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6¶KD�GHVHQYROXSDW�XQ�VLVWHPD�H[SHULPHQWDO�SHU�DO�PRVWUHLJ�L� OD�PRQLWRULW]DFLy�GH�OD�IRUPDFLy�GH�ELRILOPV�HQ�VLVWHPHV�DTXjWLFV�

$PE� DTXHVW� VLVWHPD�� ELRILOPV� PRGHO� HV� IRUPHQ� D� OD� VXSHUItFLH� G¶XQ� VXSRUW� LQHUW� GH� FDUDFWHUtVWLTXHV� EHQ� GHILQLGHV�� 8Q� GHOV

UHTXLVLWV� IRQDPHQWDOV�HV� WURED�HQ�HO� IHW�GH�PRVWUHMDU� FRPXQLWDWV�DPELHQWDOV� FRPSOH[HV�� RQ� VRYLQW� HV�SURGXHL[HQ� LQWHUDFFLRQV

HQWUH�HVSqFLHV�GLIHUHQWV�GH�PLFURRUJDQLVPHV�TXH�DFDEHQ�GHILQLQW�OD�FRPSRVLFLy�L�HVWUXFWXUD�GHO�ELRILOP�

(O�VLVWHPD�PRGHO�V¶KD�GLVVHQ\DW�SHU�REWHQLU�HO�Pj[LP�GH�PRVWUD��ELRILOP��HQ�HO�PtQLP�HVSDL�SRVVLEOH�L��DO�PDWHL[�WHPSV��VLPXODU

OHV�FRQGLFLRQV�KLGUjXOLTXHV� L�DPELHQWDOV�TXH�HV�SRGHQ�SURGXLU�D�TXDOVHYRO�[DU[D�GH�GLVWULEXFLy�G¶DLJXD��(Q�DTXHVW� VHQWLW�� V¶KD

RSWDW�SHU�XWLOLW]DU�XQ�PRVWUHMDGRU�IRUPDW�SHU�XQ�UHDFWRU�SOH�DPE�XQ�PHGL�SRUyV�FRP�D�PDWHULDO�GH�VXSRUW��$TXHVWD�FRQILJXUDFLy�HQ

OOLW�HPSDFDW�IL[�SHUPHW�OD�SURGXFFLy�GH�ELRILOPV�FRQWURODQW�HO�JUDGLHQW�GH�YHORFLWDWV�L�REWHQLQW�HO�Pj[LP�GH�VXSHUItFLH�GH�PRVWUHLJ

HQ�HO�PtQLP�HVSDL�SRVVLEOH��$L[z�pV�HVSHFLDOPHQW�LPSRUWDQW�SHU�DOV�H[SHULPHQWV�GH�FDPS��RQ�O¶HVSDL�pV�XQ�IDFWRU�FODX�OD�PDMRULD

GH�OHV�YHJDGHV�

������ +LGURGLQjPLFD�GH�PHGLV�SRURVRV��5HDFWRUV�GH�/OLW�(PSDFDW

(O�FUHL[HPHQW�GHOV�ELRILOPV�D� OHV� LQWHUIDVHV�VzOLG�OtTXLG�HVWj� IRUWDPHQW� LQIOXHQFLDW�SHU� OHV�FRQGLFLRQV�KLGURGLQjPLTXHV�G¶DTXHVW

~OWLP��OHV�TXDOV�GHWHUPLQHQ�HO�WUDQVSRUW�GH�QXWULHQWV�DO�ELRILOP�L�OD�SUHVqQFLD�GH�IRUFHV�ItVLTXHV�TXH�DFWXHQ�VREUH�OD�VXSHUItFLH��3HU

WDO�G¶REWHQLU�HO�Pj[LP�GH�ELRILOP�HQ�HO�PtQLP�HVSDL�SRVVLEOH�V¶KD�WULDW�XQ�UHDFWRU�GH�OOLW�HPSDFDW�IRUPDW�SHU�XQ�PHGL�SRUyV�DPE

HVIHUHV�GH�YLGUH�GH���PP�GH�GLjPHWUH��(Q�DTXHVW�VLVWHPD�� OHV�YDULDEOHV�KLGUjXOLTXHV�PpV� LPSRUWDQWV�VyQ� OD�SHUPHDELOLWDW� �N��

TXH� GHVFULX� OHV� SURSLHWDWV� FRQGXFWLYHV� GHO�PHGL� SRUyV�� L� HO� IDFWRU� GH� IULFFLy� �I��� TXH� HQV� TXDQWLILFD� OD� UHVLVWqQFLD� D� OD� IULFFLy�

5HVSHFWH�D�OD�JHRPHWULD�GHO�VLVWHPD�OD�YDULDEOH�PpV�LPSRUWDQW�pV�OD�SRURVLWDW��ε���/D�SRURVLWDW�PHVXUD�OD�TXDQWLWDW�G¶HVSDL�GH
SRUXV�OOLXUH��L�HV�SRW�GHILQLU�FRP�OD�UHODFLy�HQWUH�O¶HVSDL�TXH�RFXSHQ�HOV�SRUXV�GLQV�G¶XQ�YROXP�GHILQLW��HVVHQW� OD�VHYD�H[SUHVVLy

�%HDU�������
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=
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RQ�9S�pV�HO�YROXP�GH�SRUXV��97�pV�HO�YROXP�WRWDO��5�pV�HO�UDGL�GHO�UHDFWRU��UHVI�pV�HO�UDGL�GH�OHV�HVIHUHV�GH�YLGUH�L��1��FRUUHVSRQ�DO

QRPEUH�G¶HVIHUHV�GLQV�GHO� UHDFWRU��4XDQ�V¶XWLOLW]HQ�HOHPHQWV�VzOLGV�HVIqULFV�GH� UDGL�KRPRJHQL�� OD�SRURVLWDW� pV� IXQFLy�GHO� WLSXV

G¶HPSDTXHWDPHQW�� (Q� HO� QRVWUH� FDV�� DO� FRQqL[HU� HO� YROXP� WRWDO� HV� WUHEDOOD� DPE� HO� QRPEUH� G¶HVIHUHV� TXH� O¶RPSOH�� $� SDUWLU

G¶DTXHVWHV�HTXDFLRQV��WUREHP�O¶H[SUHVVLy�ILQDO�GH�OD�SRURVLWDW�SHO�UHDFWRU�GH�OOLW�HPSDFDW�
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4 ⋅ U
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/D�SRURVLWDW�GHO�VzO�R�G¶XQD�URFD�GHWHUPLQD�OD�FDSDFLWDW�G¶HPPDJDW]HPDWJH�G¶DLJXD��OD�TXDO�QR�FRLQFLGHL[�DPE�OD�GH�GUHQDWJH�

TXH�VHUj�PpV�SHWLWD��$L[t��FDO�GLIHUHQFLDU�HQWUH�OD�SRURVLWDW�WRWDO�R�OD�UHODFLy�HQWUH�HO�YROXP�GH�EXLWV�L�HO�YROXP�WRWDO�GH�OD�URFD��L�OD

SRURVLWDW� HIHFWLYD� TXH� GHWHUPLQD� OD� FDSDFLWDW� GH� GUHQDWJH� L� TXH� pV� O¶DFFHVVLEOH� DOV� IOXLGV� OOLXUHV�� H[FORHQW� OD� SRURVLWDW� QR

FRQQHFWDGD�L�O¶HVSDL�RFXSDW�SHU�O¶DLJXD�G¶DGVRUFLy�R�O¶DLJXD�OOLJDGD�D�OHV�DUJLOHV�

/D�FRQGXFWLYLWDW�KLGUjXOLFD�HQV�GyQD� OD�PHVXUD�GH� OD� IDFLOLWDW�DPE�TXH� O¶DLJXD�HV�PRX�D� WUDYpV�GHOV�SRUXV�R�HVSDLV�EXLWV�� L

GHSqQ� GH� OD� JUDQGjULD� GHOV�PDWHL[RV�� GH� OD� WRUWXRVLWDW� GHOV� FRQGXFWHV� L� GH� OD� IRUPD� GHOV� JUDQV� L� GHOV� SRUXV�� DL[t� FRP� GH� OD

YLVFRVLWDW�L�OD�GHQVLWDW�GH�O¶DLJXD��'¶DOWUD�EDQGD��OD�SHUPHDELOLWDW�pV�XQ�SDUjPHWUH�VHPEODQW�DPE�OHV�GLPHQVLRQV�G¶XQD�YHORFLWDW�

GHSHQGHQW� GHO� WLSXV� GH� IOXLG� TXH� HQ� HO� QRVWUH� FDV� pV� O¶DLJXD�� 8QD� YHJDGD� FRQHJXGD� OD� SRURVLWDW�� HV� SRW� GHWHUPLQDU� OD

SHUPHDELOLWDW�GHO�VLVWHPD��DPE�OD�VHJ�HQW�H[SUHVVLy�
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4⋅ /
$S ⋅KI

������

RQ�.�pV� OD�SHUPHDELOLWDW��4�pV�HO�FDEDO�TXH�FLUFXOD�SHO� UHDFWRU��/�pV� OD� ORQJLWXG�GHO� UHDFWRU�� KI� pV� OD�SqUGXD�GH� FjUUHJD�HQ� OD

ORQJLWXG� /� L� $S� pV� O¶jUHD� GH� SDV� HIHFWLYD� GLVSRQLEOH� SHO� IOX[� R� jUHD� GH� SRUXV� HIHFWLYD�� 3HU� GHWHUPLQDU� O¶jUHD� GH� SDV� HIHFWLYD�

UHDOLW]HP�OD�VXSRVLFLy�GH�TXH�OD�SRURVLWDW�YROXPqWULFD�pV� LJXDO�D�OD�SRURVLWDW�HQ�jUHD��(V�D�GLU��VXSRVHP�TXH�HO�SHUFHQWDWJH�GH

SRUXV�HQ�HO�WRWDO�GHO�PHGL�SRUyV�pV�LJXDO�DO�SHUFHQWDWJH�GH�SRUXV�TXH�HV�WUREHQ�HQ�XQD�VHFFLy�WUDQVYHUVDO�D�DTXHVW�PHGL�

$S = ε ⋅ $FV = ε ⋅ π ⋅ U2 ������

6XEVWLWXLQW��HQV�TXHGD�OD�VHJ�HQW�H[SUHVVLy�GH�SRURVLWDW��RQ�$FV�pV�O¶jUHD�GH�OD�VHFFLy�WUDQVYHUVDO�DO�PHGL�SRUyV�

ε =
9S

9
W

=
$S

$
FV

������

)LQDOPHQW��DO�VXEVWLWXLU�$S�D�O¶H[SUHVVLy�GH�OD�SHUPHDELOLWDW��HTXDFLy������HQV�TXHGD�O¶H[SUHVVLy�ILQDO�

. =
4⋅ /

ε ⋅ π ⋅ U2 ⋅K I

������

'RV�FRQFHSWHV�JHRPqWULFV�GH�OD�VHFFLy�GHO�UHDFWRU�VyQ�PROW�LPSRUWDQWV�SHO�FjOFXO�GH�OD�SqUGXHV�SHU�IULFFLy��HO�UDGL�KLGUjXOLF��5+�

R� UHODFLy�$S�3S�� pV� OD� UHODFLy� HQWUH� O¶jUHD� GH� SDV� SHU� RQ� FLUFXOD� O¶DLJXD� �ε ⋅ $
FV
��� L� HO�SHUtPHWUH�PXOODW��$TXHVW� ~OWLP� pV� HO

SHUtPHWUH�GH�OD�VHFFLy�WUDQVYHUVDO�GHO�UHDFWRU�RQ�KL�KD�FRQWDFWH�GHO�OtTXLG�DPE�OD�SDUHW�L�HO�PHGL�SRUyV��SHUtPHWUH�VzOLG�RQ�O¶DLJXD

IUHJD��

3S = GS

2 ⋅ π ⋅ $FV ⋅
6(1− ε)
G

S

3 ⋅ π
������

(Q�HO�QRVWUH�FDV��HO�SHUtPHWUH�HVWj�IRUPDW�SHO�SHUtPHWUH�GH�OD�VHFFLy�GH�OD�FDQRQDGD�GH����´�GHO�UHDFWRU��PpV�HO�SHUtPHWUH�GH�OHV

HVIHUHV�GH���PP�GH�GLjPHWUH�TXH�KL�KDQ�HQ�DTXHVWD�VHFFLy��(Q�PHGLV�SRURVRV�SHUz��pV�PpV�FRQYHQLHQW�GHILQLU�XQ�UDGL�KLGUjXOLF

PLWMj�SHU�XQ�YROXP�XQLWDUL�GH�PHGL�SRUyV��GH�OD�IRUPD�TXH�VHJXHL[��%HDU�������

5+ =
ε ⋅GS

6(1− ε )
������

3HU�FRQqL[HU�HO�WLSXV�GH�UqJLP�KLGUjXOLF�V¶DFRVWXPD�D�XWLOLW]DU�HO�QRPEUH�GH�5H\QROGV��0XQVRQ�HW�DO���������TXH�HQV�GHVFULX�OD

LPSRUWjQFLD�UHODWLYD�GH�OHV�IRUFHV�G¶LQqUFLD�VREUH�OHV�IRUFHV�YLVFRVHV��*HQqULFDPHQW�DTXHVW�QRPEUH�DGLPHQVLRQDO�TXH�GHILQHL[�OD

UHODFLy�GH�IRUFHV�YLVFRVHV�L�G¶LQqUFLD��V¶HVFULX�FRP�

Re =
Y ⋅ ρ ⋅'

µ
������

RQ�'�pV�XQD�ORQJLWXG�FDUDFWHUtVWLFD�GHO�VLVWHPD��FRP�HO�UDGL�KLGUjXOLF��5K���PHQWUH�TXH�µ�L�ρ�VyQ�FDUDFWHUtVWLTXHV�GHO�IOXLG��$TXt�
ρ�pV�OD�GHQVLWDW�GH�O¶DLJXD������NJ�P����L�µ�pV�OD�YLVFRVLWDW�GH�O¶DLJXD�������[�����NJ�P���V����D����&���)LQDOPHQW��Y�pV�XQD�YHORFLWDW

FDUDFWHUtVWLFD�GHO�IOX[��OD�YHORFLWDW�PLWMDQD�GH�FLUFXODFLy�GHO� OtTXLG�SHU�OD�WXEHULD��TXH�HQ�WHUPHV�GHO�FDEDO�YROXPqWULF�V¶H[SUHVVD

FRP�VHJXHL[�

Y =
4

π ⋅ U 2 �������
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*HQHUDOPHQW�V¶DFFHSWD�TXH�HQ�FDQRQDGHV�GH�VHFFLy�FLUFXODU��HOV�YDORUV�GH�5H�������VyQ�UHSUHVHQWDWLXV�GHO�IOX[�ODPLQDU�HVWDEOH�

PHQWUH�TXH�HO�IOX[�WXUEXOHQW�HVWj�SUHVHQW�TXDQ�HV�WUREHQ�YDORUV�GH�5H!�������&UDQH�������6RWHOR��������(QWUHPLJ�HV�WURED�XQD

]RQD�GH�WUDQVLFLy�RQ�OHV�FRQGLFLRQV�SRGHQ�DOWHUQDU�HQWUH�HO�IOX[�ODPLQDU�L�HO�WXUEXOHQW�HQ�IXQFLy�GH�OHV�FRQGLFLRQV�DPELHQWDOV��OD

UXJRVLWDW� GH� OD� FDQRQDGD� R� OHV� FRQGLFLRQV� G¶HQWUDGD� D� OD� WXEHULD�� DL[t� FRP�G¶DOWUHV� IDFWRUV� H[WHUQV� L� LQWHUQV� �&KDUDFNOLV� HW� DO�

�������&RQVLGHUDQW�TXDOVHYRO�VHFFLy�SHUSHQGLFXODU�DO�IOX[��OD�YHORFLWDW�PLWMDQD�HV�SRW�EDVDU�HQ�O¶jUHD�WRWDO�GH�OD�VHFFLy�WUDQVYHUVDO

GH�OD�FDQRQDGD��(Q�DTXHVW�FDV�V¶DFRVWXPD�D�SDUODU�GH�YHORFLWDW�VXSHUILFLDO��%HDU�������GH�1HYHUV�������0LGGOHPDQ�������

Y0 ≡ Y
P

⋅ ε �������

'¶DOWUD�EDQGD�� OD� YHORFLWDW�PLWMDQD�HV�SRW� EDVDU�HQ� O¶jUHD�REHUWD�DO� IOX[�� DQRPHQDQW�VH�HQ�DTXHVW� FDV� YHORFLWDW� LQWHUVWLFLDO��(Q

WHUPHV� GHO� FDEDO� YROXPqWULF�� OD� YHORFLWDW� VXSHUILFLDO� �Y��� L� OD� YHORFLWDW� PLWMDQD� R� LQWHUVWLFLDO� �YP�� D� WUDYpV� GHO� OOLW� HPSDFDW� VyQ�

UHVSHFWLYDPHQW��%HDU��������GH�1HYHUV�������0LGGOHPDQ�������

Y
R

= 4
$
FV

Y
P

=
4

ε ⋅ $
FV

�������

'HV� G¶XQ� SXQW� GH� YLVWD� SUjFWLF� V¶DFRVWXPD� D� XWLOLW]DU� OD� YHORFLWDW� VXSHUILFLDO�� MD� TXH� HV� SRW� PHVXUDU� PpV� IjFLOPHQW� R� HV� SRW

UHODFLRQDU�GLUHFWDPHQW�DPE�HO�FDEDO��3HU�DQDORJLD��HV�SRW�GHILQLU�WDPEp�XQ�QRPEUH�GH�5H\QROGV�PRGLILFDW�SHO�IOX[�D�WUDYpV�GH�OOLWV

HPSDFDWV��VXEVWLWXLQW�OD�YHORFLWDW�VXSHUILFLDO�D�O¶HTXDFLy�GH�5H\QROGV��/HYD�������0LGGOHPDQ�������

Re’ =
Y0 ⋅ ρ ⋅ GS

(1− ε )⋅ µ
�������

(Q�DTXHVW�FDV��V¶DFFHSWD�TXH�SHO�IOX[�D�WUDYpV�GH�PHGLV�SRURVRV��YDORUV�GH�5H¶����VyQ�UHSUHVHQWDWLXV�GHO�IOX[�ODPLQDU��PHQWUH

TXH�HO�IOX[�WXUEXOHQW�HVWj�SUHVHQW�TXDQ�HV�WUREHQ�YDORUV�GH�5H¶!������0LGGOHPDQ�������

7DQPDWHL[��V¶KD�GH�FRQVLGHUDU�TXH�SDUW�GH�O¶HQHUJLD�GHO�IOX[��HO�TXH�HV�FRQHL[�FRP�D�SqUGXD�GH�FjUUHJD��HV�WUDQVIRUPD�HQ�XQ

DOWUH�WLSXV�G¶HQHUJLD�TXH�QR�pV�XWLOLW]DEOH�SHO�PRYLPHQW��$L[z�pV�GHJXW�EjVLFDPHQW��DOV�HIHFWHV�YLVFRVRV�L�D�OHV�IRUFHV�GH�IULFFLy

RULJLQDGHV�SHU� OD�SUzSLD� WXUEXOqQFLD� L�SHOV�FDQYLV�GH�JHRPHWULD�DO� OODUJ�GHO�PHGL� �FDQYLV�GH�GLUHFFLy�� DPSOLDFLRQV�� UHGXFFLRQV�

YjOYXOHV��HWF����(Q�JHQHUDO��HO�IDFWRU�GH�IULFFLy�HV�SRW�GHILQLU�D�SDUWLU�GH�OD�YHORFLWDW�VXSHUILFLDO�L�GHO�UDGL�KLGUjXOLF�H[SUHVVDW�FRP

SURSRUFLy�R�IUDFFLy�GH�GS��/HYD�������

I =
∆3 /( )⋅ ε2 ⋅GS

3 ⋅ ρ ⋅Y0
2 ⋅(1− ε)

�������

(Q� UqJLPV�GH� IOX[� ODPLQDU�D� WUDYpV�GH� OOLWV�HPSDFDWV� V¶DFRVWXPD�D�XWLOLW]DU� HO� IDFWRU� GH� IULFFLy�PRGLILFDW� �HTXDFLy�GH�&DUPHQ�

.R]HQ\���XQ�IDFWRU�GH�IULFFLy�DGLPHQVLRQDO�UHODFLRQDW�DPE�OD�SRURVLWDW�L�HO�Q~PHUR�GH�5H\QROGV��7FKREDQRJORXV��������GHO�WLSXV�

  
f ≡

∆3 ⋅ε 3 ⋅GS

/ ⋅ ρ ⋅ Y0
2 ⋅ (1− ε)

=
150 ⋅ (1− ε)

Re’ �������

7HQLQW�HQ�FRPSWH�TXH�HQWUH�OD�SqUGXD�GH�FjUUHJD�H[SUHVVDGD�L�OD�FDLJXGD�GH�SUHVVLy�H[LVWHL[�OD�VHJ�HQW�UHODFLy��&UDQH�������

