operating parameters on bag
filter and flat filter filtration performance, such as humidity (3% RH ver8as 0
RH), temperature (150°C versus 24°C), filtration velocity (1.9 ¢ruessus

1.4 cm.8), filter aging, and characteristics of the particles used for clogging
(reagents versus nanoparticles).

Theoretical investigation of the influence of particle sgas temperature, and

flow velocity on particle behavior around a fiber of fibrous filter.

A literature review was first carried out and presented irfitbiechapter of this manuscript.
Particular attention was paid to literature studies regarding thet &f operating parameters

on: (1) filtration mechanisms, mainly Brownian diffusion, interception and impaction as a
function of particle size, (2) formation/regeneration of particle cake on the surface of fibrous
filter media. These informations were dséo explain the obtained experimental and
theoretical results.

Materials and methods used in this work were described irseéhend chapterof this
manuscript. Two filters with different geometries (bag filter and flat filter) made from the
same filtering media (polytetrafluoroethylene PTFE) were tested in two different
experimental setups. The bag filter experimental setup was developed in order to be
representative to the bag filter unit in waste incineration flue gas treatment in terms of
temperature, tmidity, filtration velocity and aerosol load. This setup was dedicated to
clogging/unclogging cycle tests at temperature and humidity conditions of inmnepéants
(150°C- 3% RH) and at room temperature and humidity conditions (2448% RH).Flat

filter setup was dedicated to single filtration tests (without filtetime unclogging) at room
temperature and humidity (24°€ 45% RH) for different filtration velocities (1.4 to

1.9 cm.8).
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The third chapter of this manuscript presentsetiperformance of the bag filter for the
collection of submicronic particles for 11 clogging/unclogging cycles. The operating
conditions of filtration were fixed as close as possible to those found in waste incineration
plants in terms of gas filtration \aity (1.9 cm.8), presence of reagents (sodium bicarbonate
and activated chon), particle concentration (8 particles.crit), gas temperature (150°C)

and humidity (3% RH), pressure-{6bar) and duration of the cleaning pujee(0.3 s). The
performance of the tested filter was presented as a function of the evolutions of filter pressure
drop and patrticle collection efficiepmcThe maximum filter pressure drop was set at 150 Pa
for all filtration cycles; once the maximum pressure drop was reached, the filter was
regenerated using the pulst system for 0.3.

The experimental study showed the high collection efficienclie@bhg filter for submicronic

and nanosized particles. The overall efficiency increases rapidly with clogging from a
minimum value of 98.5% to a maximum of 99.98%. The most penetrating particle size was 74
+ 15 nm (electrical mobility diameter) for whichet efficiency reaches a minimum value of
98.5% at first filtration cycle. After 11 filtration cycles, the clogging duration decreases from
630 min to around 70 min for the last one. Indeed, the incomplete dislodgement of particle
cake from the surface ohé media leads to increase the residual pressure drop of the bag
filter. Moreover, the investigation showed a decrease with the filtration cycles of the particle
collection efficiency at the maximum filter pressure drop, especially for the nanopartides. W
assume that the residual cake at the beginning of filtration cycles lead to the formation of
preferential pathways in the particulate cake formed at the surface of the media with local
increase of the interstitial filtration velocity responsible for ttecrease of nanoparticle

collection efficiency by Brownian diffusion.

Thefourth chapter of this study evaluates the influence of operating conditions on bag filter
and flat filter performance. One of the main significant results is the influence of gas
humidity. The performance of the bag filter was studied for two filtration conditions (150°C
3% RH) and (150°G 0% RH). The experimental results showed a significant influence of
humidity on the structure of the formed particle cake at 150°C. In preséncemidity
(around 100 g of water per kg of dry air), the adhesion forces between the particles are
increased and the particle cake structure becomes more catupdoct capillary condensation
between the particlesBy consequence, the increase of filfmessure drop clogged in

presence of humidity is higher than in dry conditions (1500& RH). However, the results
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revealed no significant influence of humidity on particle collection efficiency, especially for
nanoparticles (g<100 nm), for a given nuber of collected particles.

