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CONTRIBUTION A LA COMBUSTION DES EMULSIONS DE L’EAU DANS LE FIOUL LOURD

Résumé

Les fiouls lourds, les huiles usagées ou les graisses animales constituent des combustibles denses et visqueux qu'il
est possible de valoriser. Brûler ces combustibles en émulsion avec l'eau diminue la longueur de flamme et surtout
la formation de résidus carbonés solides (particules) par rapport au combustible pur. Car le phénomène de micro
explosion, qui consiste en la vaporisation rapide (<0.1 ms.) des gouttelettes d'eau internes, disloque la gouttelette
d'émulsion en plusieurs gouttelettes plus petites. Dans un premier temps, un modèle instationnaire de la gouttelette
d'émulsion permet, grâce à un critère approprié (vaporisation des gouttelettes d'eau internes en état liquide
métastable) d'établir une prédiction numérique de son délai de micro explosion. Cette prédiction est confrontée à
des mesures expérimentales issues de la littérature, avec différents paramètres de combustion et différentes
formulations de l'émulsion (soit 27 situations différentes). Puis ce modèle de gouttelette individuelle est incorporé à
un modèle de combustion en spray, prenant en compte le phénomène de micro explosion : les résultats permettent
de comparer la flamme obtenue (~150 kW) avec et sans émulsification du combustible. Cette comparaison des
champs de température et des longueurs de flamme confirme qualitativement les tendances observées dans des
études expérimentales de la littérature. Enfin, une campagne expérimentale sur une chaudière industrielle de
puissance modeste (~200 kW) permet de mesurer une baisse reproductible (entre 30 et 35%) des émissions de
particules en utilisant une émulsion de l'eau dans le fioul lourd, par rapport au fioul lourd pur. La mesure de la
granulométrie des particules émises permet de fournir un indicateur de micro explosion.

Mots clés : spray en combustion, émulsion, micro explosion, fioul lourds, particules, cénosphères

A CONTRIBUTION TO THE COMBUSTION OF WATER-IN-OIL EMULSIFIED HEAVY FUEL

Abstract

Heavy Fuel-oil, used engine oil or animal fat are dense, viscous combustibles that can be used within boilers. To
burn these combustibles as a water-in-oil emulsion is known to decrease both the flame length and the
carbonaceous residue, in comparison with raw combustible. Indeed, the microexplosion phenomenon, which means
the rapid (<0.1 ms.) vaporization of inside water droplets, breaks the emulsion droplet into many smaller droplets.
The first step of this work is to demonstrate an unsteady modelisation of the emulsion droplet enabling, thanks to an
adequate criterion (vaporization of the liquid-metastable water droplets) to establish a numerical prediction of its
microexplosion delay. This prediction is faced with experimental measurements available in the literature, along
with different combustion parameters and emulsification variables, totalizing 27 different situations. Secondly, this
model of individual emulsion droplet is included in a spray combustion model, taking into account the
microexplosion phénomenon : The results enable a comparison between the flames (~150 kW) obtained with raw
and emulsified combustible. This comparison of flame lengths and temperature fields is in qualitative accordance
with trends described in experimental works from the literature. Finally, an experimental campaign on an industrial
middle-scale (~200 kW) boiler enables to record a reproducible decrease (from 30 to 35%) in carbonaceous residue
using a water-in-oil emulsified heavy fuel-oil, in comparison with pure heavy fuel-oil. The measured distribution of
cenosphere diameters at the exhaust of the boiler gives an indication for microexplosion.

Key words : spray combustion, emulsion, microexplosion, heavy fuel, carbonaceous residue, cenospheres
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Temps (ordres de
grandeur
caractéristiques)

Réchauffement de la
Z
gouttelette d'émulsion
(possibilité d'allumage
d'une flamme de
diffusion)

100 ms. < 1 ms.

Injection

Déclenchement
[
de la micro
explosion

Gouttelette d'émulsion
partiellement ou totalement\
désintégrée

Délai de micro
[
explosion
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mCp(T-To)µ
Etat
¶
métastableµ