∆3 = J ⋅ ρ ⋅ KI �������

HQ�XQ�UqJLP�ODPLQDU�HV�GHILQHL[�OD�SqUGXD�GH�FjUUHJD�D�WUDYpV�G¶XQ�PHGL�SRUyV�GH�ORQJLWXG�/�DPE�O¶HTXDFLy�GH�&DUPHQ�.R]HQ\

�&KDUDFNOLV�	�0DUVKDOO�������&XQQLQJKDP�HW�DO��������
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K I = f ⋅

/ ⋅ (1− ε )⋅ Y0
2

GS ⋅ ε3 ⋅J
=

150(1 − ε)

Re’ ⋅
/ ⋅(1− ε) ⋅ Y0

2

GS ⋅ ε 3 ⋅J
�������

3HU� IOX[� WXUEXOHQWV�HO� IDFWRU� GH� IULFFLy� DFRVWXPD� D� pVVHU� LQGHSHQGHQW� GH�5H\QROGV�� HVSHFLDOPHQW� TXDQ� H[LVWHL[� XQD� UXJRVLWDW

VXILFLHQW� D� O¶LQWHULRU� GHO� UHDFWRU�� SURGXwGD� SHU� O¶DFXPXODFLy� GHO� ELRILOP� L� G¶DOWUHV� GLSzVLWV�� (Q� DTXHVWHV� FRQGLFLRQV�� HO� IDFWRU� GH

IULFFLy�pV�FRQVWDQW�

  
f ≡

∆3 ⋅ε 3 ⋅GS

/ ⋅ ρ ⋅ Y0
2 ⋅ (1− ε)

= constant �������

6RYLQW�V¶DFRVWXPD�D�XWLOLW]DU�XQ�YDORU�SHU�D� OD�FRQVWDQW�GH�������$PE�DTXHVW� FRHILFLHQW�� O¶HTXDFLy������V¶DQRPHQD�HTXDFLy�GH

%XUNH�3OXPPHU��L�SHUPHW�DMXVWDU�OHV�GDGHV�SHU�YDORUV�GH�5H\QROGV�VXSHULRUV�D��������0LGGOHPDQ�������

4XDQ�HQV�WUREHP�DPE�YDORUV�GH�5H\QROGV�HQWUH����L��������HO�PRGHO�PpV�VLPSOH�TXH�HV�SRW�DGRSWDU�pV�VXPDU�HOV� IDFWRUV�GH

IULFFLy�GH�O¶HTXDFLy�GH�&DUPHQ�.R]HQ\��HT��������L�GH�%XUNH�3OXPPHU��HT���������HQ�HO�TXH�V¶DQRPHQD�O¶HTXDFLy�G¶(UJXQ��(UJXQ

������0LGGOHPDQ�������

  
f ≡

∆3 ⋅ε 3 ⋅GS

/ ⋅ ρ ⋅ Y0
2 ⋅ (1− ε)

=
150 ⋅ (1− ε)

Re’ + 1, 75 �������

'¶DOWUH�EDQGD��XQ�GHOV�SDUjPHWUHV�KLGURGLQjPLFV�PpV�LPSRUWDQWV� L�EjVLF�SHU�GHWHUPLQDU�HO�SRWHQFLDO�GH�IRUPDFLy�GH�ELRILOPV�HQ

TXDOVHYRO�VLVWHPD��O·HVIRUo�R�HVWUqV�GH�FLVDOOD��τ����GHSqQ�GH�OD�YHORFLWDW�GHO�IOX[��YHORFLWDWV�HOHYDGHV�SURGXHL[HQ�XQ�HVIRUo�GH

FLVDOOD� DOW�� DPE� XQD� LQIOXqQFLD� QHJDWLYD� HQ� OD� IRUPDFLy� GHO� ELRILOP� �&KDUDFNOLV� 	�0DUVKDOO� ������� (Q� HO� QRVWUH� FDV�� KD� HVWDW

QHFHVVDUL�GHWHUPLQDU� OD�PDJQLWXG�GH� O¶HVIRUo�GH�FLVDOOD�TXH�HV�SURGXLUj�D� O¶LQWHULRU�GHO� UHDFWRU�DPE�HO�PHGL�SRUyV��/¶HVIRUo�GH

FLVDOOD� D� OD� VXSHUItFLH� GHO� ELRILOP� L� D� OD� VXSHUItFLH� GHO� VXEVWUDW� HV� YD� REWHQLU� GH� OD� IyUPXOD� JHQHUDO�� D� SDUWLU� GH� OD� YHORFLWDW

VXSHUILFLDO��HTXDFLy�������L�HO�IDFWRU�GH�IULFFLy�PRGLILFDW�VHJRQV�HO�WLSXV�GH�UqJLP�GHO�IOX[��HTXDFLy������������R�������

  
τ0 =

f
8

⋅ ρ ⋅ Y0
2 �������

$VVXPLQW� TXH� OD� YHORFLWDW� PLWMDQD� pV� SURSRUFLRQDO� D� OD� YHORFLWDW� VXSHUILFLDO�� HV� SRW� UHDOLW]DU� O¶HVWXGL� WHzULF� GH� FRP� LQIOXHL[� OD

YDULDFLy�GH�OD�SRURVLWDW�HQ�OD�FRUED�GH�YHORFLWDW�HVIRUo�GH�FLVDOOD��$�OD�)LJXUD�����V¶KD�PDQWLQJXW�HO�PDWHL[�UDQJ�GH�FDEDOV������

������/�K�� L�YHORFLWDWV� �������P�V���YDULDQW� OD�SRURVLWDW��&RP�V¶DSUHFLD��D�PHVXUD�TXH�GLVPLQXHL[� OD�SRURVLWDW�HV�QHFHVVLWD�PpV

YHORFLWDW�SHU�DFRQVHJXLU�HO�PDWHL[�HVIRUo�GH�FLVDOOD��3HU�WDQW��pV�HYLGHQW�TXH�OD�SRURVLWDW�LQIOXHL[�HQ�HO�UqJLP�KLGUjXOLF�GHO�UHDFWRU
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)LJXUD������,QIOXqQFLD�GH�OD�SRURVLWDW�HQ�OD�FRUED�YHORFLWDW�HVIRUo�GH�FLVDOOD��PDQWHQLQW�HO
PDWHL[�UDQJ�GH�FDEDOV�L�YHORFLWDWV�



��� ,QWURGXFFLy��

������ 6LPLOLWXG�KLGURGLQjPLFD

(Q� HO� GLVVHQ\� GHO� UHDFWRU� R�PRVWUHMDGRU� HV� YD� RSWDU� SHU� XWLOLW]DU� XQ�PHGL� SRUyV�� MD� TXH� OD� JUDQ� VXSHUItFLH� GH� GHSRVLFLy� TXH

SUHVHQWHQ� OHV�HVIHUHV�TXH�FRQVWLWXHL[HQ�HO�PHGL�SRUyV�DXJPHQWD� OD�FDSDFLWDW�GH� IRUPDFLy�GHOV�ELRILOPV�GLQV�GHO� UHDFWRU�GH�OOLW

HPSDFDW��$OKRUD��HV�SRGHQ�REWHQLU�PRVWUHV�PpV�JUDQV�TXH�OHV�REWLQJXGHV�DPE�HOV�VLVWHPHV�ILQV�DUD�HPSUDWV��HVSHFLDOPHQW�VL�HV

FRPSDUD�DPE�XQ�WURV�GH�SDUHW�GH�FDQRQDGD�QRUPDO�

3HU�SRGHU� FRQqL[HU�PLOORU� HOV� DYDQWDWJHV�TXH�SUHVHQWD�HO�PRVWUHMDGRU� IRUPDW� SHU� XQ� UHDFWRU� GH� OOLW� HPSDFDW� IL[� DPE� XQ�PHGL

SRUyV�DO�VHX�LQWHULRU�L�SRGHU�FRPSDUDU�OR�DPE�XQ�PRVWUHMDGRU�GH�FDQRQDGD��pV�LPSUHVFLQGLEOH�FRQqL[HU�HOV�SDUjPHWUHV�KLGUjXOLFV

FDUDFWHUtVWLFV�SHU�D�FDGD�FDV��(Q�DTXHVW�VHQWLW��V¶KD�HVWDEOHUW� OD�VLPLOLWXG�KLGURGLQjPLFD�HQWUH�XQD�FDQRQDGD� L�HO� UHDFWRU�GH� OOLW

HPSDFDW�IRUPDW�SHU�HVIHUHV�FRP�D�PHGL�SRUyV��$�OD�7DXOD�����V¶REVHUYHQ�OHV�HTXDFLRQV�TXH�GHILQHL[HQ�HOV�SULQFLSDOV�SDUjPHWUHV

KLGURGLQjPLFV�TXH�V¶HVWDEOHL[HQ�HQ�XQD�WXEHULD��WDQW�SHU�IOX[�ODPLQDU�FRP�SHU�XQ�UqJLP�WXUEXOHQW��6RWHOR�������0D\RO�����D�E��

$PE� DTXHVWHV� HTXDFLRQV� V¶KDQ� HVWDEOHUW� HOV� YDORUV� SHU� D� FDGD� XQ� G¶DTXHVWV� SDUjPHWUHV� KLGURGLQjPLFV� HQ� FDQRQDGHV� GH

GLjPHWUH�L�YHORFLWDWV�GH�SDV�GH�O¶DLJXD�GLIHUHQW��YHXUH�7DXOD�����L�7DXOD�������SHU�FRPSDUDU�KR�GHVSUpV�DPE�HOV�YDORUV�REWLQJXWV

SHU�XQ�UHDFWRU�DPE�PHGL�SRUyV�DO�VHX�LQWHULRU��(OV�GLjPHWUHV�HPSUDWV��HQWUH����´�L���´��VyQ�HOV�TXH�V¶XWLOLW]HQ�WDQW�HQ�HGLILFLV�FRP

HQ�[DU[HV�XUEDQHV�GH�GLVWULEXFLy�G¶DLJXD�

(Q� SULPHU� OORF�� V¶KD� FDOFXODW� HO� FDEDO� QHFHVVDUL� SHU� DFRQVHJXLU� XQD� YHORFLWDW� GHWHUPLQDGD� VHJRQV� HOV� GLIHUHQWV� GLjPHWUHV� GH

FDQRQDGD��(Q�VHJRQ�OORF��V¶KD�REWLQJXW�HO�QRPEUH�GH�5H\QROGV�FDUDFWHUtVWLF�SHU�D�FDGD�VLWXDFLy��SHU�FRQqL[HU�VL�HQV�WUREHP�DPE

XQ� UqJLP� ODPLQDU� �5H��������R� WXUEXOHQW� �5H!�������� R�Ep�HQ� ]RQD�GH� WUDQVLFLy� ��������5H�����������8QD�YHJDGD�HV� FRQHL[

5H\QROGV�HV�FDOFXOHQ�HOV�DOWUHV�SDUjPHWUHV�KLGURGLQjPLFV�FRP�OD�SqUGXD�GH�FjUUHJD��OD�YDULDFLy�GH�SUHVVLy��HO�IDFWRU�GH�IULFFLy�L

O¶HVIRUo�GH�FLVDOOD��HVFROOLQW�OHV�IyUPXOHV�FDUDFWHUtVWLTXHV�SHU�D�FDGD�WLSXV�GH�UqJLP��YHXUH�7DXOD�������/HV�IyUPXOHV�XWLOLW]DGHV�SHO

IOX[�WXUEXOHQW�VyQ�YjOLGHV�WDPEp�SHU�D�OD�]RQD�GH�WUDQVLFLy��6RWHOR�������'DXJKHUW\�	�,QJHUVROO�������0D\RO�����D��

������ ,QIOXqQFLD�GHO�ELRILOP�HQ�HO�UqJLP�KLGUjXOLF

6¶KD� GH� FRQVLGHUDU� TXH� HO� GHVHQYROXSDPHQW� GHO� ELRILOP� HQ� HO� UHDFWRU� GH� OOLW� HPSDFDW� L� OD� VHYD� DFXPXODFLy� HQ� HO�PHGL� SRUyV

UHVXOWD�HQ�OD�UHGXFFLy�GH�O¶HVSDL�GH�SRUXV� OOLXUHV��DIHFWDQW�GH�UHWUXF�D� OHV�FDUDFWHUtVWLTXHV�KLGURGLQjPLTXHV�GHO�PHGL� �%U\HUV�	

&KDUDFNOLV� ������ /HZDQGRZVNL� 	� 6WRRGOH\� ������� /D� LQIOXqQFLD� GHO� ELRILOP� HQ� HO� UqJLP� KLGUjXOLF� HV� SRW� FDOFXODU� PHVXUDQW� OD

SRURVLWDW�HQ�OHV�GLIHUHQWV�HWDSHV�GHO�VHX�GHVHQYROXSDPHQW��&XQQLQJKDP�HW�DO���������(Q�SULPHU�OORF��HV�PHVXUD�YROXPqWULFDPHQW

OD�SRURVLWDW�PLWMDQD�SHO�OOLW�QHW�VHQVH�ELRILOP��DPE�O¶HTXDFLy������'HVSUpV�HV�FDOFXOD� OD�SRURVLWDW�GHO�OOLW�HPSDFDW�DPE�ELRILOP��εI�

XWLOLW]DQW�OD�VHJ�HQW�H[SUHVVLy��$ORQVR�HW�DO��������

ε I = 1 − (1− ε0 )⋅ 1+ / I 5S( )3 −
Q
4

⋅ / I 5S( )2 2 ⋅/ I 5S + 3( ) 
  

 
  �������

RQ�ε��pV�OD�SRURVLWDW�LQLFLDO�GHO�OOLW�HPSDFDW�QHW��/I�pV�HO�JUXL[�PLWMj�GHO�ELRILOP��PHVXUDW�SHU�PLFURVFzSLD�FRQIRFDO��YHXUH���������5S

pV�HO�UDGL�GH�OHV�SDUWtFXOHV��HVIHUHV�HQ�HO�QRVWUH�FDV�L�Q�pV�HO�QRPEUH�G¶HVIHUHV�HQ�FRQWDFWH�DPE�XQD�GHWHUPLQDGD�HVIHUD�

$VVXPLQW�TXH�OD�ELRPDVVD�QRPpV�SRW�FUpL[HU�HQ�OD�VXSHUItFLH�EDQ\DGD�SHU�O¶DLJXD�D�OHV�HVIHUHV�L�D�OD�SDUHW�GHO�PRVWUHMDGRU�� OD

SRURVLWDW� L� O¶jUHD� HVSHFtILFD� ±� R� VXSHUItFLH� RQ� HO� ELRILOP� SRW� FUpL[HU� SHU� XQLWDW� GH� YROXP� GHO� UHDFWRU� �� � GHSHQGUDQ� GHO� QRPEUH

G¶HVIHUHV�HQ�FRQWDFWH�DPE�XQD�GHWHUPLQDGD�HVIHUD��L�YDULDUDQ�DPE�HO�FUHL[HPHQW�GHO�ELRILOP��3HU�XQ�HPSDTXHWDPHQW�UHJXODU��HO

QRPEUH� GH� SXQWV� GH� FRQWDFWH� HQWUH� XQD� HVIHUD� GHWHUPLQDGD� L� OHV� HVIHUHV� DGMDFHQWV� V¶DQRPHQD� QRPEUH� GH� FRRUGLQDFLy�� (OV

VLVWHPHV�PpV� IUHT�HQWV�G¶HPSDTXHWDPHQW� UHJXODU�VyQ�HOV�F~ELFV��DPE�XQ� YDORU� GH�Q �� L� HOV� URPERqGULFV�R� FRPSDFWHV�� DPE

Q ����$TXHVWV�YDORUV�H[WUHPV�V¶HQJOREHQ�HQ�OD�SRURVLWDW�UHDO�GHO�OOLW�HPSDFDW��PHVXUDGD�GH�IRUPD�YROXPqWULFD��YHXUH��������

/¶jUHD�HVSHFtILFD�GHO�ELRILOP�DO�UHDFWRU��DI��HV�SRW�FDOFXODU�D�SDUWLU�GH�OD�VHJ�HQW�UHODFLy��HVVHQW�ε��HO�YDORU�GH�OD�SRURVLWDW�SHU�DO�OOLW

HPSDFDW�QHW�VHQVH�ELRILOP�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

D I =
3(1− ε0 )

2 ⋅ 5S

⋅ 1 + /I 5S( )⋅ 2 − Q( ) ⋅/ I 5S + 2( ) �������

7DXOD������(TXDFLRQV�KLGURGLQjPLTXHV�TXH�GHVFULXHQ�HO� IOX[�SHU�XQD� WXEHULD� �6RWHOR� ������'DXJKHUW\�	� ,QJHUVROO� ������0D\RO
����D��

3DUjPHWUH�+LGURGLQjPLF (TXDFLy 1� 8QLWDWV

&DEDO 4 = Y ⋅ $
FV �������� P��V��

1RPEUH�GH�5H\QROGV Re =
Y ⋅ ρ ⋅G

µ �������

3qUGXD� GH� FjUUHJD� SHU� IULFFLy
�'DUF\�:HLEDFK�

K I = I ⋅
/
G

⋅
Y2

2 ⋅J ������� P

)OX[�ODPLQDU��5H�������

)DFWRU�GH�IULFFLy��3RLVHXLOOH� IODP =
64

Re �������

3qUGXD�GH�FjUUHJD K I =
32 ⋅ µ ⋅ Y ⋅ /

ρ ⋅J ⋅ G2 ������� P

(VIRUo�GH�FLVDOOD τ ODP =
8 ⋅ µ ⋅ Y

G ������� 1�P��

)OX[�WXUEXOHQW��5H!������

)DFWRU� GH� IULFFLy� �&ROHEURRN�
:KLWH��� WXEV� UXJRVRV� HQ� ]RQD
GH� WUDQVLFLy� R� UqJLP� WXUEXOHQW
�5H!������

( ) ( )( )[ ]2Re/51,271,3/log

25,0

WXUE

WXUE

IG
I

+
=

ω
�������

3qUGXD� GH� FjUUHJD� HQ� UqJLP
UXJyV�WXUEXOHQW�HVWDEOHUW

K I WXU
= IWXUE ⋅

/

G
⋅
Y2

2J
������� P

(VIRUo�GH�FLVDOOD τ WXU =
I
WXU

4
⋅ ρ ⋅

Y2

2
������� 1�P��

v 9HORFLWDW�PLWMDQD P�V��

$FV ¬UHD�GH�OD�VHFFLy�WUDQVYHUVDO�GH�OD�WXEHULD P�

G 'LjPHWUH�GH�OD�WXEHULD P

/ /RQJLWXG�GH�OD�WXEHULD P

µ 9LVFRVLWDW�GH�O¶DLJXD��µ ������[������.J�P���V�����D����&� .J�P���V��

ρ 'HQVLWDW�GH�O¶DLJXD��ρ �������.J�P����D����&� .J�P��

J &RQVWDQW�JUDYLWDFLRQDO��J ����P�V��� P�V��

ω 5XJRVLWDW�DEVROXWD�GH�OD�WXEHULD��ω� �����[������P��SHU�WXEHULHV�QRYHV�G¶DFHU� 0

I )DFWRU�GH�IULFFLy��VHQVH�GLPHQVLRQV�

KI 3qUGXD�GH�FjUUHJD�SHU�IULFFLy P
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������P���/D�OtQLD�GLVFRQWtQXD�VHSDUD�HO�UqJLP�ODPLQDU��SDUW�VXSHULRU��GH�OD�]RQD�GH�WUDQVLFLy��/D�OtQLD�FRQWtQXD�VHSDUD�DTXHVWD�GH�OD
]RQD�GH�UqJLP�WXUEXOHQW��SDUW�LQIHULRU��

4���/�K� 9���P�V� 5H\QROGV )DFWRU�IULFFLy��I� KI��P� ∆3��3D� (VIRUo�FLVDOOD
�1�P���
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7DXOD������3ULQFLSDOV�SDUjPHWUHV�KLGURGLQjPLFV�SHU�FDQRQDGHV�GH�[DU[HV�GH�GLVWULEXFLy�G¶DLJXD�SRWDEOH�L�DEDVWDPHQW���/RQJLWXG� 
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&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

����� 0DWHULDO�L�0qWRGHV

������ &DUDFWHUtVWLTXHV��GHO�VLVWHPD��GLVVHQ\��FRQVWUXFFLy�L�PXQWDWJH�

$SDUW�G¶REWHQLU�OHV�FRQGLFLRQV�DGHTXDGHV�SHU�D�OD�VLPLOLWXG�KLGUjXOLFD��pV�LPSRUWDQW�WHQLU�SUHVHQW�TXH�HQV�LQWHUHVVD�XQ�UHDFWRU�HO

VXILFLHQWPHQW�SHWLW�FRP�SHU�IDFLOLWDU�OD�VHYD�PDQLSXODFLy�L�LQVWDOÂODFLy�HQ�H[SHULPHQWV�GH�FDPS��DL[t�FRP�SHU�UHGXLU�DO�Pj[LP�HOV

FDEDOV�G¶DLJXD�D�XWLOLW]DU��/D�JUDQGjULD�GH�OD�PRVWUD�D�REWHQLU�HV�JDUDQWHL[�DPE�HO�QRPEUH�G¶HVIHUHV�GLQV�GHO�UHDFWRU�L�O¶HVIRUo�GH