Theoretically, the influence of temperature and humidity on filtration efficiency was
investigated by particle collection mechanism modatstemperature of 150°C, the results
showed no influence of humidity on collection effiscy for 3% and 0% RH, in accordance
with the experimental results. In contrast, the collection efficiency at temperature of 150°C
was higher than the collection efficiency at 24°C. The influence of temperature was
significant especially for particles l@wv than 200 nm of stokes diameter, corresponding to

collection by Brownian diffusion.

Experimental investigations were complete by numerical simulations of particle behavior
around fiber of fibrous filter. The results showed a significant effect of feasize and fluid
temperature on the particle trajectory. Indeed, the vertical fluctuation of particles around the
filter fiber at 150°C was higher thdhe one at 24°C. This result indicates that the probability

of nanoparticle collection by the fiberscieases with increasing of temperature. On the other
hand, the study showed the effect of particle size on the particle trajectory. In fact, the motion
of small particles is higher than the one of the large particles. In contrast, the effect of velocity
on the nanoparticle behavior was not significant for small particles and close values of
velocity (2.5 and 1.4 cnmi’3. However, the effect of velocity became significant froanticle

velocity of 10 cm 8.

In general, the study permitted to quantify they bdter efficiency for submicronic and
nanosized particle filtration in realistic conditions of waste incineration fumes treatment. The
results demonstrated in particular the significant influence of gas humidity on the filtration
performance: the decrea®f gas humidity could lead to a lower filter pressure drop by
decreasing the adhesion force between particles with (i) betterjpulsag cleaning and (ii)
formation of an open cake structure. Regarding the present numerical simulation, it was a
preliminary work in order to study the trajectory of particles around fibers of filtering media
in operating conditions similar as the experimental study. Additional work is needed to study
the mechanisms of particle capture and to calculate the filter efficiespecially the filter
structure modeling and the fluid behavior through the filter media.
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Rachid BOUDHAN

SHUIRUPDQFHV GYXQ ILOW U eapture DeatiddleS 8nX
FRQGLWLRQV UHSUpVHQWDWLYHV-décthe®.TLQF

Performance of pulse -jet bag filter regarding particle removal for
nano -waste incineration conditions.

Résumé

/HV SHUIRUPDQFHV GH |LOWUDW L R&QvisGdeXp@rtiduled
VXEPLFURQLTXHV HW QDQRPpWULTXHV RQW pWw
durant plusieurs cycles de colmatage/décolmatage. La distribution
granulométrique des particules (aérosol de combustion) était représentative
de celle rencontrée en incinération de nano-déchets en sortie de chambre de
FRPEXVWLRQ j OTpFKHOOH GX ODERUDWRLUH /
réalistes, représentatives de celles rencontrées dans les lignes de traitement
GHV IXPpHV GILQFLQPUDWLRQ ®© kem@duatute Wimidies(
vitesse de filtration, présence de réactifs et conditions de décolmatage. Le flux
GfDLU HW OH ILOWUH j PDQFKH pWDLHQW FKD»
10- VRLW GTKXPLGLWp UHODWLYH +StaitHixge
1,9 cm.s™ Un mélange de particules de taille submicronique de charbon actif
et de bicarbonate de sodium, utilisées dans les lignes de traitement des
IXPpHV GITLQFLQpUDWLRQ SRXU OYDEDWWHPH!
acides, était générp VLPXOWDQpPPHQW DYHF OfTDpURVR(

/ITpWXGH VIHVW FHQWUpPH VXU OHV SHUIRUPDQ
de vie du filtre a manche, avant stabilisation de la perte de charge résiduelle
du filtre résultant des précédents cycles de filtration. La perte de charge
maximale du filtre était fixée a 150 Pa pour tous les cycles de filtration avant
décolmatage par rétro-soufflage a air comprimé. Les performances du filtre a
PDQFKH RQW pWp pYDOXpHV HQ WHUPHV GYpYF
son efficacité de collecte (totale et fractionnelle) au cours des cycles de
colmatage/décolmatage.