Boiling
·
Point

mL¸

Rupture d'état
métastable :¹
vaporisation
partielle maisº
très rapide de
»
l'eau liquide
métastable¹

mCp (T-To) = 0µ mL = 0µ
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...
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...
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...
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���������R�  
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ÕFÙyÜPÝRÛ'Û'ÜF×_àPá'Ù�â_ÙyÐ�Ý~â_Ô'ÜFÒ<ÙyØ'Ò\à@Ù\ÕPÕPÝRÖ�ÜFÙ çpÝRÛ'Û'ÜF×_àPá'Ù<ÜCÐ�Ý¡ìk×�ÜFØ'ÙyÖZØ_î+Ò<ÜFÖZÙ<Ô'ÜFÙyâ_Ù Ð�Ý¡ÐZÖ�Ó�ÖZÚFÙJÕFÛ'ÖZØ'×_â'ÝRÐZÙ
# ä�äRå�æ'%
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��0# ÚFÙ<Ó�ÛkÒ<ÜPÝRÚFÔ'ÜFÙ�ÖZØ'ÖZÚFÖeÝRÐZÙCâ_ÙyÐ�Ý
ã�×�Ô'ÚFÚFÙ<ÐZÙ<ÚFÚFÙ�Û'ÐZÔTÕEìTÝ�ÕPÕPÙz×�ÔCÚFÙ<Ó�Û�Ò<ÜPÝRÚFÔ'ÜFÙYÙ<Ø�Û'áTÝ�ÕPÙYã�ÝRô<Ù<ÔTÕFÙ�Û'ÐZÔTÕ¥Ò<ÐZÙ<Þ�Ò<Ù&%Pß�ÐeÝ�Ó�Ù\ÕFÔ'ÜFÙYÙ@ï!ÛkÒ<ÜFÖZÓ�Ù<Ø3ÚPÝRÐZÙ
ÕFÙJÜPÝRÛ'Û'ÜF×!à?á'Ùyâ_ÙJÐ�Ý�â_Ô'ÜFÒ<Ù�Ø'Ò\à@Ù\ÕPÕPÝRÖZÜFÙJç�ÝRÛ'Û'ÜF×!à?á'Ù<Ü5Ð�Ý ì�×�ÜFØ'Ù�ÕFÔ'ÛkÒ<ÜFÖZÙ<Ô'ÜFÙ�â_ÙJÐ�Ý ÐZÖZÓ�ÖZÚFÙ�ÕFÛ'ÖZØ'×_â'ÝRÐZÙ
#21 å�å�æ'%

3 ÝCò|ÖZã ½'¼!½"¼ ä�Ù@ï!Ûk×�ÕFÙrÐ�Ý5ÞRÝRÐZÖ�â'ÝRÚFÖ�×�Ø Ý\Þ�Ù\àrÔ'Ø�ÜPÝ\ö�×�Ø�ÖZØ'Ö�ÚFÖ�ÝRÐ�ÞRÝRÜFÖ�ÝRì'ÐZÙVÛ�×�Ô'Ü�Ð�Ý�ã�×�Ô'ÚFÚFÙ<ÐZÙ<ÚFÚFÙmâ�ÑdÒ<Ó�Ô'Ð�ÕPÖZ×�Ø ½
3 ç�Ù<ØTà@×�ÜFÙ�ß�ÐeÝyÓ�Ù\ÕPÔ'ÜFÙCâ_Ô�à<Ý�Õmâ_ÙJÜFÒ@î+Ò<ÜFÙ<ØTà@Ù # äRå�å54"6�%vç ¼ äRå�ÓyÕ ½ Û�×�ÕPÙCÐeÝ ê3Ô'Ù\ÕFÚFÖZ×�Ø�â�ÑdÔ'Ø879×Rø�ÕPÙ<Ú�7�â_Ù\Õ
Ó�Ù\ÕPÔ'ÜFÙ\ÕtÙ@ï!ÛkÒ<ÜFÖZÓ�Ù<Ø3ÚPÝRÐZÙ\Õ ½:9 Ù�Û'ÐZÔTÕ<ßRÐZÙ�Ó�×_â_ñ<ÐZÙ�çmà@×�ÔTà?á'Ù\Õzâ_ÙvÕFÛ'á'ñ<ÜFÙ\ÕzÕFÖZã�ØTÝRÐZÙ�Ô'Ø'ÙvÒ<ÞRÝRÛ�×�ÜPÝRÚFÖZ×�Ø�à@×�Ó�Û'Ð�ñ<ÚFÙ
â_ÙVÐ�Ýmã�×�Ô'ÚFÚFÙ<ÐZÙ<ÚFÚFÙrâ_Ù8ÜPÝ\ö�×�Ø�ÖZØ'ÖZÚFÖeÝRÐTâ_Ù ¼ äRå;4"6 â_ñ\Õ õ äRåuÓyÕ<ß�ÝRÐZ×�ÜPÕYêaÔ'ÙVÐZÙvÜFÒ\ÕFÔ'ÐZÚPÝRÚzÙ@ï!ÛkÒ<ÜFÖZÓ�Ù<Ø3ÚPÝRÐTÖZØTâ_Ö�ê3Ô'Ù
Ô'Ø'ÙrÓ�Ö�à@ÜF×�Ù@ï!Û'ÐZ×�ÕPÖZ×�Ø ¾ å�ÓyÕzÛ'Ð�ÔTÕzÚPÝRÜPâ ½<3 Ù\Õ�ÜFÒ\ÕFÔ'ÐZÚPÝRÚPÕYØaÔ'Ó�Ò<ÜFÖeêaÔ'Ù\Õ�à@×�Ó�Ó�ÙVÙ@ï!ÛkÒ<ÜFÖZÓ�Ù<Ø3ÚPÝRÔ_ïyÕ<Ñ�Ý�à<à@×�ÜPâ_Ù<ØaÚ
à@Ù<ÛkÙ<ØTâ'ÝRØaÚ�çmÔ'Ø â_Ò<ÐeÝRÖ�â_Ù8Ó�Öeà@ÜF×&=	Ù@ï!Û'ÐZ×�ÕPÖZ×�ØCÝRÔ'ã�ÓyÙ<ØaÚPÝRØaÚ�Ý�Þ�Ù\àvÐZÙ�ÜPÝ�ö�×�Ø ÖZØ'Ö�ÚFÖ�ÝRÐ	ßRÝ\Þ�Ù\àVÔ'Ø'Ù8â_Ò<ÜFÖZÞ�Ò<Ù8Û'ÜF×_àPá'Ù
# Ó�×�Ö�ØTÕ�â_Ù ¾ å?> â_Ùuâ_Ö6ø�Ò<ÜFÙ<ØTà@Ù&%¤Ù<ØaÚFÜFÙ ¾ äRå�Ù<Ú8ä ¾ å@4"6 â_ÙmÜPÝ\ö�×�ØGÖZØ'ÖZÚFÖ�ÝRÐ ½