FLVDOOD��DGHTXDQW�HO�FDEDO�D�OD�VHFFLy�L�SRURVLWDW�GHO�UHDFWRU�

/D�SqUGXD�GH�FjUUHJD�REWLQJXGD�HQ�DTXHVW�UHDFWRU�QR�pV�VLJQLILFDWLYD�HQIURQW�GH�OHV�FRQGLFLRQV�UHDOV�H[LVWHQWV�DOV�VLVWHPHV�GH

GLVWULEXFLy�G¶DLJXD��RQ�HV�UHFRPDQD�XQD�SUHVVLy�GH�����NJ�FP��SHU�PDQWHQLU�SUHVVLRQV�GH�VRUWLGD�D�OHV�DL[HWHV�GH���PFD��6WHHO

������ 0D\RO� ������� '¶DOWUD� EDQGD�� DTXHVWD� SqUGXD� GH� FjUUHJD� WDPSRF� UHVXOWD� XQ� YDORU� OLPLWDQW� SHU� OHV� ERPEHV� G¶H[WUDFFLy

G¶DLJXD�GLVSRQLEOHV�DO�PHUFDW�

3HU�WRWV�DTXHVWV�PRWLXV�HVPHQWDWV��V¶KD�GHFLGLW�UHDOLW]DU�OD�LQVWDOÂODFLy�SULQFLSDO�DPE�WXEHULHV�OOLVHV�GH����´����������P���PHQWUH

TXH� SHU� D� FDGD� XQ� GHOV�PRVWUHMDGRUV� V¶KD� HVFROOLW� OD� FRQILJXUDFLy� GH� UHDFWRU� GH� OOLW� HPSDFDW�� IRUPDW� SHU� XQD� WXEHULD� GH� ���´

��������P��SOHQD�G¶HVIHUHV�GH�YLGUH�FRP�D�PHGL�SRUyV�GH�VXSRUW�

(OV� UHDFWRUV� HVWDYHQ� IRUPDWV� SHU� WXEV� FLOtQGULFV� G¶DFHU� LQR[LGDEOH� DXVWHQtWLF� $,6,� ����� (V� WUDFWD� G¶XQ� DFHU� DO� FURP�QtTXHO

�&U≈����� 1L≈����� 0R≈��� &≈�������� PROW� XWLOLW]DW� HQ� OD� LQG~VWULD� TXtPLFD� SHU� OHV� VHYHV� SURSLHWDWV�� HVVHQW� OD� YDULHWDW� PpV
UHVLVWHQW� D� OD� FRUURVLy�� D� O¶R[LGDFLy�HQ�JHQHUDO� L� SUHVHQWDQW� OHV�PLOORUV� FDUDFWHUtVWLTXHV�PHFjQLTXHV� D� WHPSHUDWXUHV� HOHYDGHV�

UHVLVWLQW�WHPSHUDWXUHV�GH�����&��'H�IHW��pV�XQ�PDWHULDO�PROW�DSWH�SHU�D�OHV�FRQGLFLRQV�G¶~V�HQ�HOV�PRVWUHMRV�GH�FDPS�DPE�DLJ�HV

G¶RULJHQ�GLYHUV��7DPEp�VXSRUWD�Ep� OHV� FRQGLFLRQV�G¶HVWHULOLW]DFLy�SHU� FDORU� DPE� O¶DXWRFODX�� (Q�HO� QRVWUH� FDV�� HO� UHDFWRU� WDPEp

KDYLD� GH� SUHVHQWDU� HO� Pj[LP� GH� UHVLVWqQFLD� D� OD� FRUURVLy�� GHJXW� D� TXH� WDQW� OHV� SDUHWV� LQWHUQHV� FRP� OHV� H[WHUQHV� HQWUHQ� HQ

FRQWDFWH� SHUPDQHQW� DPE� O¶DLJXD�� $� PpV�� HO� PDWHULDO� KDYLD� GH� SUHVHQWDU� XQ� HOHYDW� JUDX� GH� UHVLVWqQFLD� D� DJHQWV� TXtPLFV�

HVSHFLDOPHQW�HO�FORU�

$L[t�PDWHL[�� pV� LPSRUWDQW� TXH�HO�PDWHULDO� D�XWLOLW]DU� QR�DOWHUL� OD� IRUPDFLy�QDWXUDO� GHOV�ELRILOPV��6¶KDQ�GHVHVWLPDW� OD�PDMRULD�GH

PDWHULDOV� SOjVWLFV� SHOV� SUREOHPHV� TXH� SUHVHQWHQ� HQ� DOOLEHUDU� SDUWtFXOHV� RUJjQLTXHV� TXH� SRGHQ� VHU� XWLOLW]DGHV� SHU

PLFURRUJDQLVPHV� GHO� ELRILOP�� DXJPHQWDQW� GH� IRUPD� VLJQLILFDWLYD� HO� VHX� GHVHQYROXSDPHQW� �3HW]ROGW� ������ .HHYLO� HW� DO�� ������

'¶DOWUD�EDQGD��HO�PDWHULDO�WDPEp�KDXULD�G¶HVWDU�H[HPSW�GH�SURGXFWHV�Wz[LFV�TXH�SHUMXGLTXHVVLQ�HO�SURSL�FUHL[HPHQW�GHOV�ELRILOPV�

(Q�DTXHVW�VHQWLW��DOJXQV�PDWHULDOV�FRP�HO�FRXUH�SUHVHQWHQ�XQ�FHUW�HIHFWH�DQWLPLFURELj��HVSHFLDOPHQW� VREUH� OHV�SREODFLRQV�GH

EDFWHULV� FROLIRUPHV� �'RPHN� HW� DO�� ������� UHGXLQW� O¶KDELOLWDW� G¶DTXHVWV� EDFWHULV� SHU� DGKHULU�VH� L� PXOWLSOLFDU�VH� D� OD� VXSHUItFLH

G¶DTXHVW�PDWHULDO��$VVDQWD�HW�DO��������

8QD�YHJDGD�VHOHFFLRQDW�HO�PDWHULDO��HO�GLVVHQ\�V¶KD�FHQWUDW�HQ�HO�GLPHQVLRQDW�GHO�UHDFWRU�GH�OOLW�HPSDFDW��YHXUH�)LJXUD�������(Q

DTXHVW�DVSHFWH��OD�SUHPLVVD�JHQHUDO�KD�HVWDW�REWHQLU�XQ�VLVWHPD�TXH�RFXSpV�HO�PtQLP�G¶HVSDL��SHU�IDFLOLWDU�OD�VHYD�LQVWDOÂODFLy�L

XWLOLW]DFLy�

(OV�UHDFWRUV��IRUPDWV�SHU�WXEV�GH����´��������FP��GH�GLjPHWUH�L�XQD�ORQJLWXG�WRWDO�GH�����FP��FRQWHQLHQ�HVIHUHV�GH�YLGUH�GH���PP

GH�GLjPHWUH�FRP�D�PHGL�GH�VXSRUW�HVWjQGDUG��'¶DTXHVWD�IRUPD�V¶REWp�XQ�PRVWUHMDGRU�SHWLW� L�PDQHMDEOH��TXH�HV�SRW�HVWHULOLW]DU

IjFLOPHQW�D�O¶DXWRFODX�L�TXH�HV�SRW�VLWXDU�HQ�HVSDLV�UHGXwWV� L�TXH��DOKRUD��SUHVHQWD�XQD�JUDQ�VXSHUItFLH�GH�PRVWUHLJ���������FP�

SHU� PRVWUHMDGRU�� WHQLQW� HQ� FRPSWH� QRPpV� HO� PDWHULDO� GH� VXSRUW��� /D� 7DXOD� ���� �YHXUH� ������� UHVXPHL[� OHV� SULQFLSDOV

FDUDFWHUtVWLTXHV�GH�GLVVHQ\��DL[t�FRP�HOV�SULQFLSDOV�SDUjPHWUHV�KLGURGLQjPLFV�SHU�FDGD�UHDFWRU�GH�OOLW�HPSDFDW�
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� 7H�G¶DFHU�DPE�URVFD $,6,���� ∅� ����´
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)LJXUD������(VTXHPD�GHO�UHDFWRU�GH�PRVWUHLJ��OOLW�HPSDFDW�IL[��XWLOLW]DW�DO�VLVWHPD�H[SHULPHQWDO�L�GHVFULSFLy
GHOV�VHXV�FRPSRQHQWV��$�OD�GUHWD��SjJLQD�VHJ�HQW���HVTXHPD�GHWDOODW�GHO�UHDFWRU�GH�PRVWUHLJ��(VF�������
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��� 0DWHULDO�L�0qWRGHV��

/D�)LJXUD�����HQV�LQGLFD�FRP�V¶KDQ�GLVSRVDW�HOV�GLIHUHQWV�UHDFWRUV�SHU�IRUPDU�HO�VLVWHPD�H[SHULPHQWDO�FRPSOHUW��PRVWUDQW��D� OD

SDUW�LQIHULRU��GHWDOOV�GH�OHV�XQLRQV�HQWUH�FDGD�UHDFWRU��(O�QRPEUH�GH�UHDFWRUV�SHU�VLVWHPD�H[SHULPHQWDO�SRW�VHU�YDULDEOH��HQFDUD

TXH�LQLFLDOPHQW�HO�VLVWHPD�GLVVHQ\DW�SUHYHX���PRVWUHMDGRUV��XQ�SHU�FDGD�GLD�³ODERUDEOH´�GH�OD�VHWPDQD��VLWXDWV�HQ�XQD�R�GXHV

OtQLHV� �SDUW� VXSHULRU�� )LJXUD� ������ eV� HYLGHQW�� TXH� HO� QRPEUH� GH� PRVWUHMDGRUV� QR� SRW� VHU� PROW� HOHYDW�� GH� FDUD� D� UHGXLU� OHV

GLPHQVLRQV�GHO�VLVWHPD�H[SHULPHQWDO��'¶DOWUD�EDQGD��O¶LQFUHPHQW�HQ�HO�QRPEUH�GH�PRVWUHMDGRUV�DXJPHQWD�HO�FDEDO�QHFHVVDUL�SHU

PDQWHQLU�OHV�PDWHL[HV�FRQGLFLRQV�KLGURGLQjPLTXHV��/D�XQLy�HQWUH�OHV�GXHV�OtQLHV�GH���UHDFWRUV�V¶KD�UHDOLW]DW�JUjFLHV�D�HOHPHQWV

G¶DFHU� LQR[LGDEOH�$,6,� ����� GH� ���´�� (Q� SULPHU� OORF�� XQ� HOHPHQW� 7� GLVWULEXwD� O¶DLJXD� G¶HQWUDGD� TXH� FLUFXODYD� D� WUDYpV� G¶XQ� WXE

URVFDW�L�XQ�FRO]H��ILQV�D�FDGD�XQD�GH�OHV�OtQLHV�IRUPDGHV�SHU���UHDFWRUV��WDO�FRP�HV�YHX�D�OD�SDUW�VXSHULRU�GH�OD�)LJXUD�����

7DO�FRP�V¶HVSHFLILFD�D� OD�PDWHL[D�)LJXUD������HO�VLVWHPD�H[SHULPHQWDO�V¶KD�DOLPHQWDW�DPE�DLJXD��JHQHUDOPHQW�ERPEDQW�GHV�GHO

SURYHwPHQW� XWLOLW]DW�� (OV� UHDFWRUV� V¶KDQ�RSHUDW� HQ�PRGH� DVFHQGHQW�� VRUWLQW� O¶DLJXD� SHU� OD� VHYD� SDUW� VXSHULRU�� '¶DTXHVWD� IRUPD

O¶DLJXD�FREULD�WRW�HO�VLVWHPD��IHW�TXH�DMXGDYD�D�DFRQVHJXLU�XQD�PLOORU�UHJXODFLy�GH�OD�WHPSHUDWXUD��(O�IOX[�GH�O¶DLJXD�D�WUDYpV�GHO

PHGL�SRUyV�HV�PDQWHQLD�GXUDQW�XQ�WHPSV�SUHGHWHUPLQDW��GHVSUpV�GHO�TXDO�HO�UHDFWRU�HV�WUHLD� L�HV�WUDQVSRUWDYD�DO� ODERUDWRUL�SHU

DQDOLW]DU�HO�FRQWLQJXW�GH�PLFURRUJDQLVPHV�DGKHULWV�DO�PHGL�SRUyV�

3HU�IDFLOLWDU�HOV�FDQYLV�GH�PRVWUHMDGRUV�R�UHDFWRUV�V¶KDQ�HVFROOLW�XQLRQV�GHO�WLSXV�URVFDGHV��$OKRUD��OD�PDMRULD�GH�OHV�YHJDGHV�V¶KD

SURFXUDW�XWLOLW]DU�DFFHVVRULV�QRUPDOLW]DWV�SHU�DEDUDWLU�HO�FRVW��3HU�PDQWHQLU�HO�PDWHULDO�GH�VXSRUW�XWLOLW]DW�GLQV�GHO� UHDFWRU�GH� OOLW

HPSDFDW�V¶KDQ�XWLOLW]DW�GXHV�PDOOHV�G¶DFHU�LQR[LGDEOH�$,6,������WDO�FRP�HV�GHWDOOD�D�OD�)LJXUD������HOHPHQWV���L����PDOOD�*UXSLQR[

Q������$FLPHWDO��7HUUDVVD��

/HV�FRQQH[LRQV�HQWUH�HO�SURYHwPHQW�G¶DLJXD�L�HO�VLVWHPD�H[SHULPHQWDO�V¶KDQ�UHDOLW]DW�XWLOLW]DQW�WXEHULHV�TXH�DOWHUHVVLQ�HO�PtQLP�OHV

FRQGLFLRQV�GH�O¶DLJXD��MD�VLJXL�SHO�OL[LYLDW�GH�QXWULHQWV�R�LRQV�PHWjOÂOLFV��(Q�JHQHUDO��V¶KDQ�XWLOLW]DW�FDQRQDGHV�DFUHGLWDGHV�SHU�D�OD

FRQGXFFLy� G¶DLJXD�� FRP� OD� WXEHULD� IOH[LEOH� ³+LGURWXER� ��´� �(VSLURIOH[� ���� ���������� R� WXEHULHV� GH� Q\ORQ� �1HRSODVW� 8OWUDYLQLO

WUDQVSDUHQW��

������ 2SHUDFLy�L�2SWLPLW]DFLy�GHO�VLVWHPD�H[SHULPHQWDO

$EDQV� GH� OD� VHYD� XWLOLW]DFLy� DO� VLVWHPD� H[SHULPHQWDO�� FDGD� UHDFWRU� SOH� GH�PHGL� SRUyV� � �HVIHUHV� GH� YLGUH��� V¶KD� HVWHULOLW]DW� D

O¶DXWRFODX��D���DWP�L�����&�GXUDQW����PLQ��(Q�HO�FDV�G¶XWLOLW]DU�PDWHULDOV�SROLPqULFV�FRP�D�VXSRUW��V¶KDQ�HVWHULOLW]DW�QHWHMDQW�ORV

DPE�XQD�VROXFLy�G¶KLSRFORULW�VzGLF������P/�������/��DO���������GXUDQW���KRUHV�

(O�SURYHwPHQW�G¶DLJXD�TXH�KD�DOLPHQWDW�HO�VLVWHPD�H[SHULPHQWDO�V¶KD�SRUWDW�D�WHUPH��HQ�DOJXQV�FDVRV��DPE�O¶DMXGD�G¶XQ�VLVWHPD

GH�ERPEDPHQW��'HJXW�D�TXH�OD�PDMRULD�G¶H[SHULPHQWV�V¶KDQ�UHDOLW]DW�D�FDEDO�FRQVWDQW��HO�SULQFLSDO�SDUjPHWUH�D�FRQWURODU�KD�HVWDW

HO�FDEDO��3HU� WDQW�� OHV�ERPEHV�QHFHVVjULHV�VyQ� OHV�TXH�SUHVHQWHQ�PHQRUV�RVFLOÂODFLRQV�EUXVTXHV�GH�FDEDO�D�YDULDFLRQV�JUDQV

G¶DOoDGD�PDQRPqWULFD��6¶KD�RSWDW�VHJRQV�HO�FDV��HQWUH�XQD�ERPED�VXEPHUJLGD�R�XQD�ERPED�GH�VXSHUItFLH��WHQLQW�HQ�FRPSWH�TXH

OHV�ERPEHV�GH�VXSHUItFLH�QR�SRGHQ�ERPEDU�DLJXD�GHV�GH�TXDOVHYRO�SURIXQGLWDW��MD�TXH�HV�SRGHQ�SURGXLU�SUREOHPHV�GH�FDYLWDFLy�

R� IRUPDFLy�GH� YDSRU�G¶DLJXD�DO� VHX� LQWHULRU��3HU� WDQW�� SHU� HVFROOLU� XQD� ERPED� GH� VXSHUItFLH� V¶KD� GH� WHQLU� HQ� FRPSWH� O¶HQHUJLD

PtQLPD�D�O¶HQWUDGD�GH�OD�ERPED�SHU�HYLWDU�OD�FDYLWDFLy��/HV�ERPEHV�VXEPHUJLGHV�QR�SUHVHQWHQ�DTXHVWV�SUREOHPHV��HQFDUD�TXH

HO�VHX�SUHX�pV�IRUoD�PpV�HOHYDW�

(O�FDEDO�TXH�FLUFXOD�SHU� OD� LQVWDOÂODFLy�V¶KD�FRQWURODW�DPE�XQD�YjOYXOD�G¶HVIHUD��YjOYXOD�7DMR�������)RQW*DV���$SDUW��HQ�DOJXQV

H[SHULPHQWV��V¶KD�FRQWURODW�GH�IRUPD�LQGHSHQGHQW�HO�FDEDO�SHU�FDGD�XQ�GHOV�PRVWUHMDGRUV�R�UHDFWRUV��DPE�XQD�YjOYXOD�G¶HVIHUD

VLWXDGD�MXVW�DEDQV�GH�O¶HQWUDGD�GHO�UHDFWRU�R�Ep�JUjFLHV�D�FROÂOHFWRUV�FRPHUFLDOV�TXH�LQFRUSRUHQ�UHJXODGRUV�LQGLYLGXDOV�SHU�D�FDGD

UHDFWRU��)LJXUD�������FRP�HO�FROÂOHFWRU�%DUEL��%DUEL�6DQWLDJR��%LOEDR��
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)LJXUD� ����� &RPSRQHQWV� GHO� VLVWHPD� H[SHULPHQWDO� DPE� OD� FRQILJXUDFLy� RQ� HV� FRQWUROD� HO� FDEDO� GH� FDGD� UHDFWRU� GH� IRUPD
LQGHSHQGHQW���3DUW�VXSHULRU��XWLOLW]DQW�HO�FROÂOHFWRU�%DUEL�L��SDUW�LQIHULRU��DPE�YjOYXOHV�G¶HVIHUD�D�FDGD�UHDFWRU�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

������ 0HVXUHV�LQ�VLWX

(OV�SDUjPHWUHV�DPELHQWDOV�PpV�LPSRUWDQWV�FRP�OD�WHPSHUDWXUD��S+��SRWHQFLDO�UHGR[��FRQWLQJXW�G¶R[LJHQ� L� FRQGXFWLYLWDW�� V¶KDQ

PHVXUDW�LQ�VLWX�DPE�XQD�VRQGD�PXOWLSDUDPqWULFD�(&0�0XOWL��1HXUWHN�0HGLR�$PELHQWH�6�$���=DUDXW]��

'¶DOWUD�EDQGD��WDPEp�HV�YDQ�PHVXUDU�DOJXQV�GHOV�SDUjPHWUHV�TXH�DIHFWHQ�HO�UHQGLPHQW�GHOV�UHDFWRUV�GHO�VLVWHPD�H[SHULPHQWDO�

$L[t��HV�YD�PHVXUDU�HO�FDEDO�GH�FDGD�XQ�GHOV�UHDFWRUV�GHO�VLVWHPD��DEDQV�L�GHVSUpV�GH�UHDOLW]DU�FDGD�PRVWUHLJ��/D�PHVXUD�GHO

FDEDO�HV�YD�IHU�GH�IRUPD�YROXPqWULFD�

,JXDOPHQW��HV�YD�PHVXUDU�OD�SRURVLWDW�GH�IRUPD�YROXPqWULFD�D�FDGD�UHDFWRU�GH�OOLW�HPSDFDW��DEDQV�TXH�DTXHVWV�IRVVLQ�FRORQLW]DWV

SHO�ELRILOP��%HDU��������/D�SRURVLWDW�HV�SRW�TXDQWLILFDU�FRQHL[HQW�HO�YROXP�GH�SRUXV�GHO�UHDFWRU��9S�� L�HO�YROXP�WRWDO�GHO�UHDFWRU

�9W���VHJRQV�MD�V¶KD�YLVW�D�O¶HTXDFLy������3HU�IHU�OD�PHVXUD��HV�YD�WDQFDU�O¶H[WUHP�LQIHULRU�GHO�UHDFWRU��SHoD�UHGXFWRUD��DPE�XQ�WDS