De plus, des études expérimentales et théoriques ont été menées afin
GITpWXGLHU OfLQIOXHQFH GH GLYHUV SDUDPQgWw
fltre HQ FRQILJXUDWLRQ PDQFKH RX SODQH WH
versus 0% HR a 150°C), la température (150°C versus 24°C), la vitesse de
filtration (1,9 cm.s™ versus 1,4cm.s® HW OJLQIOXHQFH GH Of

Les principaux résultats de cette étude sont: (i) importante efficacité de
capture des particules du filtre & manche en conditions représentatives des
OLJQHV GH WUDLWHPHQW G H affidaiEépriinimateTde Qdiec@
de 98,5% mesurée pour des particules de taille 74 £ 15 nm (diametre de
mobilité électrique), (ii) influence du gateau résiduel de particules au début de
chaque cycle de filtration sur les performances de traitement, (iii) influence
VLIQLILFDWLYH GH OYKXPLGLWp GH OfDLU Ves
SUREDEOHPHQW GXH j OfDXJPHQWDWLRQ GHV I
HQ SUPVHQFH GYKXB6GHRpit HQN& URQ J GWHOG
sec) ; augmentation plus rapide de la perte de charge du filtre a manche en
SUpVHQFH GITKXPEGLWp TXFfEQ FRQGLWLRQV +G%
HR).
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Abstract

Filtration performance of a pulse-jet bag filter was evaluated at the laboratory-
scale regarding submicronic particles with a nanosized fraction during
clogging/unclogging cycles. The particle size distribution was representative to
those encountered at the outlet of a nano-waste incineration device at
laboratory-scale. The bag filter was operated in conditions as similar as
possible to those found in flue gas treatment of waste incineration plants, in
terms of temperature, humidity, filtration velocity, injection of sorbent reagents
and unclogging conditions. The air flow and the bag filter were heated to
150°C, the water content was maintained in the air flow in the range of 10-12%
(3% of relative humidity RH), and filtration velocity throughout the bag filter
was fixed at 1.9 cm.s™. A mixture of submicronic suspended particles of
activated carbon and sodium bicarbonate, both used in flue gas treatment
systems mainly for the removal of dioxins/furans and acid gases, was
generated simultaneously with the aerosol representative of combustion
emissions.

The study focused on the filtration performance at the beginning of the bag
I L O W Hildd filteOfar ItV 1 first clogging-unclogging cycles before stabilizing
the residual pressure drop reached after pulse-jet unclogging. The maximum
pressure drop was set at 150 Pa for all filtration cycles. Once the maximum
pressure drop was reached, the filter was unclogged using the pulse-jet
system. The performance of the bag filter was evaluated in terms of the
evolution of pressure drop, fractional and total particle collection efficiencies,
during the clogging/unclogging cycles.

Moreover, an experimental and theoretical study was carried out on the
influence of different parameters on the filtration performance of bag filter and
flat filter, such as influence of humidity (3% RH versus 0% RH at 150°C),
temperature (150°C versus 24°C), filtration velocity (1.9 cm.s™ versus 1.4
cm.s™) and the influence of the injection of sorbent reagents.

The main results of this study are: (i) high collection efficiency of the bag filter
in representative conditions of flue gas treatment of waste incineration:
minimun particle collection efficiency of 98.5% for particle diameter of 74 + 15
nm (electrical mobility diameter), (ii) influence of residual particle cake at the
beginning of the filtration cycles on the bag filter performance, (jii) significant
influence of humidity on the porosity of the particle cake due to the capillary
condensation of water between the particles in presence of humidity (150°C -
3% RH i.e. almost 100 g of water per kg of dry air). Faster increase of bag
filter pressure drop in presence of humidiy (150°C - 3% RH) as compared to
the dry conditions (150°C - 0% RH).
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