ð ×�ÔTÕ5ÜFÒ\ÕFÙ<ÜFÞ�Ù�â�ÑdÔ'Ø�Û�×�ÕPÕPÖZì'ÐZÙA79×Rø�ÕFÙ<Ú�7�Ù@ï_Û�Ò<ÜFÖ�Ó�Ù<ØaÚPÝRÐ	ßkÚF×�Ô'Ú5à@×�Ó�Ó�ÙCÐ�Ý�Û'ÐZÔ'ÛTÝRÜFÚmâ_Ù\Õ�ÜFÒ\ÕFÔ'ÐZÚPÝRÚPÕ�Û'ÜFÒ\à@ÒB=
â_Ù<Ø3ÚPÕ�à@Ù<ÚFÚFÙpà@×�Ó�ÛTÝRÜPÝRÖ�ÕF×�Ø Ó�×�Ø3ÚFÜFÙpêaÔ'Ù�Ð�Ý1â_Ô'ÜFÒ<Ù¡Ø'Ò\à@Ù\ÕPÕPÝRÖ�ÜFÙ�ç�ÝRÛ'Û'ÜF×_àPá'Ù<Ü�ÐeÝGìk×�ÜFØ'Ù¡ÕFÔ'ÛkÒ<ÜFÖZÙ<Ô'ÜFÙ¡â_Ù¡Ð�Ý
ÐZÖ�Ó�ÖZÚFÙvÕFÛ'ÖZØ'×_â'ÝRÐZÙ #21 å�å�æ'%]ÕFÙ<ÓCì'ÐZÙ8Û'ÐZÔTÕ�Û'ÜF×_àPá'Ùmâ_Ù\ÕYÜFÒ\ÕFÔ'ÐZÚPÝRÚPÕ�Ù@ï!ÛkÒ<ÜFÖZÓ�Ù<Ø3ÚPÝRÔ_ïyêaÔ'Ù�à@Ù<ÐZÐZÙVØ'Ò\à@Ù\ÕPÕPÝRÖZÜFÙrçCÙ<Ø
ÝRÛ'Û'ÜF×_àPá'Ù<ÜVÐ�ÝCì�×�ÜFØ'Ù5Ö�Ø_î�Ò<ÜFÖZÙ<Ô'ÜFÙ # ä�äRå�æ'% ½
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d²±�³'´Lµ+q#¶�·�¸�¹»º!q¼¶�q#½¾q#½¿½�sh¸�½eq#½�·	º°±�³'´�·�q;À�¸¬Á¾Â'Á¿Ã'¶�q¼ÄAÅ�s�Æ¼¸�¶�Á�³Aq�Ç!È�Å¬³H½�¸¬³'ÀRt�À�q¼´Ush¸�½�½�q�Á�q;È�Á�³!º!tU¶�·�¸¬´�Å¬q¼º!q#½
É Æ¼¸B½¿½�¸¬³'ÀU½�º!q-ÈUshÁ�·�¸�¶�t�Å¬q#½;ÊËq;·¼º!q#½�È3³'Å¬Å¬tUshÀ�·¿½�ÂHshÌ;q;t!Ç3�|Í|q;·�·�q´Ush¸B½¿½�qAq#½�·$¶�³'ÀU½�·¿sh· É qÈUshÁ$t�À�q¶�³'Æ¼ÈUshÁ¿sh¸¬Î
½�³'Àjq;ÀD·�Á�qAÅ¬q�¶�³'Æ�´�tU½�·�¸�´�Å¬q É Æ�t�Å�½�¸¬³'À�À É q;·�½¿shÀU½ É Æ�t�Å�½�¸¬³'À��KdPq�¶�³'Æ�´�tU½�·�¸¬´�Å¬q�t�·�¸¬Å¬¸�½ É$É ·¿shÀD·�t�ÀÏÆ É Å�shÀ�Â'q
b9ced7Ð�b9ceors�Ñ'q#¶ É Æ�t�Å�½�¸�³'ÀÒº°±�q#sht�Ê3¶�q�Æ É Å�shÀ�Â'q�b7ced9Ð�b9ceol½¿shÀU½ É Æ�t�Å�½�¸�³'Àº°±�q#shtR½�q;Á�·eº!q�· É Æ ³'¸¬ÀÈ3³'t�Á
¶�q;·�·�q�¶�³'Æ ÈUshÁ¿sh¸�½�³'À��UÓ É shÀ�Æ¼³'¸¬ÀU½ÔÅ¬q�ÕU³'t�Å�Å¬³'t�Á¿ºAÈ�t�Á�q#½�· É ÂHshÅ¬q;Æ¼q;À�·«·�q#½�· É �

dKsÖÈ�Á�³'È�³'Á�·�¸�³'À×º!q�b9ceoØq#½�·AÕ�Ç É q�½¿³'¸¬·-ÄÙk;gDm�Ê«½�³'¸¬·-ÄÚphgDm��«dPsÖÈ�Á�³'È3³'Á�·�¸¬³'À×º°±�q#sht×q#½�·Aq;ÀU½�t�¸�·�q
sht�Â'Æ¼q;À�· É q	Â'Á¿s'º!t�q;Å¬Å¬q;Æ q;ÀD·;Ê!È�³'t�Á»º!q#½Ôq#½¿½�sh¸�½Ûq;ÀD·�Á�q	g�q;·¾k;gDmlº°±�q#sht�Ê!ÕUÀ�q;Æ¼q;ÀD·«º!¸B½�È�q;Á¿½ É q X º!¸�shÆ Ü;·�Á�q�º!q#½
Â'³'t�·�·�q;Å¬q;·�·�q#½«¸¬ÀD·�q;Á�À�q#½»Ý�³'Æ ³'Â'Ü;À�q¾q;ÀD·�Á�q¼k�q;·«veÞ Z©a ��o�±ßshÈ�Á�Ü#½«Å�s�Å�¸¬·�· É Á¿sh·�t�Á�q'ÊUs#Ñ'q#¶�t�À�q¾·�q;Å¬Å�q�Á É ÈUshÁ�·�¸¬·�¸�³'À
ÕUÀ�q¾º!q#½ÛÂ'³'t�·�·�q;Å¬q;·�·�q#½»º°±�q#sht�Ê!Å�s�Æ¼¸�¶�Á�³�q�Ç!È�Å¬³H½�¸�³'À È3q;t�·Û½�qeÈ�Á�³!º!t�¸¬Á�qeº!Ü#½»pLÊàvHmrº°±�q#shtAq;ÀAÑ'³'Å¬t�Æ¼q�áßfhg'â§�LdPs
º É ·�q#¶�·�¸¬³'Àº°±�t�ÀÒ¸¬ÀUº!¸�¶�q�º!q¾Æ¼¸�¶�Á�³�q�ÇLÈ�Å�³H½�¸¬³'À�ÊLÈUshÁ»Å�s�Æ¼q#½�t�Á�q¾º!q¾Å�s�Â'Á¿shÀDt�Å¬³'Æ É ·�Á�¸¬q¾º!q#½»ÈUshÁ�·�¸�¶�t�Å¬q#½ É Æ¼¸B½�q#½
q#½�· É ÂHshÅ¬q;Æ¼q;ÀD·¤t�À ³'´Lµ+q#¶�·�¸�¹�º!q�¶�q;·�·�q�¶;shÆ ÈUshÂ'À�q«q�ÇLÈ É Á�¸¬Æ¼q;À�·¿shÅ¬qÔ´�¸¬q;À¼ã�t�±�¸¬ÅU¶�³'ÀU½�·�¸¬·�t�q;Á¿sh¸¬·¤t�À�q�ÝDäLÈ�³'·�Ý�Ü#½�q'�

å9³'t�Á�Å�s-¶�³'Æ¼ÈUshÁ¿sh¸�½�³'ÀÏº!q¼Å�sAÈ3³'Å¬Å¬t�·�¸¬³'À É Æ¼¸�½¿q�Å�³'Á¿½	º!q Å�s-¶�³'Æ�´�tU½�·�¸¬³'ÀÏº!q º!¸�æ É Á�q;ÀD·¿½�¶�³'Æ�´�tU½�·�¸¬´�Å�q#½;Ê
º!q#½ÛÈUshÁ¿shÆ¼Ü;·�Á�q#½Ôº!q�¶�³'Æ�´�tU½�·�¸�³'À ¸�º!q;À�·�¸�ãDt�q#½Û½�³'À�·|Á�q#ã�t�¸�½ X�ç sh´��!w��àv a �LdPqeÈ�Á�q;Æ ¸¬q;Áèº!q�¶�q#½|ÈUshÁ¿shÆ Ü;·�Á�q#½|q#½¿·
Å�s�È�t�¸�½¿½�shÀU¶�q�º!q�Å�s¾éEshÆ Æ¼qeê3ë�Ê!È�Á�³'È�³'Á�·�¸¬³'À�À�q;Å�Å¬q�shtAº É ´�¸¬·Ôº!q�¶�³'Æ�´�tU½�·�¸¬´�Å�q'��d¤±�q�Ç�¶�Ü#½Ôº°±ßsh¸¬Á|q#½¿·|Æ sh¸�ÀD·�q;ÀDt
q;À�·�Á�qÒphg/q;·¼vhgDmìÈUshÁ�Å¬q�´�Á�í�Å¬q;t�Á�¸¬ÀUº!tU½�·�Á�¸¬q;ÅÔî�ïñð²dPd9c��¤dPs5È�Á�q#½�½�¸¬³'À X ê�ò a q;·�ÅBsÒ·�q;Æ¼È É Á¿sh·�t�Á�q-º°±�¸¬À�µ�q#¶�Î
·�¸¬³'À X[ó ò a Ê9q;ÀÏÁ¿sh¸�½¿³'ÀÏº!q�Å¬q;t�Á�¸¬À!éUt�q;ÀU¶�q�½�t�Á�Å�sA¹J³'Á�Æ¼q q;·�Å�s-Â'Á¿shÀ�t�Å¬³'Æ É ·�Á�¸¬qAº!tÏ½�È�Á¿s�ä�q;À©¶�³'Æ�´�tU½�·�¸�³'À�Ê
½�³'À�· É ÂHshÅ¬q;Æ q;ÀD·�Æ�sh¸¬ÀD·�q;À�t�q#½�Ä/º!q#½	À�¸¬Ñ'q#sht!Ç�½�·¿sh´�Å¬q#½#�KåK³'t�Á�Å¬q$¹J³'ÀU¶�·�¸¬³'À�À�q;Æ¼q;À�·�º!tÏ´�Á�í�Å¬q;t�Á�¸¬ÀUº!tU½¿·�Á�¸¬q;Å
î�ïôð²dKd9c�Ê�¸¬Å3q#½�·ÔÀ É ¶�q#½¿½¿sh¸¬Á�q¾º!q�Á É Â't�Å¬q;ÁÔÅ�s�È�Á�q#½¿½�¸¬³'À�q;·ÔÅ�s�·�q;Æ¼È É Á¿sh·�t�Á�q	º°±�¸�À�µ+q#¶�·�¸¬³'À�Ê!º!¸�æ É Á�q;Æ¼Æ¼q;À�·Ô½¿q;Å¬³'À
Å�s¼Ñ�¸�½�¶�³H½�¸¬· É º!t/¶�³'Æ�´�tU½�·�¸¬´�Å¬q'ÊEÑ�shÁ�¸�sh´�Å�q	s#Ñ'q#¶�Å§±ßs'º�º!¸¬·�¸¬Ñhsh·�¸¬³'ÀAq;·�Å§± É Æ�t�Å�½�¸¬ÕE¶;sh·�¸¬³'À X ¶�¹ñ� ç sh´U½;�7kh�¬k#p$q;·�w���w a �
o�shÀU½�Å�sRÅ¬¸¬·�· É Á¿sh·�t�Á�qGá u'u â§Ê¤t�À�qAÆ�t�Å¬·�¸¬È�Å¬¸�¶;sh·�¸�³'ÀNÈUshÁ¼v5º!qAÅ�sRÈ�Á�q#½¿½�¸¬³'À©º°±�¸¬À�µ�q#¶�·�¸¬³'À©q#½�·�À É ¶�q#½¿½¿sh¸¬Á�qAÈ3³'t�Á
º!¸¬Æ ¸¬ÀDt�q;Á�Å¬q�º!¸BshÆ¼Ü;·�Á�q�Æ ³�ä'q;À X õLö o a º!tÖ½�È�Á¿s#äjº!qAÆ¼³'¸¬·�¸ É Ê7º!³'ÀU¶�Å�q#½�ÑhshÁ�¸�sh·�¸¬³'ÀU½�º!qê�ò�º°±�t�Àjq#½�½¿sh¸»Ä
Å§±ßsht�·�Á�q�½�³'ÀD·�È�Á É ½�t�Æ É q#½«½¿shÀU½�q�æ3q;·�½�¸¬Â'À�¸�ÕE¶;sh·�¸�¹7½�t�Á«Å¬q	º!¸�shÆ Ü;·�Á�q	Æ¼³�ä'q;À/º!q#½«Â'³'t�·�·�q;Å¬q;·�·�q#½�º�shÀU½«Å¬q�½¿È�Á¿s#ä
¸¬À�µ�q#¶�· É �

ê3ë º!q¼k#yhg¼Ä¼p'phg$÷;ø
qùm º!q�phg¼Ä¼vhgDm
ê3ò º!q k#v�Ä¼phg$´UshÁ
ó�ò º!q�ú'û'û¼Ä¼ú'ü'û V W
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dPq�¹=³'ÀU¶�·�¸¬³'À�À�q;Æ q;ÀD·¾º!q�Å�s�¶�ÝUshtUº!¸¬Ü;Á�q�q#½�·¾½�·¿sh´�Å¬q�½�t�Á�t�À�q$º!t�Á É q�½¿t�È É Á�¸¬q;t�Á�q�³'t É ÂHshÅ¬q�Ä�t�À�q�Ý�q;t�Á�q'�
Í|q;·�·�qè½¿·¿sh´�¸¬Å¬¸¬· É q#½�·Pº É ÕUÀ�¸¬q²ÈUshÁ�t�À�qèÈ�t�¸�½¿½¿shÀU¶�q²¶�³'ÀU½�·¿shÀ�·�q'Ê�q;·�t�À�qè¶�³'ÀU¶�q;À�·�Á¿sh·�¸¬³'À�q;À	º!¸¬Î§³#Ç!ä�Â'Ü;À�qè¶�³'ÀU½¿·¿shÀD·�q
Æ¼q#½¿t�Á É q�º�shÀU½ÔÅ�q#½|ÂHshÌ¾º°± É ¶�ÝUshÈ�È�q;Æ¼q;À�·;�Eð¤ÂHshÅ¬q;Æ q;ÀD·;Ê!Å¬q#½Û·�Ý�q;Á�Æ¼³!¶�³'t�È�Å¬q#½Ô½�¸¬·�t É ½Ô½�t�ÁÔÅ�s�ÈUshÁ�³'¸3ÅBsh· É Á¿shÅ¬q¾º!q
Å�s�¶¿ÝUshtUº!¸�Ü;Á�q¾¸¬ÀUº!¸�ã�t�q;ÀD·ÔshtA¶�³'t�Á¿½»º!q�¶�q;·�·�q	º!t�Á É q¾º!q#½Ô·�q;Æ¼È É Á¿sh·�t�Á�q#½»½�·¿sh´�Å¬q#½ X q;ÀD·�Á�q��'û'û�q;·	�'û'û V W�a ��
�t
¶�³'t�Á¿½	º!q�¶�q;·�·�q$È É Á�¸¬³!º!q¼º!q�¹J³'ÀU¶�·�¸¬³'À�À�q;Æ¼q;ÀD·	½¿·¿sh´�Å¬q'Ê�Å¬q#½�Æ¼q#½�t�Á�q#½�¸B½¿½�t�q#½�º!q#½	º!¸�æ É Á�q;ÀD·¿½	shÈ�ÈUshÁ�q;¸�Å�½¾½�³'ÀD·
½¿sh¸B½�¸¬q#½ÛÈ�³'t�ÁÔ¹J³'Á�Æ¼q;Á»Å¬q¾Á É ½¿t�Å¬·¿sh·«º!q¾Å§±�q#½¿½¿sh¸ �

k#v'y
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SUTWVYX[Z]\_^�X`X[a�bcT�V�d"VfegVYX[hci[V�i]Tkj�l�i�jnmohcT�^�e�p�Z[i[a�Vfd"VYX]i[pYX[aqd"hrXts�jni[bu^�mcpYXvX[^�T�akd"VYXxwy\rjni[Z[aks�hcT�VYX�z{p�egakX|\rjni
Tkj}s�^�exbchrX[Z[ak^�m~d"h��r^�hcT�T�^�hci�d���\rjni�\ci[p�T�����V�egV�moZgd���hcm~pYs��rjnmoZ[akT�T�^�m~d"V�l�jn��d���pYs`�rjn\c\_V�e�V�moZ�X[hci�hcmcV
s��rjnhrd"a���i[V�����^�egegV�Tqj�Z�jna�T�T�V�d"VYX�\rjni[Z[aks�hcT�VYX�ws�p�mc^�X[\c�c��i[VYX�z�\ci[^"d"hca�Z[VYX�VYX[Z�T�a�p�V��|Tkj�Z�jna�TkT�V�d"VYX�l�^�hcZ[Z[V�TkV�Z[Z[VYX
dcjnmrX|T�VYX`�ohcV�T�TkVYX{V�T�T�VYX|X�V�X[^�moZt�y^�i[egp�VYX���Tqjgd"akX[Z[i[a�bchcZ[ak^�m�d"V�Z�jna�TkT�V�d"VYX|\rjni[Z[aqs�hcT�VYX�\u^�hci[i�jna�Z|mc^�hrXt�y^�hci[mca�i
hcm>a�mrd"aqs�V�d"V�egaks�i[^�V��"\cT�^�X[ak^�m�����jnmrXfs�V�Z[Z[V�X[VYs�Z[ak^�m>mc^�hrX�jnT�T�^�mrXxd"p�Z�jna�T�T�V�i�T�V�\ci[akmrs�a�\_V�d"VYXfd"a� up�i[V�m¡Z�X
jn\c\rjni[V�a�TkX�d"VvegVYX[hci[V�d"aqX[\_^�mcakbcT�VYX��

¢�j�egVYX�hci[V�d"V�l�i�jnmohcT�^�egp�Z[i[akVvV� uVYs�Z[hcp�V�mcV�\_V�i[egV�Z�\rj�X|d"V�d"akX�s�i[a�egakmcV�i£X[Z[i[aqs�Z[V�egV�moZ�X[hcakVYX{V�Z|s�p�mc^n¤
X[\c�c��i[VYX��o¢�VYX£X[hca�VYX�X��¥jnl�i[��l�V�moZ£V�mg\rjni[Z[aks�hcT�VYX�d"V�T¦��^�i�d"i[V|d"h�egaks�i[^�eg��Z[i[V���TkVYX�s�p�mc^�X[\c�c��i[VYX£\_V�hc��V�m¡Z�j§��^�a�i
hcmcVxZ�jna�TkT�Vvp�l�jnT�V�egV�m¡Z]d"VfT¦��^�i�d"i[V�d"h¨egaqs�i[^�eg��Z[i[V���©[hrX��¡h��¥��ªn«�egaks�i[^�eg��Z[i[VYX����£jni]TkVYX|s�p�mc^�X[\c�c��i[VYXvX[^�m¡Z
jn\c\ci[^Y�"a�e�jnZ[a���V�egV�m¡Z�d"VgTkj�Z�jna�TkT�Vfd"VYX�l�^�hcZ[Z[V�T�V�Z[Z[VYX��¡hca�T�VYX�^�m¡Z��y^�i[egp�VYX�����jnmrX�s�V�Z[Z[V�p�Z[hrd"V���a�T�X[V�efbcT�V
d"^�mrs|\ci[p��yp�i�jnbcT�V�d"VtegVYX�hci[V�i�T�V]d"akjneg��Z[i[Vtd"VYX£s�p�mc^�X[\c�c��i[VYX��cd���hcmcV]Z�jna�T�T�Vt��\rjni[Z[a�i{d"h�e�aks�i[^�eg��Z[i[V���\u^�hci
egVYX[hci[V�i�T¦��a�m"¬rhcV�mrs�V�d"VYX�p�exhcTkX�a�^�mrX£\rjni�i�jn\c\_^�i[Ztjnh��r^�hcT�\chci��r\rjni�Tkjfegaqs�i[^fV��"\cT�^�X[ak^�m��

 hcV�T�T�V��¡hcVxX�^�a�Z�Tkj�egp�Z[�c^®d"VxhcZ[a�T�akX�p�V��chcm�pYs��rjnm¡Z[a�T�T�^�m¯d"Vxl�jn�fVYX[Z]d��¥jnb_^�i�d¯s�jn\cZ[px\rjnithcm¯d"aqX[\_^�X�a�Z[a��
j�dcjn\cZ[p}ws�jnmcmcV�d"V�\ci[p�T�����V�egV�moZ�^�hMbchrX[V�akX[^"s�a�mcp�Z[ak�¡hcVnz���d"p�brjni[i�j�X�X[p�d"V�X`j,�njn\_V�hci�d���VYjnh��JV�ZxegV�mcp��
Z[i�jY��V�i�Xvhcm°d"a�TkhcZ[V�hci�wd"akT�hcZ[a�^�m}d���hcm<�yj�s�Z[V�hci�±³²�´�l�p�mcp�i�jnT�V�e�V�moZ�z���¢G��pYs`�rjnmoZ[a�T�Tk^�m°d"V�l�jn�gX[VYsn��d"^�Z[pgd"V
X[VYX|\rjni[Z[aqs�hcT�VYX�X[^�T�akd"VYX|V�m}X�hrX[\_V�mrX�a�^�m�VYX[Z�jnT�^�i�X�jnegV�mcp���T¦�¥jn\c\rjni[V�a�TJd"VxegVYX�hci[Vx\ci[^�\ci[V�egV�m¡Z�d"a�Z���µ¶s�V
X[Z�j�d"V��cT�VYX{Z[VYs��cmcaq�ohcVYXtd"VvegVYX[hci[V�d"akX[\u^�mca�bcT�VYX£\u^�hci�T�VYX{l�i�jnmohcTk^�eg��Z[i[VYX|X[^�m¡Z�T�VYX�X[hcak��jnm¡Z[VYX�·

¸ Tkj�egVYX[hci[V]V�m�s�j�X`s�j�d"V��®^�¹�T¦��pYs`�rjnmoZ[a�T�Tk^�m�\rj�X�X�V]�xZ[i�jY��V�i�X{hcmcVvX[p�i[a�V]d"V]�rT�Z[i[VYX{d"Vt\cT�hrX�V�m�\cT�hrX��rmrX
¸ T�VYX�X[º"X[Z[��egVYX{^�\cZ[aq�ohcVYX��gd"a� ui�j�s�Z[a�^�m��cj»©[hrX[Z�jnmoZ|Tkj�egVYX[hci[V���hcmcVv�y^�i[egVvd"V�d"akX�Z[i[a�bchcZ[a�^�m�d"^�mcmcp�V
¸ T�VYX�X[º"X[Z[��egVYX{^�\cZ[aq�ohcVYX{^�\up�i�jnmoZthcm,s�^�eg\cZ�jnl�V�d"VYX�d"a� �p�i[V�moZ[VYX|Z�jna�T�T�VYX]wU¼�½n¾�¿�ÀvÁ�Â�Ã�Ä¡Å�¾�Æ�½�ÅÅU¿�À�Â�ÇoÃ�z
¸ Tkj�X[p�l�i[p�l�jnZ[a�^�m�p�T�VYs�Z[i[ak�¡hcV�d"V�TkjfZ�jna�T�T�V�X[hca��®a�Vvd���hcm,s�^�eg\cZ�jnl�V�wUÈ�Â Ét¿�À�¿�Ç�ÅÂ�½nÁ�Ê<ËoÌ�ÂqÁ�ÂqÅÍxÎ]Ç_½nÁÏÍ»¾�Â�¾nz
¢�V�Ð�jnb���Ñ���Ò�d"p�Z�jnakT�T�V�TkVYX|a�m¡Z[V�i[��jnTkT�VYXtd"Vgd"aqjneg��Z[i[Vfd"V�\rjni[Z[aks�hcTkVYXte�VYX[hci�jnbcT�VYX]s�a�Z[p�VYX�\_^�hcivs`�rj�s�hcmcV

d"V�s�VYX�Z[VYs��cmcak�¡hcVYX��

Ó�ÔoÕ�Õ�Ö�Õ�×YØ¡Ù>ÔoÕ�ÚWÔ¨Ù>ÔoÕ»Û�Ü�Ô�Ô¡ÝßÞ�àcÕYÞ�àcÚWÔ

µETU��^�i[a�l�a�mcV��Ys�V�Záº¡\uV�d"V�X�º®X[Z[��e�VJd"V�egVYX[hci[V�j�p�Z[p�egakX�jnh�\u^�a�m¡Z�\_^�hci�T�VYX�a�mc�rjnTkjnZ[V�hci�X�egpYd"aks�jnh"����e�jnakX
a�T_jfjnhrX�X[a�X[V�i[�®a_�fjnmrjnT�º®X�V�i�T�VYX�\rjni[Z[aks�hcT�VYX�\ci[pYX[V�moZ[VYX��fT¦��pYs`�rjn\c\_V�e�V�moZ{d"V]e�^�Z[V�hci�X�d"a�VYX�V�T¦�¡¢G��V��"V�eg\cT�VtT�V
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