GH� URVFD� GH� ���´� �YHXUH� )LJXUD� ������ 'HVSUpV� HV� YD� DIHJLU� DLJXD� GHVWLOÂODGD� DPE� XQD� PLFURSLSHWD�� PHVXUDQW� OD� TXDQWLWDW

QHFHVVjULD�SHU�HQUDVDU�DPE�OD�SDUW�VXSHULRU�GHO�UHDFWRU��H[DFWDPHQW�D�VRWD�GH�OD�PDOOD�VXSHULRU��

)LJXUD������0XQWDWJH�H[SHULPHQWDO�SHU�PHVXUDU�YROXPqWULFDPHQW�OD�SRURVLWDW�GHOV�UHDFWRUV�����0DOOD�VXSHULRU�����0HGL�SRUyV����
0DOOD�LQIHULRU�L�����7DS�

������ 3URYHwPHQW�G¶DLJXD��]RQHV�GH�PRVWUHLJ

3HU�SRGHU�DYDOXDU�HO�VLVWHPD�SHU�DO�GHVHQYROXSDPHQW�GH�ELRILOPV�PRGHO�HQ�H[SHULPHQWV�GH�FDPS��V¶KDQ�XWLOLW]DW�WUHV�HVWDFLRQV

H[SHULPHQWDOV��(O�PRVWUHMDGRU�GH�ELRILOPV�V¶KD�SURYDW�HQ�GXHV�HVWDFLRQV�H[SHULPHQWDOV�TXH�DSURILWHQ�DLJXD�VXEWHUUjQLD�L�HQ�XQD

WHUFHUD��FRUUHVSRQHQW�D�XQD�[DU[D�LQWHUQD�GH�GLVWULEXFLy�G¶DLJXD�SRWDEOH��(OV� UHDFWRUV�HV�YDQ�GHL[DU�GXUDQW�SHUtRGHV�GH� WHPSV

SUHGHWHUPLQDWV��GHVSUpV�GHOV�TXDOV�HV�WUHLHQ�GHO�VLVWHPD�SHU�DQDOLW]DU�ORV�DO�ODERUDWRUL��RQ�HV�TXDQWLILFDYD�OD�IRUPDFLy�GHO�ELRILOP

D�OD�VXSHUItFLH�GH�OHV�HVIHUHV�GH�YLGUH��YHXUH��������

Afegir
aigua

2

1

4

3



��� 0DWHULDO�L�0qWRGHV��

/D� SULPHUD� HVWDFLy� XWLOLW]DGD� SHU� DYDOXDU� HO� GHVHQYROXSDPHQW� GHOV� ELRILOPV� DO� FDPS� KD� XWLOLW]DW� O¶DLJXD� G¶XQ� SRX� VLWXDW� D

%DUFHORQD��DO�FDUUHU�G¶$OIRQV�HO�0DJQjQLP��HQ�XQHV�LQVWDOÂODFLRQV�GHO�)HUURFDUULO�0HWURSROLWj�GH�%DUFHORQD��)&0%���$TXHVW�SRX

UHFXOO�OHV�DLJ�HV�GH�GUHQDWJH�GHO�PHWUR�GH�%DUFHORQD�EDUUHMDGHV�DPE�DSRUWDFLRQV�GH�O¶DT�tIHU�DOÂOXYLDO�GH�OD�FRQFD�GHO�ULX�%HVyV�

ORFDOLW]DW�DO�QRUG�GH�%DUFHORQD��&DWDOXQ\D��YHXUH�)LJXUD�����L�DSDUWDW���������/D�FRQVWUXFFLy�G¶XQ�GLSzVLW�GH�UHVHUYD�L�G¶XQD�[DU[D

GH�GLVWULEXFLy�SHU�SDUW�GH�O¶,QVWLWXW�0XQLFLSDO�GH�3DUFV�L�-DUGLQV��KD�SHUPqV�OD�VHYD�UHXWLOLW]DFLy�SHU�D�OD�LUULJDFLy�GH�SDUFV�L�MDUGLQV

GH�OD�9LOD�2OtPSLFD�D�%DUFHORQD�

)LJXUD������/RFDOLW]DFLy�GH�OHV�WUHV�HVWDFLRQV�H[SHULPHQWDOV�SHU�DO�WUHEDOO�GH�FDPS��PDUFDGHV�DPE�XQ�SXQW�QHJUH�VREUH�HO�PDSD
GH�&DWDOXQ\D��/HV�GXHV�DPSOLDFLRQV�PRVWUHQ�OD�]RQD�GH�%DUFHORQD��6DQW�0DUWt��%HVyV��

7(55$66$

6$%$'(//



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

/D�VHJRQD�HVWDFLy�V¶KD�VLWXDW�HQ�XQHV�LQVWDOÂODFLRQV�GH�OD�&RPSDQ\LD�G¶$LJ�HV�GH�6DEDGHOO��&$66$��DO�EDUUL�GH�&DQ�2ULDF��DO

QRUG�GH�6DEDGHOO��YHXUH�)LJXUD�����L���������(Q�DTXHVW�OORF�HV�WURED�XQ�GLSzVLW�TXH�DFXPXOD�OHV�DLJ�HV�TXH�SURYHQHQ�GH�OD�PLQD

GH�5LEDWDOODGD��GH�OD�PDWHL[D�FRPSDQ\LD�L�G¶DSUR[LPDGDPHQW���NP�GH�ORQJLWXG��$FWXDOPHQW��DTXHVWD�LQVWDOÂODFLy�QRPpV�V¶XWLOLW]D

HQ� O¶H[WLQFLy� G¶LQFHQGLV� L� SHU� DOWUHV� XVRV� QR� SRWDEOHV�� FRP� OD� LUULJDFLy� GH� FDPLQV� GH� ]RQHV� HQ� FRQVWUXFFLy�� 1R� REVWDQW�� OD

XUEDQLW]DFLy�GHO�EDUUL�GH�&DQ�/ORQJ�VLWXDGD�EHQ�D�OD�YRUD�L�DPE�XQD�RFXSDFLy�GH���������P��SRGULD�DFFHOHUDU�OD�VHYD�UHXWLOLW]DFLy

SHU�OD�LPSRUWDQW�SUHVqQFLD�GH�]RQHV�HQMDUGLQDGHV�������P���

/D� WHUFHUD�HVWDFLy�XWLOLW]DGD�KD�HVWDW� OD�[DU[D�GH�GLVWULEXFLy� LQWHUQD�G¶DLJXD�SRWDEOH�GHO� ODERUDWRUL�GH�0LFURELRORJLD�GH� O¶(VFROD

8QLYHUVLWjULD�G¶ÑSWLFD�L�2SWRPHWULD�GH�OD�8QLYHUVLWDW�3ROLWqFQLFD�GH�&DWDOXQ\D��YHXUH�)LJXUD�����L���������$TXHVWD�WHUFHUD�L�~OWLPD

]RQD�GH�PRVWUHLJ�V¶KD�HVFROOLW�SHU�SRGHU�FRPSDUDU�OHV�GDGHV�REWLQJXGHV�HQ�[DU[HV�GH�GLVWULEXFLy�RQ�QR�HV�UHDOLW]D�FDS�WLSXV�GH

WUDFWDPHQW�DPE�OHV�[DU[HV�G¶DLJXD�SRWDEOH�

������ &DOLEUDWJH�DO�ODERUDWRUL��PHVXUD�GH�OD�SqUGXD�GH�FjUUHJD

3HU� SRGHU� GHWHUPLQDU� OHV� FRQGLFLRQV� KLGUjXOLTXHV� UHDOV� GHOV� UHDFWRUV� GH� OOLW� HPSDFDW� HV� YDQ� UHDOLW]DU� XQD� VqULH� G¶DVVDLJV� DO

ODERUDWRUL��$PE�DTXHVWHV�SURYHV�HV�YD�TXDQWLILFDU� OD�SqUGXD�GH�FjUUHJD�TXH�HV�SURGXHL[�DO� VLVWHPD�H[SHULPHQWDO� IRUPDW�SHOV

UHDFWRUV�GH�OOLW�HPSDFDW��GHWHUPLQDQW�OHV�FDUDFWHUtVWLTXHV�JHQHUDOV�GH�OD�VHYD�KLGURGLQjPLFD��$L[z�V¶KD�UHDOLW]DW�DPE�HO�VLVWHPD

EXLW��VHQVH�PHGL�SRUyV��IRUPDW�SHU�UHDFWRUV�GH����´�GH�GLjPHWUH��DL[t�FRP�DIHJLQW�KL�HVIHUHV�GH�YLGUH�GH���PP�GH�GLjPHWUH�FRP�D

PHGL�SRUyV��/HV�GDGHV�REWLQJXGHV�HV�YDQ�FRPSDUDU�DPE�OHV�GDGHV�WHzULTXHV�

(Q�HO�SULPHU�DVVDLJ�GH�FDOLEUDWJH�V
KD�PHVXUDW�OD�SqUGXD�GH�FjUUHJD�TXH�HV�SURGXHL[�DO�VLVWHPD�XWLOLW]DQW�XQ�FDSWRU�GH�SUHVVLy

:LND� �:,.$� ������������ .OLQJHQEHUJ�� *HUPDQ\��� 3HU� IHU�KR�� V¶KD� XWLOLW]DW� XQ� UHDFWRU� GH� OOLW� HPSDFDW� IL[� GH� OHV� PDWHL[HV

FDUDFWHUtVWLTXHV�TXH�HOV�XWLOLW]DWV�HQ� WRWV�HOV�H[SHULPHQWV��SOH� LJXDOPHQW�G¶HVIHUHV�GH�YLGUH�GH���PP�GH�GLjPHWUH�FRP�D�PHGL

SRUyV�� $PE� XQD� FODX� G¶HVIHUD� V¶KD� YDULDW� HO� FDEDO� TXH� FLUFXOD� SHO� VLVWHPD�� JUDGXDQW� O¶HQWUDGD� G¶DLJXD�� *UjFLHV� DO� FDSWRU� GH

SUHVVLy�VLWXDW�SHUSHQGLFXODUPHQW�D�O¶HQWUDGD�GHO�UHDFWRU�DPE�XQ�HOHPHQW�7�G¶DFHU�LQR[LGDEOH��YHXUH�)LJXUD�������V¶KD�PHVXUDW�OD

YDULDFLy�GH�SUHVVLy�SURGXwGD�DO�YDULDU�HOV�FDEDOV�G¶HQWUDGD��GH���D�����/�K���/D�SUHVVLy�PHVXUDGD�DPE�HO�FDSWRU�:LND�HQV�SHUPHW

GHWHUPLQDU� OD�SqUGXD�GH�FjUUHJD�GHO�PRVWUHMDGRU�R� UHDFWRU� �∆K(�6��� D� SDUWLU� GH� O¶HTXDFLy�GH�SqUGXD�GH� O¶HQHUJLD�R�HTXDFLy�GH

%HUQRXOOL��3DUWLQW�G¶DTXHVWD�HTXDFLy�V¶DUULED�D�O¶H[SUHVVLy�TXH�HQV�GHVFULX�OD�SqUGXD�GH�FjUUHJD�GHO�QRVWUH�VLVWHPD�
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RQ� ]�� pV� OD� FRWD� R� DOoDGD� GH� OD� WXEHULD� G¶HQWUDGD� GHO� VLVWHPD�� ]�� pV� O¶DOoDGD� GH� OD� WXEHULD� GH� VRUWLGD� GHO� VLVWHPD�� S�� L� S�

UHSUHVHQWHQ�OD�SUHVVLy�PDQRPqWULFD�D�O¶HQWUDGD�L�D�OD�VRUWLGD�GHO�UHDFWRU�UHVSHFWLYDPHQW��Y��L�Y���UHSUHVHQWHQ�OD�YHORFLWDW�HQ�FDGD

XQ�G¶DTXHVWV�SXQWV�UHVSHFWLXV�L��ILQDOPHQW��KI�pV�OD�SqUGXD�GH�FjUUHJD��7HQLQW�HQ�FRPSWH�TXH�V¶KD�GLVSRVDW�HO�UHDFWRU�HQ�SRVLFLy

KRULW]RQWDO� �YHXUH�)LJXUD������� ]�� pV� LJXDO� D� ]��� SHU� OD� TXDO� FRVD� OHV� GXHV� FRWHV� V¶DQXOÂOHQ��'¶DOWUD� EDQGD�� HQ� HOV� FDVRV� RQ� HO

VLVWHPD�QR�HVWj�FREHUW�SHU�DLJXD�QR�HV�Wp�HQ�FRPSWH�OD�SUHVVLy�PDQRPqWULFD�D�OD�VRUWLGD��SHUTXq�V¶DJDID�FRP�D�YDORU�]HUR�GH

UHIHUqQFLD�OD�SUHVVLy�DWPRVIqULFD�ORFDO��)LQDOPHQW��O¶HTXDFLy�GH�%HUQRXOOL�HV�FRQYHUWHL[�SHO�QRVWUH�VLVWHPD�HQ�

∆K(−6 =
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ρ ⋅ J
+
Y1

2 − Y2
2

2 ⋅J
������

RQ�3F�pV�OD�SUHVVLy�PHVXUDGD�DPE�HO�FDSWRU�:LND��Y��HV�OD�YHORFLWDW�GH�O¶DLJXD�D�O¶HQWUDGD�L�Y��OD�YHORFLWDW�D�OD�VRUWLGD�

3HU� FDOFXODU� OD� SqUGXD� GH� FjUUHJD� HV� GHWHUPLQD� YROXPqWULFDPHQW� HO� FDEDO�� PHVXUDQW� HQ� XQD� SURYHWD�PLOÂOLPHWUDGD� XQ� YROXP

GHWHUPLQDW�GXUDQW�XQ�WHPSV�FRQWURODW��L�HV�FDOFXOD�OD�YHORFLWDW�GHO�IOXLG�D�O¶HQWUDGD��Y���L�D�OD�VRUWLGD��Y����GH�OD�IRUPD�VHJ�HQW�
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)LJXUD������0HVXUD�GH�OD�SqUGXD�GH�FjUUHJD�JUjFLHV�D�XQ�FDSWRU�GH�SUHVVLy�:LND�����/HFWRU�GH�OHV�GDGHV�����&DSWRU�GH�SUHVVLy����
&ODX�GH�SDV�G¶HQWUDGD�GH�O¶DLJXD�����7�DGDSWDGRUD�����5HDFWRU�GH�OOLW�HPSDFDW�L����6RUWLGD�GH�O¶DLJXD�

(Q�XQ�VHJRQ�DVVDLJ�GH�FDOLEUDWJH�V¶KD�PHVXUDW�OD�SqUGXD�GH�FjUUHJD�DPE�O¶DMXGD�GHO�VLVWHPD�UHSUHVHQWDW�D�OD�)LJXUD������SDUWLQW

WDPEp�GH� O¶HTXDFLy�GH�SqUGXD�GH� O¶HQHUJLD��'HVSUpV�GH� UHDOLW]DU� OHV�PDWHL[HV�VLPSOLILFDFLRQV�� WHQLQW�HQ�FRPSWH�TXH�HO� UHDFWRU

WDPEp�V¶KD�GLVSRVDW�HQ�SRVLFLy�KRULW]RQWDO��O¶H[SUHVVLy�HV�FRQYHUWHL[�SHU�DTXHVW�VLVWHPD��HQ�

∆hE− S = h1 − h2 +
v1

2 − v2
2

2 ⋅g
������

RQ�K��pV�OD�SqUGXD�GH�FjUUHJD�H[SUHVVDGD�HQ�PHWUHV��P�R�PFD��SURGXwGD�D�O¶HQWUDGD�GHO�UHDFWRU�L�K��pV�OD�SqUGXD�GH�FjUUHJD�D�OD

VRUWLGD�GHO� UHDFWRU��'HVSUpV�GH�PHVXUDU�HO�FDEDO�YROXPqWULFDPHQW��DJDIDQW�HQ�XQD�SURYHWD�PLOÂOLPHWUDGD�XQ� YROXP�GHWHUPLQDW

GXUDQW�XQ�WHPSV�FRQWURODW��V¶KD�FDOFXODW�Y�� L�Y��D�SDUWLU�GH�O¶HTXDFLy��������'¶DTXHVWD�PDQHUD��O¶DVVDLJ�V¶KD�UHDOLW]DW�GH�OD�IRUPD

TXH�HV�GHWDOOD�

q 6¶REUH�O¶HQWUDGD�G¶DLJXD�DO�GLSzVLW�L�HV�WDQTXHQ�WRWHV�OHV�VRUWLGHV��H[FHSWH�XQD�TXH�DQRPHQDUHP�VREUHHL[LGRU��/D�PLVVLy�GHO

VREUHHL[LGRU�pV�OD�G¶H[SXOVDU�GHO�GLSzVLW�WRWD�O¶DLJXD�TXH�HQWUL�GH�PpV�DO�VLVWHPD��SHU�SRGHU�WHQLU�KL�XQ�QLYHOO�FRQVWDQW�

q (V�SRVD�HO� UHDFWRU�D�XQD�FHUWD�DOoDGD�SHU�VRWD�GHO�QLYHOO�GHO�GLSzVLW��(V�GHL[D� OD�YjOYXOD�G¶HQWUDGD� �YjOYXOD�GH�FRPSRUWD�

REHUWD�DO�Pj[LP��GHL[DQW�XQ�WHPSV�ILQV�TXH�V¶KDJL�SXUJDW�WRW�HO�VLVWHPD�

q (V�PHVXUD�HO�FDEDO�GH�OD�IRUPD�LQGLFDGD��DPE�OD�SURYHWD�L�HO�FURQzPHWUH�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

q (V�PHVXUD� OD� GLIHUqQFLD� G¶DOoDGD� HQ�PHWUHV� HQWUH� K�� L� K��� TXH� FRUUHVSRQGUj� D� OD� SqUGXD� GH� FjUUHJD� HQWUH� O¶HQWUDGD� L� OD

VRUWLGD��HQ�PHWUHV�GH�FROXPQD�G¶DLJXD��P��

q (V� WDQFD� OD� YjOYXOD� G¶HQWUDGD� ���� GH� YROWD� L� HV� UHSHWHL[� HO� SDV� DQWHULRU�� L� XQD� DOWUD� YHJDGD� HV� WRUQD� D� WDQFDU� OD� YjOYXOD

G¶HQWUDGD�����GH�YROWD�

q (V�ID�HO�PDWHL[��WDQFDQW�FDGD�YHJDGD�����GH�YROWD�OD�YjOYXOD�G¶HQWUDGD�

)LJXUD� ����� 'HWHUPLQDFLy� GH� OD� SqUGXD� GH� FjUUHJD� GHOV� UHDFWRUV�� ��� 'LSzVLW� G¶DLJXD�� ��� 6REUHL[LGRU�� ��� 7XEHULD� GH
GHVJXjV�����(QWUDGD�G¶DLJXD�����6RUWLGD�G¶DLJXD�GHO�GLSzVLW�����9jOYXOD�GH�FRPSRUWD�����5HDFWRU�GH�OOLW�HPSDFDW�

8QD�YHJDGD�FDUDFWHULW]DW�DPE�DTXHVW�VLVWHPD�HO�FRPSRUWDPHQW�KLGURGLQjPLF�G¶XQ�VRO�UHDFWRU�GH�OOLW�HPSDFDW��V¶KD�GHWHUPLQDW�OD

LQIOXqQFLD� GH� FRQQHFWDU� GLIHUHQWV� UHDFWRUV� HQ� SDUDOÂOHO�� 3HU� DL[z�� V¶KD� XWLOLW]DW� HO� PDWHL[� PXQWDWJH� SHUz� DIHJLQW� HO� VLVWHPD

H[SHULPHQWDO�IRUPDW�SHU���UHDFWRUV�GH�OOLW�HPSDFDW��YHXUH�)LJXUD�������3HU�DTXHVW�VLVWHPD��WHQLQW�HQ�FRPSWH�TXH�HO�UHDFWRU�V¶KD

GLVSRVDW�HQ�SRVLFLy�KRULW]RQWDO��O¶H[SUHVVLy�HV�FRQYHUWHL[�HQ�

∆K1 = K1 − K2( )+
Y1

2 − Y2
2

2 ⋅J
������

3

4

5

1

2

h1

h2

h∆

6 7



��� 0DWHULDO�L�0qWRGHV��

'HVSUpV�G¶REULU�O¶HQWUDGD�G¶DLJXD�DO�GLSzVLW�GH�OD�PDWHL[D�PDQHUD�TXH�V¶KD�H[SOLFDW�DQWHULRUPHQW��V¶KDQ�GLVSRVDW�WRWV�HOV�UHDFWRUV

D�XQD�PDWHL[D�DOoDGD�SHU�VRWD�GHO�QLYHOO�GHO�GLSzVLW��$PE�OD�YjOYXOD�G¶HQWUDGD�REHUWD�DO�Pj[LP�V¶KD�PHVXUDW�HO�FDEDO�TXH�VXUW�SHO

SULPHU� UHDFWRU�� DO� PDWHL[� WHPSV� TXH� O¶DOoDGD� HQ�PHWUHV� HQWUH� K�� L� K��� YDORU� TXH� FRUUHVSRQGUj� D� OD� SqUGXD� GH� FjUUHJD� HQWUH

O¶HQWUDGD�L�OD�VRUWLGD�GHO�SULPHU�UHDFWRU��HQ�PHWUHV��P��

(Q�VHJRQ�OORF��L�SURFHGLQW�GH�OD�PDWHL[D�IRUPD�V¶KD�PHVXUDW�HO�FDEDO�TXH�VXUW�SHO�VHJRQ�UHDFWRU�L�O¶DOoDGD�HQWUH�K��L�K���YDORU�TXH

FRUUHVSRQGUj�D� OD�SqUGXD�GH�FjUUHJD�HQWUH�HO�SULPHU� L�HO�VHJRQ�UHDFWRU��HQ�PHWUHV� �P���6¶KD� IHW�HO�PDWHL[�SHU�D�FDGD�XQ�GHOV

UHDFWRUV� GHO� VLVWHPD�� PHVXUDQW� FDGD� YHJDGD� HO� FDEDO� GH� VRUWLGD� GH� FDGD� UHDFWRU� L� OD� SqUGXD� GH� FjUUHJD� FRUUHVSRQHQW�

3RVWHULRUPHQW��GHVSUpV�GH�WDQFDU�OD�YjOYXOD�G¶HQWUDGD�����GH�YROWD�V¶KDQ�UHSHWLW�FDGD�XQ�GHOV�SDVVRV�DQWHULRUV��(O�SURFHGLPHQW

VHQFHU�V¶KD�UHSHWLW�WDQFDQW�FDGD�YHJDGD�����GH�YROWD�OD�YjOYXOD�G¶HVIHUD�

$�SDUWLU�GH�OHV�GDGHV�REWLQJXGHV�HQ�DTXHVWV�H[SHULPHQWV�GH�FDOLEUDWJH�V¶KDQ�UHDOLW]DW�OHV�JUjILTXHV�TXH�HQV�UHODFLRQHQ�HO�FDEDO

DPE�OD�SqUGXD�GH�FjUUHJD��(OV�YDORUV�PHVXUDWV�V¶KDQ�FRPSDUDW�D�OD�PDWHL[D�JUjILFD�DPE�HOV�HVWLPDWV�D�SDUWLU�GH�OHV�HTXDFLRQV

GHVFULWHV�DQWHULRUPHQW��YHXUH����������(Q�FDGD�FDV��V¶KD��GHWHUPLQDW�XQD�IXQFLy�TXH�HQV�GRQL�HO�YDORU�GH�OD�SqUGXD�GH�FjUUHJD�HQ

IXQFLy�GHO�FDEDO��DMXVWDQW�OHV�GDGHV�D�XQD�DSUR[LPDFLy�TXDGUjWLFD�DPE�VXSRUW�LQIRUPjWLF��.DOHLGDJUDSK��Y���������������$EHOEHFN

6RIWZDUH��

)LJXUD� ����� 'HWHUPLQDFLy� GH� OD� SqUGXD� GH� FjUUHJD� FRQQHFWDQW� �� UHDFWRUV� HQ� SDUDOÂOHO�� ��� 'LSzVLW� G¶DLJXD�� ��
6REUHL[LGRU�����7XEHULD�GH�GHVJXjV�����(QWUDGD�G¶DLJXD�����6RUWLGD�G¶DLJXD�GHO�GLSzVLW�� ���9jOYXOD�GH�FRPSRUWD����
5HDFWRUV�GH�OOLW�HPSDFDW�
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3

4
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&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

������ (IHFWH�GHO�PDWHULDO�GH�VXSRUW�HQ�HO�GHVHQYROXSDPHQW�GHO�ELRILOP

'HVSUpV�G¶KDYHU�VH�GHFDQWDW�SHU�OD�FRQILJXUDFLy�GH�UHDFWRU�GH�OOLW�HPSDFDW�IL[�DPE�PHGL�SRUyV�FRP�D�VXSRUW�GH�FRORQLW]DFLy��SHU

WDO�G¶REWHQLU�HO�Pj[LP�GH�VXSHUItFLH�GH�PRVWUHLJ�HQ�HO�PtQLP�HVSDL�SRVVLEOH��V¶KDYLD�G¶HVFROOLU�HO� WLSXV�GH�PDWHULDO�TXH�IRUPDULD

SDUW�GHOV� UHDFWRUV�FRP�D�PHGL� SRUyV��7HQLQW� HQ� FRPSWH�HOV�H[SHULPHQWV�SUHYLV�GHO�*UXS�(XURSHX�G¶(VWXGL� GH� OHV�%LRPDVVHV

$GKHULGHV� �/HY\� ������� HQV� YDP� GHFLGLU� SHU� XWLOLW]DU� HVIHUHV� GH� YLGUH� GH� �� PP� GH� GLjPHWUH�� /HV� FDUDFWHUtVWLTXHV� G¶DTXHVW

PDWHULDO�QR�DIDYRUHL[HQ�HO�FUHL[HPHQW�GHOV�PLFURRUJDQLVPHV��HVSHFLDOPHQW�VL�KR�FRPSDUHP�DPE�PDWHULDOV�PROW�PpV�LGRQLV�HQ

DTXHVW�VHQWLW��FRP�HO�39&��3HW]ROGW�������.HHYLO�HW�DO����������1R�REVWDQW��HV�WUDFWD�G¶XQ�PDWHULDO�PROW�DVVHTXLEOH� L�HFRQzPLF�

PROW�DGHTXDW�FRP�D�VXSRUW�SHU�SRGHU�FRPSDUDU�HO�GHVHQYROXSDPHQW�GHOV�ELRILOPV� IRUPDWV��'¶DOWUD�EDQGD��HO�YLGUH�KD�HVWDW�XQ

GHOV�PDWHULDOV�PpV�XWLOLW]DWV�SHU�HVWXGLDU� O¶DGKHUqQFLD�PLFURELDQD�D�VXSHUItFLHV��&RVWHUWRQ�HW�DO��������� L�XQ�GHOV�TXH�HV� WHQHQ

PpV�GDGHV�ELEOLRJUjILTXHV�

6¶KD�UHDOLW]DW�XQ�H[SHULPHQW�SHU�FDOLEUDU�HO�VLVWHPD�H[SHULPHQWDO�L�FRPSURYDU�O¶HIHFWH�GHO�PDWHULDO�GH�VXSRUW�VREUH�HO�FUHL[HPHQW

GHOV�ELRILOPV��FRPSDUDQW�OD�FDSDFLWDW�GH�GLIHUHQWV�PDWHULDOV�GH�VXSRUW�SHU�DIDYRULU�HO�GHVHQYROXSDPHQW�GH�ELRILOPV��/¶HVWXGL�V¶KD

FHQWUDW�HQ�DYDOXDU�O¶LPSDFWH�GHOV�PDWHULDOV�HQ�HO�GHVHQYROXSDPHQW�GHO�ELRILOP��(OV�PDWHULDOV�WHVW�V¶KDQ�XWLOLW]DW�FRP�D�PHGL�SRUyV

GLQV�GHOV�UHDFWRUV�GH�OOLW�HPSDFDW�IL[�GH�OD�PDWHL[D�IRUPD�TXH�OHV�HVIHUHV�GH�YLGUH��GHWHUPLQDQW�OD�LQIOXqQFLD�TXH�OD�VHOHFFLy�GHOV

PDWHULDOV�SUHVHQWD�HQ�OD�FRORQLW]DFLy�L�HO�FUHL[HPHQW�EDFWHULj�

$�PpV�GHO�YLGUH��XWLOLW]DW�FRP�D�PDWHULDO�GH�VXSRUW�HVWjQGDUG�SHU�D� OD� UHDOLW]DFLy�GHOV�H[SHULPHQWV�GH�FRORQLW]DFLy�PLFURELDQD�

V¶KDQ�HVFROOLW�PDWHULDOV�GH�VXSRUW�PHWjOÂOLFV�HQ�IRUPD�G¶HVIHUHV�GH���PP�GH�GLjPHWUH�G¶DOLDWJH�G¶DFHU�DO�FURP��$,6,�������$670

$������16.��)(<&��6�$���%DUFHORQD��L�DFHU�LQR[LGDEOH�DXVWHQtWLF��$,6,������)(<&��6�$���%DUFHORQD��

(OV�DOLDWJHV�GH�IHUUR�FDUERQL�HV�FODVVLILTXHQ�HQ�DFHUV�TXDQ�HV�WUDFWD�G¶XQ�DOLDWJH�IRUMDEOH�DPE�XQ�FRQWLQJXW�GH�FDUERQL�FRPSUqV

HQWUH�HO�����L�HO��������PHQWUH�TXH�V¶DQRPHQD�IXQGLFLy�DOV�DOLDWJHV�QR�IRUMDEOHV�TXH�SUHVHQWHQ�GHO�����DO����GH�FDUERQL��0D\RO

����D���(OV�DFHUV�DO�FDUERQL�HVWDQ�FRQVWLWXwWV�IRQDPHQWDOPHQW�SHU�IHUUR� L�FDUERQL��PHQWUH�TXH�HOV�DFHUV�DOHDWV�FRQWHQHQ�DOWUHV

HOHPHQWV�G¶DOLDWJH�HQ�TXDQWLWDWV�VLJQLILFDWLYHV��FRP�HO�FURP��QtTXHO��FDGPL��PROLEGq�R�DOWUHV��'H�IHW��HOV�WXEV�G·DFHU�V¶KDQ�XWLOLW]DW

GHV�GH�ID�PROWV�DQ\V�SHU�D�OD�FRQGXFFLy�GH�OtTXLGV��FRP�HQ�FDQRQDGHV�GH�GHVJXjV�GH�IXQGLFLy�JULVD��',1������R�WXEHULHV�G¶DFHU

GROo�DO�FDUERQL��³PLOG�VWHHO´��HQ�OtQLHV�GH�FRQGXFFLy�G¶DLJXD�L�DOWUHV�DSOLFDFLRQV�LQGXVWULDOV��PDOJUDW�TXH�DYXL�HQ�GLD�OD�VHYD�JUDQ

XWLOLWDW�HV�FHQWUD�HQ�DSOLFDFLRQV�RQ�HV�UHTXHUHL[HQ�WXEHULHV�GH�SUHVVLy��7DQPDWHL[��FDQRQDGHV�G¶DFHU�GHVHQYROXSDGHV�LQLFLDOPHQW

SHU�DSOLFDFLRQV�LQGXVWULDOV�FRP�HO�WUDQVSRUW�GH�JDV�L�SHWUROL��V¶HVWDQ�DSOLFDQW�DPE�q[LW�SHU�D�OD�FRQGXFFLy�G¶DLJXD��HVSHFLDOPHQW�HQ

OtQLHV�GH�GLVWULEXFLy�G¶DLJXD�SRWDEOH�GH�VHJXUHWDW��(XURSLSH��6ROODF��'XQNHUTXH���(Q�DTXHVW�FDV��OHV�ERQHV�SURSLHWDWV�GHOV�DFHUV

HV�PLOORUHQ�DPE�XQ�UHYHVWLPHQW�LQWHUQ�GH�PRUWHU�GH�FLPHQW��TXH�FRPSOHL[�DPE�OHV�QRUPHV�DOLPHQWjULHV�L�JDUDQWHL[�OD�SRWDELOLWDW

GH�O¶DLJXD�L�DOKRUD��DPE�XQ�UHYHVWLPHQW�H[WHUQ�GH�SROLHWLOq�TXH�SURWHJHL[�O¶DFHU�GHOV�LPSDFWHV��O¶HQYHOOLPHQW�L�O¶DJUHVVLy�GHO�VzO�

(OV�WXEV�G·DFHU�LQR[LGDEOH�HVWDQ�IDEULFDWV�DPE�DOLDWJHV�EDVDGHV�HQ�HO�IHUUR�TXH�SUHVHQWHQ�XQD�JUDQ�UHVLVWqQFLD�D�OD�FRUURVLy�

GHJXW�D�OD�IRUPDFLy�G¶XQD�FDSD�VXSHUILFLDO�G¶z[LG�GH�FURP�PROW�ILQD��(QFDUD�TXH�HO�FURP���SUHVHQW�FRP�D�PtQLP�HQ�XQ��������

FRQILJXUD� OD� JUDQ� UHVLVWqQFLD� D� OD� FRUURVLy� GHOV� DFHUV� LQR[LGDEOHV�� OD� SUHVqQFLD� G¶DOWUHV� HOHPHQWV� HQ� PRGLILFD� GH� IRUPD

VXEVWDQFLDO� OHV� VHYHV� FDUDFWHUtVWLTXHV� ItVLFR�TXtPLTXHV�� $L[t�� OD� SUHVqQFLD� GH� QtTXHO� PLOORUD� HQFDUD� PpV� OD� UHVLVWqQFLD� D� OD

FRUURVLy�� DXJPHQWDQW� O¶HVWDELOLWDW� GH� OD� FDSD� G¶z[LG� VXSHUILFLDO�� /¶DFHU� LQR[LGDEOH� $,6,� ���� �)H�&U���1L���0R��� DPE� XQ� EDL[

FRQWLQJXW�HQ�FDUERQL�������PD[��GHQVLWDW� ������J�FP����SHUWDQ\�D� OD�IDPtOLD�GHOV�DFHUV�DXVWHQtWLFV��*RRGIHOORZ��������HOV�PpV

UHVLVWHQWV�D�OD�FRUURVLy�DWPRVIqULFD� L�D�FHUWV�jFLGV��6yQ�HOV�TXH�SUHVHQWHQ�PLOORUV�FDUDFWHUtVWLTXHV�PHFjQLTXHV�D�WHPSHUDWXUHV

HOHYDGHV�� L� SHU� DL[z� V¶XWLOLW]HQ� HVSHFLDOPHQW� FRP� D� HOHPHQWV� GH� IRUQV�� FDOGHUHV�� WRUUHV� GH� UHIULJHUDFLy�� LQWHUFDQYLDGRUV� L�� HQ

JHQHUDO��WRW�WLSXV�G¶LQVWDOÂODFLRQV�LQGXVWULDOV�



��� 0DWHULDO�L�0qWRGHV��

$�SDUW�GH�OHV�FDQRQDGHV�GH�ILEURFLPHQW�SHU�VDQHMDPHQW�L�SUHVVLy��81(��������81(���������DFWXDOPHQW�OHV�WXEHULHV�SOjVWLTXHV

R�GH�UHVLQHV�V¶KDQ�LQWURGXwW�GHILQLWLYDPHQW�HQ�OD�GLVWULEXFLy�G¶DLJXD�SRWDEOH��RFXSDQW� OD�SDUW�PpV�LPSRUWDQW�GHO�VHFWRU��7XEHULHV

IDEULFDGHV� DPE� UHVLQHV� GH� GLIHUHQWV� IDPtOLHV� V¶KDQ� LQWHQWDW� DSOLFDU� SHU� D� OD� FRQGXFFLy� G¶DLJ�HV� UHVLGXDOV�� DLJ�HV� SRWDEOHV� L

SURGXFWHV�TXtPLFV�LQGXVWULDOV��DPE�PpV�R�PHQ\V�q[LW�

&DO� FLWDU� HO� 39&� �FORUXU� GH� SROLYLQLO�� XWLOLW]DW� jPSOLDPHQW� HQ� OD� GLVWULEXFLy� G¶DLJXD� SRWDEOH� HQ� OHV� VHYHV� GLIHUHQWV� YDULDQWV�

HVSHFLDOPHQW� HO� 39&� UtJLG� SHU� FRQGXFFLRQV� G¶HYDFXDFLy� G¶DLJXD� SRWDEOH� L� DLJ�HV� UHVLGXDOV� �81(��������� FDQRQDGHV� GH

VDQHMDPHQW�SHU�FROÂOHFWRUV�L�[DU[HV�GH�FODYHJXHUDP��81(���������[DU[HV�GH�GUHQDWJH�L�VLVWHPHV�GH�FDQRQDGHV�DO�VzO��FROÂOHFWRUV

G¶DLJ�HV�SOXYLDOV�L�FRQGXFWHV�G¶DLUH�L�JDV��0D\RO�����D��

7DPEp�V¶XWLOLW]D�jPSOLDPHQW�HO�3(� �SROLHWLOq���HQ� OHV�VHYHV�GXHV�YDULDQWV�GH�SROLHWLOq�GH�EDL[D�GHQVLWDW�R�/'3(� �81(�������� L

SROLHWLOq�G¶DOWD�GHQVLWDW�R�+'3(��81(���������HQ�FDQRQDGHV�G¶DLJXD�SRWDEOH��DLJ�HV�EUXWHV�L�DSOLFDFLRQV�LQGXVWULDOV�L�LUULJDFLy��(O

SROLHWLOq� UHWLFXODU�3(�5� �81(�������� SHUPHW� WHPSHUDWXUHV� G¶XWLOLW]DFLy� HQ� UqJLP� SHUPDQHQW� GH� ��������&�� SHU� OD� TXDO� FRVD

V¶XWLOLW]D�SHU�D�OD�FLUFXODFLy�G¶DLJXD�FDOHQWD��HQ�FDOHIDFFLRQV��WHUUD�UDGLDQW��L�DLJXD�VDQLWjULD��0D\RO�����D��

'¶DOWUD�EDQGD�� OHV�FDQRQDGHV�GH�SROLpVWHU� UHIRUoDGHV�DPE� ILEUD�GH�YLGUH�R�35)9� �81(���������V¶XWLOLW]HQ�HVSHFLDOPHQW�SHU� D

XVRV�LQGXVWULDOV�L�WXEHULHV�D�SUHVVLy�GH�JUDQ�GLjPHWUH�

)LQDOPHQW�� FDOGULD� FLWDU� HO�33� �SROLSURSLOq�� HQ� SUHVqQFLD� GH� WHPSHUDWXUHV� HOHYDGHV�� HQ� LQVWDOÂODFLRQV� D� SUHVVLy� G¶DLJXD� IUHGD�

FDOHQWD��KLGURVDQLWjULD��FDOHIDFFLy�L�G¶DLUH�FRQGLFLRQDW�UHIULJHUDW�SHU�DLJXD�L�HQ�EDL[DQWV�SHU�LQVWDOÂODFLRQV�GH�VDQHMDPHQW�

'HJXW�D�OD�LPSRUWjQFLD�GH�OHV�FDQRQDGHV�SOjVWLTXHV�V¶KDQ�HVFROOLW�HVIHUHV�GH���PP�GH�GLjPHWUH�G¶$%6��$%6�67$5(;��GHQVLWDW

 ������J�FP����8QDVD��%DUFHORQD���FRP�D�FRQWURO�SRVLWLX�GH�FRORQLW]DFLy�PLFURELDQD��SHU�FRPSDUDU�DPE� O¶HIHFWH�SURGXwW�HQ�HOV

DOWUHV�PDWHULDOV��$TXHVWD�UHVLQD�GH�OD�IDPtOLD�GHOV�HVWLUHQV�pV�XQ�FRSROtPHU�G¶DFULORQLWULO��EXWDGLq�L�HVWLUq��TXH�SHO�VHX�ERQ�DVSHFWH

VXSHUILFLDO�V¶XWLOLW]D�HQ�FDPSV�EHQ�GLYHUVRV�FRP�O¶HOqFWULF��OD�LQG~VWULD�GH�O¶DXWRPzELO�L�OD�LQG~VWULD�HQ�JHQHUDO��SHU�H[HPSOH�HQ�OD

FRQVWUXFFLy�G¶DL[HWHV�L�HQ�HO�VHFWRU�KLGURVDQLWDUL�

/HV�PRVWUHV�GH�FDGD�PDWHULDO�V¶KDQ�HPSDTXHWDW�GLQV�GHOV� WXEV�G¶DFHU� LQR[LGDEOH�GHOV� UHDFWRUV� L� V¶KDQ�HVWHULOLW]DW� GH� OD� IRUPD

DGLHQW� HQ� FDGD� FDV�� (OV� PDWHULDOV� PHWjOÂOLFV� L� HO� YLGUH� V¶KDQ� HVWHULOLW]DW� DPE� O¶DXWRFODX� GH� OD� IRUPD� KDELWXDO�� PHQWUH� TXH� HOV

PDWHULDOV�SOjVWLFV�V¶KDQ�HVWHULOLW]DW�DPE�XQD�VROXFLy�G¶KLSRFORULW�VzGLF������P/�������/��DO�������GXUDQW���KRUHV��(OV�UHDFWRUV�GH

PHGL� SRUyV� ���� UHDFWRUV� DPE� PDWHULDOV� GLIHUHQWV�� HV� YDQ� H[SRVDU� D� O¶DLJXD� IUHjWLFD� GH� IRUPD� VLPXOWjQLD�� PDQWHQLQW� XQ� IOX[

FRQVWDQW�DL[t�FRP� OHV�PDWHL[HV�FRQGLFLRQV�DPELHQWDOV�SHU�DOV� UHDFWRUV�DO� OODUJ�GH� WRW� O¶H[SHULPHQW��FRP� OD� WHPSHUDWXUD��FDEDO�

YHORFLWDW�GH�O¶DLJXD�R�HO�FDUERQL�RUJjQLF�ELRGHJUDGDEOH��(OV�UHDFWRUV�SOHQV�DPE�HVIHUHV�GH�YLGUH��$%6��DFHU�R�DFHU�LQR[�HQ�IXQFLy

GH�FDGD�FDV�HV�YDQ�GHL[DU����L����GLHV�HQ�FRQWDFWH�DPE�O¶DLJXD�VXEWHUUjQLD�±�D�FDEDO�FRQVWDQW����GH�O¶HVWDFLy�H[SHULPHQWDO�GH

&$66$�D�6DEDGHOO��)LQDOPHQW��HV�YD�UHDOLW]DU�HO�UHFRPSWH�GH�YLDEOHV�GHOV�ELRILOPV�GHVHQYROXSDWV��GH� OD� IRUPD�KDELWXDO� �YHXUH

�������

������ 3URFHVVDW�GH�OHV�PRVWUHV��UHQWDW�L�VRQLFDFLy

/HV�PRVWUHV�SHU�DQDOLW]DU�HO�ELRILOP�UHTXHULHQ�XQ�SURFHVVDW�DO�ODERUDWRUL�SHU�VHSDUDU�HOV�PLFURRUJDQLVPHV�DGKHULWV�DO�PDWHULDO�GH

VXSRUW��YHXUH�)LJXUD�������L�317���D�O¶DQQH[���(O�SULPHU�SDV�HQ�HO�SURFHVVDW�GH�OHV�PRVWUHV�DO�ODERUDWRUL�KD�HVWDW�VHPSUH�HO�UHQWDW

GHOV�UHDFWRUV�GH�OOLW�HPSDFDW�IL[��SHU�VHSDUDU�HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�TXH�QR�HVWDYHQ�DGKHULWV�GH�IRUPD�LUUHYHUVLEOH�D�OD

VXSHUItFLH�GHO�PDWHULDO�GH�VXSRUW�

6¶KD�HVWXGLDW� OD� LGRQHwWDW�GH�WUHV�WLSXV�GLIHUHQWV�GH�UHQWDWV��$��%� L�&��YHXUH�)LJXUD��������'HVSUpV�G¶LQVWDOÂODU����UHDFWRUV��V¶KD

FRPSDUDW�HOV�UHQWDWV�$�L�%�HQ���H[SHULPHQWV�LQGHSHQGHQWV�DQDOLW]DQW�HOV�UHDFWRUV�SHU�SDUHOOHV��UHQWDW�$�L�%���GHVSUpV�GH������L���

GLHV�GH�FRQWDFWH�DPE�O¶DLJXD�VXEWHUUjQLD�±D�FDEDO�FRQVWDQW��GHO�SRX�GH�O¶HVWDFLy�H[SHULPHQWDO�GH�6DQW�0DUWt��7RWV�HOV�UHDFWRUV

KDQ�HVWDW�VRWPHVRV�D�OHV�PDWHL[HV�FRQGLFLRQV�DPELHQWDOV�GXUDQW�WRW�O¶H[SHULPHQW��FRP�OD�WHPSHUDWXUD��FDEDO��YHORFLWDW�GH�O¶DLJXD

R�HO�FDUERQL�RUJjQLF�ELRGHJUDGDEOH�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

3RVWHULRUPHQW��V¶KD� UHDOLW]DW�HO� UHFRPSWH�GH� YLDEOHV�GHOV�ELRILOPV�GHVHQYROXSDWV�GH� OD� IRUPD�KDELWXDO� �YHXUH���������(O�PDWHL[

H[SHULPHQW�V¶KD�UHSHWLW�GH�OD�PDWHL[D�IRUPD�H[SOLFDGD�DEDQV�DPE����UHDFWRUV�PpV��FRPSDUDQW�DTXHVWD�YHJDGD�HO�UHQWDW�%�DPE

HO�&��/HV�FDUDFWHUtVWLTXHV�JHQHUDOV��GHOV�WUHV�UHQWDWV�DQDOLW]DWV�HV�UHVXPHL[HQ�D�OD�)LJXUD������

q 5HQWDW�$��DERFDQW�����P/�GH�VROXFLy�VDOLQD�HVWqULO�������1D&O��DO�UHDFWRU�GH�OOLW�HPSDFDW�

q 5HQWDW�%��RQ�GHVSUpV�GH�IHU�VH�HO�UHQWDW�$��OHV�HVIHUHV�GH�YLGUH�HV�WUDQVIHULHQ�GLQV�G¶XQ�UHFLSLHQW�GH�SOjVWLF�HVWqULO��SOH�DPE

���P/�GH�V�V��HVWqULO� ������1D&O��� L� GHVSUpV� V¶DERFDYD� WRW� HO� FRQWLQJXW� GLQV�G¶XQD�[HULQJD�GH����P/�EXLGD�� /HV�HVIHUHV

FRQWLQJXGHV� GLQV� GH� OD� [HULQJD� HV� UHQWDYHQ� DPE� ����P/�PpV� GH� V�V�� HVWqULO� ������1D&O�� � L� HV� SRVDYHQ� GLQV� G¶XQ� DOWUH

UHFLSLHQW�SOH�DPE����P/�GH�V�V��D�OD�PDWHL[D�FRQFHQWUDFLy�

q 5HQWDW�&��RQ�D�GLIHUqQFLD�GHOV�DQWHULRUV�� OHV�HVIHUHV�GH�YLGUH�HV� WUDQVIHULHQ�GLUHFWDPHQW�GLQV�G¶XQ�UHFLSLHQW�GH�SOjVWLF�SOH

DPE����P/�GH�V�V��HVWqULO�������1D&O���3RVWHULRUPHQW��HV�UHDOLW]DYHQ�WUHV�UHQWDWV�FRQVHFXWLXV�DPE�XQD�PLFURSLSHWD��WUDLHQW

HOV����P/�GH�V�V��� DIHJLQW�QH����PpV�FDGD�YHJDGD� L� UHDOLW]DQW� XQD� OOHXJHUD�DJLWDFLy�SHU� URWDFLy�� VHQVH�GRQDU� OD� YROWD� DO

UHFLSLHQW�

7DPEp�V¶KD�DQDOLW]DW�OD�TXDQWLWDW�GH�PLFURRUJDQLVPHV�SUHVHQWV�DOV�OL[LYLDWV�UHVXOWDQWV�GH�OD�UHDOLW]DFLy�GH�FDGD�XQ�GHOV�UHQWDWV�

/HV�DLJ�HV�GH� UHQWDW� V¶KDQ� UHFROOLW� HQ�DPSROOHV�6FKRWW� HVWqULOV� L� V¶KDQ� ILOWUDW� VHJRQV� OD�PHWRGRORJLD�KDELWXDO� �YHXUH� ������� SHU

GHWHUPLQDU�QH�HO�QRPEUH�GH�PLFURRUJDQLVPHV�

8QD� YHJDGD� V¶KD� UHDOLW]DW� HO� UHQWDW� OHV�PRVWUHV� HV� VRWPHWHQ� D� XQ� EDQ\� G¶XOWUDVRQV� �6HOHFWD� ��������� ����Z�� �����+]��� SHU

VHSDUDU�HOV�PLFURRUJDQLVPHV�GHO�PDWHULDO�GH�VXSRUW��DQDOLW]DQW�VH�HO�OtTXLG�UHVXOWDQW�GH�OD�IRUPD�KDELWXDO��6HJXLQW�HOV�WUHEDOOV�GHO

*UXS�(XURSHX�G¶(VWXGL�GH�OHV�%LRPDVVHV�$GKHULGHV��/HY\�������3LULRX��������V¶KD�UHDOLW]DW�XQD�~QLFD�VRQLFDFLy�GH�OHV�PRVWUHV�

GXUDQW���PLQXWV��$OWUHV� IDFWRUV� LPSRUWDQWV�D� WHQLU� HQ� FRPSWH� �YHXUH�7DXOD������ VyQ� OD�SRVLFLy�GHO� UHFLSLHQW� GLQV�GHO� VRQLFDGRU

VHQVH� WRFDU�HO� IRQV� L�HO�QLYHOO�GH� O¶DLJXD�GHO�VRQLFDGRU����FP�SHU�VREUH� UHVSHFWH�DO�QLYHOO� LQWHUQ�GHO� UHFLSLHQW�DPE� OHV�HVIHUHV�

'HVSUpV�GH�OD�VRQLFDFLy�OD�PRVWUD�V¶DJLWD�DO�YzUWH[��+HLGROSK�5HD[�������D�OD�Pj[LPD�YHORFLWDW�GXUDQW����VHJRQV�L��ILQDOPHQW��GH

IRUPD�PDQXDO�XQHV����YHJDGHV�SHU�DVVHJXUDU�OD�VHYD�KRPRJHQHwW]DFLy�

Recompte total
(AODC)

Filtració de membrana

Recompte de viables (ufc)

NaCl
0,9%

3 min.
NaCl 0,9%

Rentat Sonicació Dilució

)LJXUD�������3URFHVVDPHQW�SUHYL�L�DQjOLVL�GH�OHV�PRVWUHV�GH�ELRILOP�



��� 0DWHULDO�L�0qWRGHV��

)LJXUD�������7LSXV�GH�UHQWDWV�GH�OHV�PRVWUHV�SHU�VHSDUDU�HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�QR�DGKHULWV�GH�IRUPD�LUUHYHUVLEOH�

5HQWDU�DPE
����P/�V�V�

���P/�V�V� ���P/�V�V�

5HQWDU�DPE
����P/�V�V�

5HQWDW�%

5HQWDW�$
5HQWDU�DPE
����P/�V�V�

7UHXUH�$LJ�HV
GH�5HQWDW���P/�V�V�

$JLWDFLy�SHU
URWDFLy�OOHXJHUD

5HSHWLU���YHJ�

�HU��5HQWDW

�HU��5HQWDW

5HQWDW�&

$IHJLU
���P/�V�V�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

7DXOD� �����3ULQFLSDOV� UHFRPDQDFLRQV� GHO�*UXS�(XURSHX� G¶(VWXGL� GH� OHV� %LRPDVVHV� $GKHULGHV�� UHVSHFWH� D� OD� VRQLFDFLy� GH
ELRILOPV�DGKHULWV�HQ�HVIHUHV�GH�YLGUH�

35272&2/�621,&$&,Ï

7HPSV�GH�VRQLFDFLy ��VRQLFDFLy�GH���PLQ�

%DQ\�G¶XOWUDVRQV 3URSRUFLy�FRQVWDQW���������HQWUH�SRWHQFLD��:��L�YROXP�GHO�EDQ\��/��

1LYHOO�GH�O¶DLJXD�GLQV�HO�EDQ\ 7UHEDOODU�DPE�XQ�QLYHOO�PtQLP�GLQV�GHO�EDQ\�G¶XOWUDVRQV������FP���

1R�UHSRVDU�VREUH�HO�IRQV��'HL[DU�UHSRVDU�VREUH�SHoD�GH�YLGUH�

+D�G¶H[LVWLU�XQ�YROXP�PtQLP�D�SDUWLU�GHO�IRQV�GHO�EDQ\�G¶XOWUDVRQV

6LWXDFLy�GHO�UHFLSLHQW

(O�QLYHOO�GHO�EDQ\�G¶XOWUDVRQV�KD�GH�VXSHUDU�HQ���FP�HO�QLYHOO� LQWHUQ�GHO
UHFLSLHQW

0DWHULDO�GHO�UHFLSLHQW 3UHIHULEOH�HQ�YLGUH��GHJXW�D�OD�PLOORU�WUDQVPLVVLy�GH�OHV�RQHV�G¶XOWUDVRQV�

(VTXHPD

����FP

��FP

������ $YDOXDFLy�GH�OD�UHSURGXFWLELOLWDW�GH�OD�IRUPDFLy�GH�ELRILOPV

6¶KD�LQWHQWDW�DVVHJXUDU�DO�Pj[LP�OD�UHSURGXFWLELOLWDW�GHOV�GLIHUHQWV�H[SHULPHQWV�UHDOLW]DWV��SURFXUDQW�TXH�HO�GHVHQYROXSDPHQW�L�OD

UHFXSHUDFLy�GHOV�ELRILOPV�HV�SURGXtV� VHPSUH� VRWD� OHV�PDWHL[HV� FRQGLFLRQV�� 7RW� L� DL[z�� pV� LQHYLWDEOH� TXH� HV� SURGXHL[LQ� FHUWHV

YDULDFLRQV�� DWULEXwEOHV� VREUHWRW� D� FDQYLV� HQ� OHV� FRQGLFLRQV� DPELHQWDOV� GH� O¶DLJXD� DO� OODUJ� GH� O¶DQ\� L�� HQ� PHQRU� PHVXUD�� D

RVFLOÂODFLRQV�PtQLPHV�GH�FDEDO�HQWUH�HOV�PRVWUHMDGRUV�

(OV�HIHFWHV�DFXPXODWLXV�GHOV�GLIHUHQWV�HUURUV�V¶KDQ�PHVXUDW�FRPSDUDQW��HQ�SULPHU� OORF�� OD� UHFXSHUDFLy�GH�EDFWHULV�GH� UHDFWRUV

H[SRVDWV� GH� IRUPD� VLPXOWjQLD� DO� FRQWDFWH� DPE� O¶DLJXD� VXEWHUUjQLD�� GXUDQW� HO� PDWHL[� SHUtRGH� GH� WHPSV� L� HQ� OHV� PDWHL[HV

FRQGLFLRQV�DPELHQWDOV��3HU�DL[z��XQ�WRWDO�GH����PRVWUHMDGRUV�HV�YDQ�H[SRVDU�D�O¶DLJXD�VXEWHUUjQLD�GHO�SRX�G¶$OIRQV�HO�0DJQjQLP�

D�O¶HVWDFLy�H[SHULPHQWDO�GH�6DQW�0DUWt��%HVyV���GXUDQW����GLHV��3DVVDW�DTXHVW�WHPSV��HV�YD�UHDOLW]DU�HO�UHFRPSWH�GHOV�EDFWHULV

SUHVHQWV�DO�ELRILOP�GH�OD� IRUPD�KDELWXDO��XWLOLW]DQW� O¶DJDU�5�$� L� ILOWUDFLy�SHU�PHPEUDQD��YHXUH���������$TXHVW�H[SHULPHQW�QR�HQV

SHUPHW�DWULEXLU�HOV�HUURUV�D�FDS�IDFWRU�HQ�SDUWLFXODU��PDOJUDW�TXH�HQV�GyQD�XQD�LGHD�GH�OD�LPSRUWjQFLD�UHODWLYD�GHOV�HUURUV�SURGXwWV

GXUDQW�WRW�HO�SURFpV�



��� 0DWHULDO�L�0qWRGHV��

������ (IHFWH�GH�O¶HVIRUo�GH�FLVDOOD�HQ�HO�GHVHQYROXSDPHQW�GHO�ELRILOP

6¶KDQ�UHDOLW]DW�GRV�H[SHULPHQWV�SHU�GHWHUPLQDU�FRP�LQIOXHL[�OD�YDULDFLy�GH�O¶HVWUqV�GH�FLVDOOD�HQ�HO�GHVHQYROXSDPHQW�GHOV�ELRILOPV

DO�VLVWHPD�H[SHULPHQWDO��/¶HVIRUo�R�HVWUqV�GH�FLVDOOD�DXJPHQWD�DPE�OD�YHORFLWDW�GH�O¶DLJXD�TXH�FLUFXOD�SHO�UHDFWRU��YHXUH�)LJXUD

�����IHW�TXH�UHSHUFXWLUj�QHJDWLYDPHQW�VREUH�OD�IRUPDFLy�GHOV�ELRILOPV��=HOYHU�HW�DO��������/HZDQGRZVNL�	�6WRRGOH\��������$�PpV�

DTXHVW�SDUjPHWUH�DIHFWD�D�DOWUHV�SURFHVVRV�TXH�FRQWULEXHL[HQ�D�OD�IRUPDFLy�GHOV�ELRILOPV��FRP�VyQ�HO�WUDQVSRUW�GH�QXWULHQWV��OD

XQLy� L�VHSDUDFLy�GH�FqOÂOXOHV�D� OD�VXSHUItFLH� �3H\WRQ�	�&KDUDFNOLV�������� L� ILQV� L� WRW� OD�SUzSLD�HVWUXFWXUD�GHOV�ELRILOPV��%U\HUV�	

&KDUDFNOLV�������6WRRGOH\�HW�DO���������7DPEp�pV�LPSRUWDQW�VDEHU�GH�TXLQD�IRUPD�HV�SURGXHL[�OD�YDULDFLy�GH�O¶HVIRUo�GH�FLVDOOD�

$OJXQV�HVWXGLV�UHPDUTXHQ�TXH�FDQYLV�SURJUHVVLXV�DIHFWHQ�PROW�PHQ\V�DO�GHVHQYROXSDPHQW�GHOV�ELRILOPV�TXH�VL�HV�SURGXHL[HQ

YDULDFLRQV�EUXVTXHV��3H\WRQ�	�&KDUDFNOLV��������3HU�WRWV�DTXHVW�PRWLXV��V¶KD�DJDIDW�O¶HVIRUo�GH�FLVDOOD�D�OD�LQWHUIDVH�VXSHUItFLH�

ELRILOP�GHWHUPLQDW�D�SDUWLU�GH�O¶HTXDFLy�������FRP�D�IDFWRU�EjVLF�SHU�GHWHUPLQDU�HO�SRWHQFLDO�GH�IRUPDFLy�GH�ELRILOPV�

(Q�HO�SULPHU�H[SHULPHQW�UHDOLW]DW�V¶KDQ�VRWPqV����UHDFWRUV�GH�OOLW�HPSDFDW�G¶LJXDO�SRURVLWDW��SOHQV�G¶HVIHUHV�GH�YLGUH�GH���PP�GH

GLjPHWUH��D�GLIHUHQWV�YHORFLWDWV�GHO� IOX[��'HVSUpV�G¶HVWHULOLW]DU�HO�VLVWHPD�D� O¶DXWRFODX�V¶KDQ�GHL[DW�HOV� UHDFWRUV�HQ�FRQWDFWH�GH

IRUPD�VLPXOWjQLD�DPE�O¶DLJXD�GH�OD�PLQD�GH�5LEDWDOODGD�GXUDQW����L����GLHV��(OV�GLIHUHQWV�FDEDOV�HV�YDQ�DMXVWDU�VLPXOWjQLDPHQW

JUjFLHV� D� FODXV� G¶HVIHUD� VLWXDGHV� MXVW� DEDQV� GHOV� UHDFWRUV� �YHXUH� )LJXUD� ������� � 7RWV� HOV� UHDFWRUV� KDQ� HVWDW� VRWPHVRV� D� OHV

PDWHL[HV�FRQGLFLRQV�DPELHQWDOV�DO�OODUJ�GH�O¶H[SHULPHQW��6¶KD�UHDOLW]DW�HO�UHFRPSWH�GH�YLDEOHV�GHOV�ELRILOPV�GHVHQYROXSDWV��GH�OD

IRUPD�KDELWXDO�

1E2E3E4E5E

1D2D3D4D5D

Cabal (L/h)

1D 95

2D 95

3D 120

4D 125

5D 130

1E 130

2E 160

3E 165

4E 215

5E 215

Material: Esferes vidre 5 mm ∅

)LJXUD�������([SHULPHQW�SHU�GHWHUPLQDU�OD�LQIOXqQFLD�GH�O¶HVIRUo�GH�FLVDOOD�VREUH�HO�GHVHQYROXSDPHQW�GHO�ELRILOP�YDULDQW�HO�FDEDO�L�D
SRURVLWDW�FRQVWDQW�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

7HQLQW�HQ�FRPSWH�TXH�HO�VLVWHPD�H[SHULPHQWDO�HVWj�EDVDW�HQ�UHDFWRUV�GH�OOLW�HPSDFDW�IL[��OD�SRURVLWDW�GHO�PHGL�GH�VXSRUW�LQIOXLUj

G¶XQD� IRUPD� LPSRUWDQW� VREUH� OD� YHORFLWDW� GHO� IOXLG�� O¶HVIRUo� GH� FLVDOOD� L�� SHU� WDQW�� VREUH� HO� GHVHQYROXSDPHQW� GHOV� ELRILOPV�� 3HU

DTXHVW�PRWLX�� V¶KD� UHDOLW]DW� XQ� VHJRQ� H[SHULPHQW� �YHXUH� )LJXUD� ������ RQ� V¶KD� YDULDW� OD� SRURVLWDW� GHO� PHGL� GH� VXSRUW�� DIHJLQW

HVIHUHV� GH� GLIHUHQW� GLjPHWUH� GLQV� GHOV� UHDFWRUV�� WHQLQW� HQ� FRPSWH� TXH� FRP� PpV� JUDQ� VLJXL� HO� GLjPHWUH� GH� OHV� HVIHUHV� TXH

XWLOLW]HP� PDMRU� VHUj� OD� SRURVLWDW� L� PHQRU� OD� YHORFLWDW� PLWMDQD� GHO� IOX[�� /HV� GLIHUHQWV� SRURVLWDWV� V¶KDQ� DFRQVHJXLW� DGDSWDQW� �

PRVWUHMDGRUV�HQ� VqULH�� FDGD�XQ�G¶HOOV� DPE� XQD� SRURVLWDW� FDUDFWHUtVWLFD� GLIHUHQW�� (V� YDQ� � DIHJLU� HVIHUHV� GH� YLGUH� GH� ��PP�GH

GLjPHWUH�DO�SULPHU�UHDFWRU����PP�DO�VHJRQ�UHDFWRU����PP�DO�WHUFHU�L���PP�DO�TXDUW�

'HVSUpV�G¶HVWHULOLW]DU�WRW�HO�VLVWHPD�GH�OD�PDQHUD�KDELWXDO�HV�YDQ�GHL[DU����GLHV�HQ�FRQWDFWH�DPE�O¶DLJXD�VXEWHUUjQLD�GH�O¶HVWDFLy

H[SHULPHQWDO�GH�&$66$�D�6DEDGHOO��D�FDEDO�FRQVWDQW������/�K���3DVVDW�HO�WHPSV�G¶H[SRVLFLy�D�O¶DLJXD�HV�YD�UHDOLW]DU�HO�UHFRPSWH

GH�YLDEOHV�GHOV�ELRILOPV�GHVHQYROXSDWV��GH�OD�IRUPD�KDELWXDO�

)LJXUD� ������([SHULPHQW� SHU� GHWHUPLQDU� OD� LQIOXqQFLD� GH� O¶HVIRUo� GH� FLVDOOD� VREUH� HO� GHVHQYROXSDPHQW� GHO� ELRILOP� YDULDQW� OD
SRURVLWDW�GH���UHDFWRUV�GH�OOLW�HPSDFDW�L�PDQWHQLQW�HO�FDEDO�FRQVWDQW�D�O¶HQWUDGD�

������� ,QIOXqQFLD�GHO�ELRILOP�HQ�OD�KLGURGLQjPLFD�GHO�PHGL�SRUyV

/D� LQIOXqQFLD� GHO� ELRILOP� HQ� HO� UqJLP� KLGUjXOLF� HV� SRW� FDOFXODU� PHVXUDQW� OD� SRURVLWDW� HQ� OHV� GLIHUHQWV� HWDSHV� GHO� VHX

GHVHQYROXSDPHQW� �&XQQLQJKDP� HW� DO�� ������� (Q� SULPHU� OORF� HV�PHVXUD� OD� SRURVLWDW� PLWMDQD� GHO� OOLW� QHW� �VHQVH� ELRILOP��� GH� OD

PDQHUD�H[SOLFDGD�DQWHULRUPHQW��YHXUH���������3RVWHULRUPHQW�HV�FDOFXOD�OD�SRURVLWDW�GHO�OOLW�HPSDFDW�DPE�ELRILOP��εI��DPE�O¶HTXDFLy

������FRQHL[HQW�HO�JUXL[�PLWMj�GHO�PDWHL[�D�SDUWLU�GH�OHV�PHVXUHV�UHDOLW]DGHV�DPE�PLFURVFzSLD�FRQIRFDO��YHXUH��������

)LQDOPHQW�� OD� LQIOXqQFLD�GHO�ELRILOP�HQ�HO� UqJLP�KLGUjXOLF� WDPEp�V¶KD�GHWHUPLQDW�PHVXUDQW� LQ� VLWX� OD� SqUGXD�GH� FjUUHJD�TXH�HV

SURGXHL[�DO�UHDFWRU�GH�OOLW�HPSDFDW�GHJXW�D�OD�SUzSLD�IRUPDFLy�GHO�ELRILOP��3HU�DL[z��V¶KD�UHDOLW]DW�XQ�PXQWDWJH�LGqQWLF�DO�GHVFULW�D

OD�)LJXUD������LQVWDOÂODQW�DO�UHDFWRU�XQ�HOHPHQW�7�G¶DFHU�LQR[LGDEOH�DPE�URVFD�SHU�SRGHU�DGDSWDU�HO�FDSWRU�GH�SUHVVLy��0DQWHQLQW�HO

FDEDO�FRQVWDQW�D�O¶HQWUDGD�GHO�UHDFWRU�GXUDQW�OD�GXUDFLy�VHQFHUD�GH�O¶H[SHULPHQW������GLHV���V¶KD�PHVXUDW�OD�YDULDFLy�GH�SUHVVLy

SURGXwGD�DPE�OD�FRORQLW]DFLy�GHO�PHGL�SRUyV�JUjFLHV�D�XQ�FDSWRU�GH�SUHVVLy�:LND��:,.$�������������.OLQJHQEHUJ��*HUPDQ\��

/HV�PHVXUHV�V¶KDQ�SURFXUDW�UHDOLW]DU�HQ�OHV�PDWHL[HV�FRQGLFLRQV�L�D�OD�PDWHL[D�KRUD��������D�P����DOV����������������L�����GLHV�

1 2 3 4

Cabal Constant: 200 L/h
∅ esferes

(mm)
1 8
2 6
3 5
4 4



��� 0DWHULDO�L�0qWRGHV��

7RWHV�OHV�GDGHV�REWLQJXGHV�GH�SRURVLWDW�L�SqUGXD�GH�FjUUHJD��MXQW�DPE�OHV�PHVXUHV�GHO�FDEDO�V¶KDQ�XWLOLW]DW�SHU�FDOFXODU�OD�SqUGXD

GH�FjUUHJD�L�HO�IDFWRU�GH�IULFFLy�GHO�PHGL�SRUyV��&XQQLQJKDP�HW�DO���������6¶KDQ�FRPSDUDW�HOV�YDORUV�PHVXUDWV�GHO�IDFWRU�GH�IULFFLy

�I�� DPE� HOV� FRUUHVSRQHQWV� YDORUV� WHzULFV� FDOFXODWV� D� SDUWLU� GH� OHV� HTXDFLRQV� FRUUHVSRQHQWV� VHJRQV� HO� WLSXV� GH� UqJLP� GHO� IOX[

�YHXUH��������

������� $QjOLVL�HVWDGtVWLFD�GH�OHV�GDGHV

7RWHV�OHV�GDGHV�TXH�V¶KDQ�REWLQJXW�DO�OODUJ�G¶DTXHVW�WUHEDOO�HV�YDQ�HQWUDU�HQ�XQ�IXOO�GH�FjOFXO��0LFURVRIW�([FHO������6
KDQ�UHDOLW]DW

FRPSDUDFLRQV�HVWDGtVWLTXHV�DPE�XQ�WHVW�W�R�PLWMDQoDQW�XQD�SURYD�G¶DQjOLVL�GH�OD�YDULDQoD��$129$���FRQVLGHUDQW�OHV�GLIHUqQFLHV

VLJQLILFDWLYHV� D� SDUWLU� G¶XQ� QLYHOO� GHO� ���� /D�PDMRULD� G¶DQjOLVLV� GH� OD� YDULDQoD� V¶KDQ� UHDOLW]DW� DPE� HO� SDTXHW� HVWDGtVWLF� 6366

�6366� Y�������� ������ D� WUDYpV� GHO� PRGHO� OLQHDO� JHQHUDO�� /HV� GDGHV� GHOV� UHFRPSWHV� L� GHQVLWDWV� FHOÂOXODUV� V
KDQ� WUDQVIRUPDW

ORJDUtWPLFDPHQW��GH�IRUPD�SUqYLD�D�OD�UHDOLW]DFLy�GH�OHV�$129$��SHU�HVWDELOLW]DU�OHV�VHYHV�YDULDQFHV�DO�OODUJ�GHO�WHPSV�

'
DOWUD�EDQGD��HO�QRPEUH�GH� � UHDFWRUV�TXH�HV�SRW�VLWXDU�D�FDGD�VLVWHPD�H[SHULPHQWDO�HVWj� OLPLWDW�SHU�GLIHUHQWV� IDFWRUV�� FRP�HO

FDEDO�TXH�KD�GH�FLUFXODU�SHU�O¶LQWHULRU�GH�FDGD�XQ�G¶HOOV��$L[z�KD�HVWDW�XQ�IDFWRU�OLPLWDQW�LPSRUWDQW�HQ�OHV�FLQqWLTXHV�GH�FRORQLW]DFLy

DO�OODUJ�GHO�WHPSV��SHUTXq�QR�SHUPHWLD�UHDOLW]DU�HO�QRPEUH�DGHTXDW�GH�UqSOLTXHV�SHU�FDGD�YDULDEOH�HVWXGLDGD�

3HU�DTXHVW�PRWLX�V¶KD�XWLOLW]DW�XQ�GLVVHQ\�H[SHULPHQWDO�TXH�WUDFWD�G¶RSWLPLW]DU�DO�Pj[LP�HO�QRPEUH�GH�UqSOLTXHV�XWLOLW]DGHV�DO�OODUJ

GHO� SHUtRGH� GH� GXUDFLy� GH� O¶H[SHULPHQW� L�� DO�PDWHL[� WHPSV�� DVVHJXUD� OD� GLVSRVLFLy� DOHDWzULD� GH� FDGD� UHDFWRU� GLQV� GHO� VLVWHPD

H[SHULPHQWDO��GH�IRUPD�TXH�HOV�UHVXOWDWV�QR�GHSHQJXLQ�GH�OD�SRVLFLy�GHOV�UHDFWRUV�

&RQHL[HQW�HOV�IDFWRUV�HVWXGLDWV�DL[t�FRP�OD�GXUDFLy�GH�O¶H[SHULPHQW��V¶KD�DVVLJQDW�D�FDGD�XQ�GHOV�UHDFWRUV�XQ�QRPEUH�FRUUHODWLX

RUGHQDW� GHO� SULPHU� D� O
~OWLP� UHDFWRU� �VqULH� RUGHQDGD��� 3RVWHULRUPHQW�� HV� JHQHUD� XQD� VHT�qQFLD� GH� QRPEUHV� DOHDWRULV� �VqULH

DOHDWzULD�� DPE� HO� PzGXO� G¶DQjOLVL� GH� 0LFURVRIW� ([FHO�� (OV� QRPEUHV� DOHDWRULV� JHQHUDWV� VXEVWLWXHL[HQ� OD� VHT�qQFLD� RULJLQDO� L

VHUYHL[HQ�SHU�VLWXDU�GHILQLWLYDPHQW�FDGD�XQ�GHOV�UHDFWRUV�HQ�HO�VLVWHPD�H[SHULPHQWDO�GHILQLWLX�

6L� HOV� UHDFWRUV� HV� VRWPHWHQ� D� WUDFWDPHQWV� GLIHUHQWV� TXH� LPSOLTXHQ� YDULDFLRQV� HQ� OHV� FRQGLFLRQV� H[SHULPHQWDOV� �SHU� H[HPSOH�

FDQYLDQW�HO�IOX[���WDPEp�V
DOHDWRULW]D�HO�WUDFWDPHQW�TXH�FRUUHVSRQ�D�FDGD�XQ�GHOV�UHDFWRUV�

8QD� YHJDGD� OHV� PRVWUHV� V¶KDQ� SURFHVVDW� GH� OD� IRUPD� KDELWXDO� �YHXUH� ������ L� )LJXUD� ������� HV� TXDQWLILFD� HO� QRPEUH� GH

PLFURRUJDQLVPHV�SUHVHQWV�DOV�ELRILOPV�GHVHQYROXSDWV�DO�PHGL�GH�VXSRUW�GHOV� UHDFWRUV��D�SDUWLU�GHO� UHFRPSWH�GH�YLDEOHV� �YHXUH

��������/HV�GDGHV�GHOV� UHFRPSWHV�GH� YLDEOHV�HQ�SODFD�KDQ� UHSUHVHQWDW� JHQHUDOPHQW� OD�PLWMDQD�GH���SODTXHV�SHU� FDGD�GLOXFLy

DSURSLDGD��H[SUHVVDQW�HOV�UHVXOWDWV�HQ�8IF�P/���SHU�OHV�PRVWUHV�SODQFWzQLTXHV�L�HQ�8IF�FP���SHU�OHV�PRVWUHV�GHO�ELRILOP��(Q�HOV

JUjILFV�V¶DFRVWXPD�D�LQGLFDU��D�PpV�GH�OHV�PLWMDQHV��O¶HUURU�HVWjQGDUG�DVVRFLDW�D�OD�PLWMDQD��6(��HQ�IRUPD�GH�EDUUD�

(OV�UHVXOWDWV�SHU�DOV�UHFRPSWHV�PLFURVFzSLFV�V¶KDQ�REWLQJXW�D�SDUWLU�GH�O¶REVHUYDFLy�GH����FDPSV�PLFURVFzSLFV��4XDQ�HO�QRPEUH

WRWDOV�GH�FqOÂOXOHV�HUD�LQIHULRU�D�OHV������V¶H[DPLQDYHQ�PpV�GH����FDPSV�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

����� �5HVXOWDWV

������ 5HQGLPHQW�GHO�UHDFWRU�GH�OOLW�HPSDFDW

/HV�HVSHFLILFDFLRQV�GHO� UHDFWRU�� OHV�FRQGLFLRQV�G¶RSHUDFLy� L�HO�VHX� UHQGLPHQW�HV�GHWDOOHQ�D� OD�7DXOD������ FDOFXODWV�GHVSUpV�GH

PHVXUDU�YROXPqWULFDPHQW�HO�YROXP�GH�SRUXV�GHO�UHDFWRU������±�����P/���L�GHWHUPLQDU�OD�SRURVLWDW�VHJRQV�O¶HTXDFLy�����

5288,0
97,15

45,8 ===
7

3

9

9
ε

(O�VLVWHPD�V¶KD�GLVVHQ\DW�GH� FDUD�D�DFRQVHJXLU�XQ� IOX[� WXUEXOHQW�D�FDGD�XQD�GH� OHV�HVWDFLRQV�H[SHULPHQWDOV�XWLOLW]DGHV�HQ� OD

PRQLWRULW]DFLy�GHO�GHVHQYROXSDPHQW�GH�ELRILOPV��MD�TXH�HO�UqJLP�WXUEXOHQW�pV�IRUoD�PpV�UHOOHYDQW�KLGURGLQjPLFDPHQW�TXH�HO�IOX[

ODPLQDU�HQ�VLVWHPHV�GH�GLVWULEXFLy�G¶DLJXD�L�D�OD�LQG~VWULD�

7DXOD������3ULQFLSDOV�SDUjPHWUHV�GHO� UHDFWRU�GH�PHGL�SRUyV� �OOLW�HPSDFDW� IL[��GH����´�GH�GLjPHWUH� �SOH
G¶HVIHUHV�GH���PP�FRP�D�PHGL�SRUyV��XWLOLW]DW�SHU�D�O¶H[SHULPHQWDFLy�GH�FDPS�

3DUjPHWUHV 9DORU 8QLWDW

/RQJLWXG�GHO�UHDFWRU�GH�PRVWUHLJ ����� FP
'LjPHWUH�GHO�UHDFWRU�GH�PRVWUHLJ ����� FP

¬UHD�GH�OD�VHFFLy�WUDQVYHUVDO�GHO�UHDFWRU��$FV ����� FP�

9ROXP�GHO�UHDFWRU��9WRW ������ FP�

'LjPHWUH�GH�OHV�HVIHUHV�GH�YLGUH��GS ����� FP

1RPEUH�G¶HVIHUHV�GH�YLGUH�SHU�UHDFWRU ���

¬UHD�WRWDO�GHO�PHGL�SRUyV��HVIHUHV�GH�YLGUH� ������ FP�

¬UHD�GH�GHSRVLFLy�GHO�WXE�GHO�UHDFWRU ������ FP�

¬UHD�GH�GHSRVLFLy�WRWDO ������ FP�

9ROXP�GHO�PHGL�SRUyV��HVIHUHV�GH�YLGUH� ����� FP�

9ROXP�GH�EXLWV��9Y ����� FP�

3RURVLWDW��ε ������

¬UHD�GH�3DV��$S ���� FP�

3HUtPHWUH�PXOODW��3S �� FP

5DGL�+LGUjXOLF��5HODFLy�$S�3S� ����� FP

3HUPHDELOLWDW��N ����� FP�V

1RPEUH�GH�5H\QROGV�SRUyV��5H �������

(VIRUo�GH�FLVDOOD��τ ���� 1�P�

)DFWRU�GH�IULFFLy��I ����

&DEDO�YROXPqWULF��4 �������� FP��K

9HORFLWDW�VXSHUILFLDO�GHO�IOXLG��YR �4���$FV ���H� FP�K

7HPSV�GH�UHVLGqQFLD���θ� �9Y�4 ����� PLQ

7D[D�GH�GLOXFLy��' 4�9 ��θ �������� K��

$�SDUWLU�GH�OD�SRURVLWDW�L�O¶jUHD�WUDQVYHUVDO�GHO�UHDFWRU�HV�GHWHUPLQD�O¶jUHD�GH�SDV�R�jUHD�KLGUjXOLFD��HO�SHUtPHWUH�WRWDO�GH�SDV�GH

O¶DLJXD� L� HO� UDGL� KLGUjXOLF�PLWMj� R� UHODFLy�$S�3S� �YHXUH���������&RQHL[HQW� HO� GLjPHWUH�GH� OHV� WXEHULHV�GHO� UHDFWRU�� OD� SRURVLWDW�� OD

YHORFLWDW� L� OHV�FDUDFWHUtVWLTXHV�GHO�PHGL�SRUyV��pV�SRVVLEOH�GHWHUPLQDU�HOV�GLIHUHQWV�YDORUV�SHU� O¶HVIRUo�GH�FLVDOOD�� OD�SqUGXD�GH

SUHVVLy�L�OD�SqUGXD�GH�FjUUHJD�D�WUDYpV�G¶XQ�UHDFWRU�GH�OOLW�HPSDFDW�



��� 5HVXOWDWV��

$� OD�7DXOD����� V¶REVHUYD� FRP� YDULHQ�HOV�SULQFLSDOV�SDUjPHWUHV�KLGURGLQjPLFV� WHzULFV� GHO� UHDFWRU� GH� OOLW� HPSDFDW� IL[� XWLOLW]DW� DO

VLVWHPD�H[SHULPHQWDO��HQ�IXQFLy�GHO�FDEDO�XWLOLW]DW��(Q�SULPHU�OORF�V¶KD�GHWHUPLQDW�HO�WLSXV�GH�UqJLP�GHO�IOX[�D�WUDYpV�GHO�UHDFWRU�GH

OOLW�HPSDFDW��D�SDUWLU�GHO�QRPEUH�GH�5H\QROGV�PRGLILFDW��5H¶��HT��������

(Q� FRQGLFLRQV� GH� IOX[� WXUEXOHQW� �5H¶!������� V¶KD� FDOFXODW� HO� IDFWRU� GH� IULFFLy� L� OD� SqUGXD� GH� FjUUHJD� FRUUHVSRQHQW� D� SDUWLU� GH

O¶HTXDFLy� GH� %XUNH�3OXPPHU� �HT�� ������� PHQWUH� TXH� HQ� XQ� UqJLP� GH� WUDQVLFLy� �YDORUV� ���5H¶�������� V¶KD� XWLOLW]DW� O¶HTXDFLy

G¶(UJXQ��HT���������)LQDOPHQW��V¶KD�REWLQJXW�O¶HVIRUo�GH�FLVDOOD�D�SDUWLU�GH�OD�YHORFLWDW�VXSHUILFLDO�FDUDFWHUtVWLFD�

6L� REVHUYHP� HOV� SDUjPHWUHV� KLGURGLQjPLFV� FDOFXODWV� SHU� FDGD� XQ� GHOV� UHDFWRUV� GH� OOLW� HPSDFDW� XWLOLW]DWV�� YHXUHP� TXH� HQ� OHV

FRQGLFLRQV�G¶XWLOLW]DFLy�DO�FDPS�D�SDUWLU�GH�O¶DLJXD�VXEWHUUjQLD��FDEDO�GH�����/�K�L�YHORFLWDW�PLWMDQD�GH�������P�V���V¶KD�HVWDEOHUW

XQ�IOX[�WXUEXOHQW�D�WUDYpV�GHO�PHGL�SRUyV��DPE�XQ�QRPEUH�GH�5H\QROGV�SRUyV�GH�������XQ�IDFWRU�GH�IULFFLy�PRGLILFDW�GH������L�XQD

SqUGXD�GH�FjUUHJD�GH������P��/HV�FRQGLFLRQV�KLGURGLQjPLTXHV�XWLOLW]DGHV�UHVXOWHQ�HQ�XQ�HVIRUo�GH�FLVDOOD�GH������1�P���SHU�D

FDGD�UHDFWRU�GH�OOLW�HPSDFDW�XWLOLW]DW�

7DXOD������3ULQFLSDOV�SDUjPHWUHV�KLGURGLQjPLFV�SHO�UHDFWRU�GH�OOLW�HPSDFDW�IL[�GH����´�GH�GLjPHWUH�L�DPE�HVIHUHV�GH���PP
FRP�D�PHGL�SRUyV��PRGHO�WHzULF��

9R

�P�V���
4

�/�K�
9P

�P�V���
5H\QROGV
�SRUyV�

)DFWRU�)ULFFLy KI
�P�

(VIRUo�FLVDOOD
�1�P���

����� � ����� ����� ���� ������ �����

����� � ����� ����� ���� ������ �����

����� �� ����� ������ ���� ������ �����

����� �� ����� ������ ���� ������ �����

����� �� ����� ������� ���� ���� ����

����� ��� ����� ������� ���� ���� ����

����� ��� ����� ������� ���� ���� ����

����� ��� ����� ������� ���� ���� ����

����� ��� ����� ������� ���� ���� ����

����� ��� ����� ������� ���� ���� �����

����� ��� ����� ������� ���� ���� �����

����� ��� ����� ������� ���� ���� �����

����� ��� ����� ������� ���� ���� ������

����� ��� ����� �������� ���� ���� ������

����� ���� ����� �������� ���� ����� ������

(V�SRW�HVWDEOLU�TXH�OD�SUHVqQFLD�HQ�HO�PHGL�SRUyV�GH�]RQHV�DPE�SRUXV�HVWUHWV�L�YHORFLWDWV�HOHYDGHV��L�]RQHV�DPE�SRUXV�DPSOHV�L

EDL[HV� YHORFLWDWV�� SHUPHW� VLPXODU� HQ� JHRPHWULD� L� IOX[� FRQWLQX� HO� FRPSRUWDPHQW� G¶XQD� FDQRQDGD� DO� OODUJ� GHO� WHPSV�� DPE� OHV

RVFLOÂODFLRQV� GH� FDEDO� HVWDFLRQDOV� L� GLjULHV�� (QWUH� HOV� GLIHUHQWV� SDUjPHWUHV� KLGURGLQjPLFV� LPSRUWDQWV�� OD� YHORFLWDW� L� O¶HVIRUo�GH

FLVDOOD� VyQ� HOV� TXH� HVWDEOHL[HQ� OD� VLPLOLWXG� KLGUjXOLFD�� (Q� HO� FDV� G¶XQD� WXEHULD� OOLVD� L� SHU� D� XQ� VRO� IOXLG�� O¶DLJXD�� HOV� ~QLFV

SDUjPHWUHV�TXH�DIHFWHQ�HO�YDORU�GH�O¶HVIRUo�GH�FLVDOOD�VyQ�OD�YHORFLWDW�GHO�IOX[�L�HO�GLjPHWUH��D�SDUWLU�GHOV�TXDOV�HV�FDOFXOD�HO�FDEDO�

(Q�DTXHVW�VHQWLW��XQ�HVIRUo�GH�FLVDOOD�GH������1�P���DO�PHGL�SRUyV��YHXUH�7DXOD������RIHUHL[�XQHV�FRQGLFLRQV�KLGURGLQjPLTXHV

TXH�HQJOREHQ�OHV�TXH�HV�SRGHQ�WUREDU�D�OHV�FDQRQDGHV�GH�OHV�[DU[HV�GH�GLVWULEXFLy�XUEDQHV�L�GRPLFLOLjULHV��DPE�XQV�YDORUV�GH

YHORFLWDW�GH�O¶DLJXD�HQWUH�����������P�V����WDO�FRP�HV�SRW�YHXUH�D�OD�7DXOD�����



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

5HIHUHQW� D� OD� VLPLOLWXG� FLQHPjWLFD�� HO� JUDGLHQW� GH� YHORFLWDWV�QR�pV�KRPRJHQL� HQ�HO�PHGL� SRUyV� FRP�KR�pV�D� OD� FDQRQDGD�� 1R

REVWDQW��HQ�XQ�VLVWHPD�GH�GLVWULEXFLy�UHDO�WDPSRF�V¶HVWDEOHL[�XQ�JUDGLHQW�KRPRJHQL�GH�YHORFLWDWV�DO� OODUJ�GHO� WHPSV��eV�HYLGHQW

TXH� OD� YHORFLWDW� L� HO� JUDGLHQW� GH� YHORFLWDWV� FDQYLHQ� VHJRQV� O¶KRUD� GHO� GLD� L� WDPEp� VHJRQV� O¶qSRFD� GH� O¶DQ\� �R� HOV� GLHV� GH� OD

VHWPDQD���(Q�HO�GLVVHQ\�GH�FDQRQDGHV�G¶DEDVWDPHQW�G¶DLJXD�V¶DFRVWXPHQ�D�XWLOLW]DU�YHORFLWDWV�DO�YROWDQW�GH���P�V����HQWUH�����L��

P� V��� �0D\RO� ������ HQ� IXQFLy� GHO� GLjPHWUH�� OD� OODUJDGD� L� HO� WLSXV� GH� VHUYHL� TXH� UHDOLW]L� OD� FDQRQDGD�� UHFRPDQDQW�VH� YDORUV

VXSHULRUV�D�����P�V����6WHHO�������SHU�HYLWDU�OD�IRUPDFLy�GH�GLSzVLWV�GH�IDQJ��7DQPDWHL[��HO�IXQFLRQDPHQW�UHDO�DO�OODUJ�GH�OHV���

KRUHV�GHO�GLD�L�GHOV�GLIHUHQWV�GLHV�GH�OD�VHWPDQD�ID�TXH�HOV�YDORUV�HQFDUD�SUHVHQWLQ�PDMRUV�RVFLOÂODFLRQV��$L[t��QR�pV�JHQV�HVWUDQ\

REVHUYDU�YDORUV�SURSHUV�D���P�V���D� OD�QLW�TXDQ�HO�FRQVXP�HV� UHGXHL[�� L�SXQWHV�GH� O¶RUGUH�GH�����P�V��� GXUDQW� HOV�Pj[LPV�GH

GHPDQGD�GHO�GLD��(Q�DTXHVW�VHQWLW��VLVWHPHV�FRP�OHV�SHWLWHV�[DU[HV�GH�UHJ�SHU�MDUGLQV��SRGHQ�HVWDU�GXUDQW�SHUtRGHV�IRUoD�JUDQV

GH�WHPSV�DPE�YDORUV�SURSHUV�DOV���P�V���

5HIHUHQW�D�OD�VLPLOLWXG�JHRPqWULFD�HO�PHGL�SRUyV�RIHUHL[�XQD�VXSHUItFLH�GH�FUHL[HPHQW�IRUoD�PpV�JUDQ�TXH�XQD�FDQRQDGD��MD�TXH

D�OD�VXSHUItFLH�PXOODGD�GHO�UHDFWRU�V¶KD�G¶LQFORXUH�OD�VXSHUItFLH�GH�WRWHV�OHV�HVIHUHV�TXH�LQWHJUHQ�HO�PHGL�GH�VXSRUW��6XSRVDQW�TXH

OHV�FRQGLFLRQV�KLGURGLQjPLTXHV�VyQ�DQjORJXHV�HQ�HO�PHGL�SRUyV�L�OD�WXEHULD�GHO�UHDFWRU��OD�VXSHUItFLH�GHO�UHDFWRU�GH�OOLW�HPSDFDW

HTXLYDO� D�XQD� ORQJLWXG�HTXLYDOHQW� GH� WXEHULD��'H� IHW�� HV�SRW� FDOFXODU� OD� ORQJLWXG�QHFHVVjULD�HQ�XQD� WXEHULD� OOLVD�SHU� REWHQLU� OD

PDWHL[D� VXSHUItFLH� TXH� DPE� HO� UHDFWRU� GH�PHGL� SRUyV� �YHXUH� )LJXUD� ������� 3HU� D� FDGD� XQ� GHOV� UHDFWRUV� HVWjQGDUGV� XWLOLW]DWV

�WXEHULD�GH����´�L�HVIHUHV�GH���PP�GH�GLjPHWUH�FRP�D�PHGL�SRUyV���V¶REWp�XQD�PRVWUD�GH��������FP���GHOV�TXDOV�XQV�������FP�

FRUUHVSRQHQ�D� O¶jUHD�GH� OHV�HVIHUHV� L�������FP��D� O¶jUHD�GH� OD�SDUHW�GH� OD� WXEHULD�GH����´��7DQPDWHL[��GH�FDUD�D�RSWLPLW]DU�HO

SURFpV�GH�VHSDUDFLy�GHOV�PLFURRUJDQLVPHV�DGKHULWV�DO�PDWHULDO�GH�VXSRUW�QRPpV�V¶KD�UHDOLW]DW�OD�VRQLFDFLy�GHO�PHGL�SRUyV�GHO�OOLW

HPSDFDW�� VHSDUDQW� SUqYLDPHQW� OHV� HVIHUHV� GH� OD� WXEHULD� TXH� OHV� FRQWp�� 3HU� DTXHVW�PRWLX�� O¶jUHD� GH� GHSRVLFLy� ~WLO� DSURILWDEOH

FRUUHVSRQGULD�QRPpV�D�O¶jUHD�GH�OHV�HVIHUHV�GHO�PHGL�SRUyV�GHO�OOLW�HPSDFDW��������FP����&RQHL[HQW�O¶jUHD�GH�GHSRVLFLy�~WLO�V¶KD

FDOFXODW�OD�ORQJLWXG�GH�WXEHULD�HTXLYDOHQW��pV�D�GLU��V¶KD�FDOFXODW�TXLQD�ORQJLWXG�GH�WXEHULD�HTXLYDO�D� OD�VXSHUItFLH�REWLQJXGD�DPE

XQ� UHDFWRU� GH� OOLW� HPSDFDW� IRUPDW� SHU� XQD� WXEHULD� GHO� PDWHL[� GLjPHWUH�PpV� XQ� PHGL� SRUyV� DO� VHX� LQWHULRU�� $� OD� )LJXUD� ����

V¶REVHUYHQ�HOV�YDORUV�REWLQJXWV�XWLOLW]DQW�PHGLV�SRURVRV�IRUPDWV�SHU�HVIHUHV�GH�GLIHUHQW�GLjPHWUH����������L���PP���HPSDTXHWDGHV

GLQV�G¶XQ�UHDFWRU�GH����´�GH�GLjPHWUH��3HU�SRGHU� UHDOLW]DU� OD�FRPSDUDFLy�HV� UHSUHVHQWD�DPE�XQD� OtQLD� OD� ORQJLWXG�HVFROOLGD�SHO

UHDFWRU� �������P���� (O� UHDFWRU� HVWjQGDUG� XWLOLW]DW� DPE� HVIHUHV� GH� ��PP� GH� GLjPHWUH� L� WXEHULD� GH� ���´�� SUHVHQWD� XQD� ORQJLWXG

HTXLYDOHQW�GH������FP� WHQLQW� HQ� FRPSWH� WRW� HO� UHDFWRU�� L� GH������ FP�TXDQ� V¶DJDID�QRPpV� O¶jUHD�GH�GHSRVLFLy�~WLO�� pV�D�GLU�� OD

VXSHUItFLH�GH�OHV�HVIHUHV��3HU�WDQW��HQWUH�HOV�DYDQWDWJHV�IRQDPHQWDOV�GH�OD�XWLOLW]DFLy�GHOV�UHDFWRUV�GH�OOLW�HPSDFDW�FDO�GHVWDFDU�OD

JUDQ�VXSHUItFLH�TXH�SUHVHQWHQ�HQ�XQ�HVSDL�PROW�UHGXwW�
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��� 5HVXOWDWV��

������ &DOLEUDWJH�HQ�ODERUDWRUL�GHO�VLVWHPD

(Q� HO� SULPHU� DVVDLJ� GH� FDOLEUDWJH� V¶KD� FDUDFWHULW]DW� HO� FRPSRUWDPHQW� KLGURGLQjPLF� G¶XQ� VRO� UHDFWRU� GH� OOLW� HPSDFDW�� L� V¶KD

FRPSDUDW�DPE�HO�TXH�SDVVD�DPE�XQ�UHDFWRU�GH� WXEHULD�VHQVH�PHGL�SRUyV��/D�)LJXUD������PRVWUD� OD�YDULDFLy�GH� OD�SqUGXD�GH

FjUUHJD�HQ�IXQFLy�GHO�FDEDO��DO�VLVWHPD�H[SHULPHQWDO�IRUPDW�SHU�XQ�UHDFWRU�GH�OOLW�HPSDFDW�GH����´�GH�GLjPHWUH��PHVXUDQW�DPE�XQ

FDSWRU�GH�SUHVVLy�:LND��YHXUH�)LJXUD�������/¶H[SHULPHQW�V¶KD�UHSHWLW�DPE�HO�UHDFWRU�SOH�GHO�PDWHULDO�GH�VXSRUW��HVIHUHV�GH���PP

GH�GLjPHWUH���DPE�HO�UHDFWRU�VHQVH�HO�PHGL�SRUyV�L��ILQDOPHQW��DPE�HO�UHDFWRU�VHQVH�PHGL�SRUyV�L�VHQVH�OHV�GXHV�PDOOHV�TXH�HO

UHWHQHQ��/HV�GDGHV�REWLQJXGHV�V¶KDQ�DMXVWDW�D�XQD�IXQFLy�TXDGUjWLFD�WDO�FRP�HV�PRVWUD�D�OD�PDWHL[D�)LJXUD������L�D�OD�7DXOD�����

$L[z�SHUPHW�FDOFXODU�OD�LPSRUWjQFLD�GHO�PHGL�SRUyV�L�DOWUHV�FRPSRQHQWV�GHO�UHDFWRU�GH�OOLW�HPSDFDW��FRP�OHV�PDOOHV�R�O¶HIHFWH�GH

O¶DPSOLDFLy�GH�OD�WXEHULD��HQ�OD�SqUGXD�GH�FjUUHJD�WRWDO�GHO�UHDFWRU��(Q�SULPHU�OORF��V¶KD�GHWHUPLQDW�OD�SqUGXD�GH�FjUUHJD�SURGXwGD

SHU�OHV�GXHV�PDOOHV�SUHVHQWV�D�FDGD�UHDFWRU��FRQHL[HQW�OD�SqUGXD�GH�FjUUHJD�PHVXUDGD�HQ�HO�UHDFWRU�VHQVH�PHGL�SRUyV�

∆K
L

= N ⋅42

∆KWXE+PDOOHV = ∆KWXE + 2 ⋅ ∆KPDOOD( )

2 ⋅ ∆K
PDOOD

= ∆K
WXE+PDOOHV

− ∆K
WXE

= N
WXE+PDOOHV

− N
WXE( )⋅42

6XEVWLWXLQW�D� O¶HTXDFLy�DQWHULRU�HOV�YDORUV�GH�N�REWLQJXWV�DO�PHVXUDU� OD�SqUGXD�GH�FjUUHJD�GHO� UHDFWRU�VHQVH�PHGL�SRUyV��YHXUH

7DXOD�������HV�GHWHUPLQD�OD�SqUGXD�GH�FjUUHJD�SURGXwGD�SHU�OHV�GXHV�PDOOHV�GHO�UHDFWRU�GH�OOLW�HPSDFDW�

2 ⋅ ∆K
PDOOD

= N
WXE+PDOOHV

− N
WXE( )⋅42 = 2.669[10−6 −1.353[10−6( )⋅42

∆K
PDOOHV− UHDFWRU

= 2 ⋅ ∆K
PDOOD

= 1.316[10−6 ⋅42

&RQHL[HQW� O¶HIHFWH�GH� OHV�PDOOHV�HQ� OD�SqUGXD�GH�FjUUHJD� WRWDO� GHO� UHDFWRU� GH� OOLW� HPSDFDW� HV�SRW� GHWHUPLQDU� O¶HIHFWH�GHO�PHGL

SRUyV��GH�OD�PDQHUD�TXH�VHJXHL[�

∆KUHDFWRU = ∆KPHGL − SRUyV + ∆KWXE + ∆KPDOOHV

∆KPHGL− SRUyV = ∆KUHDFWRU − ∆KWXE − ∆KPDOOHV = NUHDFWRU − NWXE − NPDOOHV( )⋅42

∆KPHGL − SRUyV = 1.758[10−5 − 1.353[10−6 − 1.316[10−6( )⋅42 = 1.491[10−5 ⋅42

$�OD�)LJXUD������HV�UHSUHVHQWD� O¶HIHFWH�GHOV�GLIHUHQWV� IDFWRUV�HVWXGLDWV�HQ� OD�SqUGXD�GH�FjUUHJD�GHO�VLVWHPD��DIHJLQW� OHV�GDGHV

PHVXUDGHV� �∆KUHDFWRU��∆KWXE�PDOOHV��∆KWXE��� DL[t� FRP� OHV�GDGHV�FDOFXODGHV�D�SDUWLU� G¶DTXHVWHV� �∆KPHGL�SRUyV��∆KPDOOHV��� /HV�GDGHV�GH

SqUGXD� GH� FjUUHJD� PHVXUDGHV� GH� OD� IRUPD� GHVFULWD� DQWHULRUPHQW� �YHXUH� 7DXOD� ������ V¶KDQ� FRPSDUDW� DPE� HOV� YDORUV� WHzULFV

FDOFXODWV��/D�7DXOD�����UHVXPHL[�OHV�SULQFLSDOV�HTXDFLRQV�XWLOLW]DGHV�HQ�HO�FjOFXO�WHzULF�GH�OD�SqUGXD�GH�FjUUHJD�SURGXwGD�HQ�HOV

UHDFWRUV�GH�OOLW�HPSDFDW�IL[��GH�1HYHUV�������6RWHOR�������0LGGOHPDQ�������



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

7DXOD������$MXVW�GHOV�YDORUV�REWLQJXWV�GH�OD�SqUGXD�GH�FjUUHJD�D�XQD�IXQFLy�TXDGUjWLFD��L�FjOFXO�GHO�FRHILFLHQW�N�SHU
GHWHUPLQDU�O¶HIHFWH�GHO�PHGL�SRUyV�L�GH�OHV�PDOOHV�HQ�OD�SqUGXD�GH�FjUUHJD�GHO�UHDFWRU�

N 5 χ�

�HU��$VVDLJ��(8227�

∆K�UHDFWRU��WHzULFD� �����H���±�����H��� ������� �������

∆K�UHDFWRU��PHVXUDGD� �����H��±�����H��� ������� �������

∆K�WXE���PDOOHV��PHVXUDGD� �����H���±�����H��� ������� �������

∆K�WXE��PHVXUDGD� �����H���±�����H��� ������� �������

∆K�PDOOHV��FDOFXODGD� �����H���

∆K�PHGL�SRUyV��FDOFXODGD� �����H���

�RQ��$VVDLJ��(8(7,7�

∆K�UHDFWRU��PHVXUDGD� �����H��±�����H��� ������� �������

∆K�WXE���PDOOHV��PHVXUDGD� �����H���±�����H��� ������� �������

∆K�PHGL�SRUyV��FDOFXODGD� �����H���

∆K = N ⋅42
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��� 5HVXOWDWV��

7DXOD������)yUPXOHV�XWLOLW]DGHV�SHU�DO�FjOFXO�WHzULF�GH�OD�SqUGXD�GH�FjUUHJD�GHO�UHDFWRU�GH�OOLW�HPSDFDW�SOH�G¶HVIHUHV
GH�YLGUH�GH���PP�GH�GLjPHWUH�

3DUjPHWUH )yUPXOD�XWLOLW]DGD 'HVFULSFLy

%XUNH�3OXPPHU �HT�������KI�PHGL�SRUyV

  
K I = f ⋅

/ ⋅ (1− ε )⋅ Y0
2

GS ⋅ ε3 ⋅J (UJXQ �HT�������

KI�WXEHULD����´ K I −WXU = IWXUE ⋅
/
G

⋅
Y2

2J

(T�������SHO�IOX[�WXUEXOHQW

KI�DPSOLDFLy
�%RUGD�&DUQRW� K I =

$2

$1

− 1
 

 
 

 

 
 

2

⋅
92

2

2 ⋅ J
$� $�

RQ�$� ��������L�$� �������

$�SDUW�GH�OHV�SqUGXHV�GH�FjUUHJD�RULJLQDGHV�SHO�PHGL�SRUyV�L�SHU�OD�FDQRQDGD�GHO�UHDFWRU�GH����´��V¶KDQ�LQWHQWDW�TXDQWLILFDU�OHV

SqUGXHV�ORFDOV�PpV�LPSRUWDQWV��$TXHVWHV�SqUGXHV�ORFDOV�SRGHQ�RULJLQDU�VH�SHU�FDQYLV�HQ� OD�JHRPHWULD�GHO�VLVWHPD��FRP�HQ�HO

FDV�GH�OHV�DPSOLDFLRQV�R�SHU�DOWHUDFLRQV�GHO�IOX[�SURYRFDGHV��HQWUH�G¶DOWUHV��SHU�OHV�PDOOHV�TXH�UHWHQHQ�HO�PHGL�SRUyV��/D�7DXOD

����PRVWUD�HOV�YDORUV�PHVXUDWV�GH�OD�SqUGXD�GH�FjUUHJD�GHO�UHDFWRU�GH�OOLW�HPSDFDW��DL[t�FRP�HOV�GH�FDGD�FRPSRQHQW�GHO�UHDFWRU

�PHGL�SRUyV��WXEHULD�GH����´�L�PDOOHV���$�OD�PDWHL[D�WDXOD�HV�PRVWUHQ�HOV�YDORUV�WHzULFV�FDOFXODWV�SHOV�SULQFLSDOV�FRPSRQHQWV�GHO

UHDFWRU��DL[t�FRP�SHO�UHDFWRU�VHQFHU��VHJRQV�OHV�IyUPXOHV�GHVFULWHV�D� OD�7DXOD������$TXHVWHV�GDGHV�HV�UHSUHVHQWHQ�D� OD�)LJXUD

����� �SDUW�VXSHULRU���RQ�HV�PRVWUD� OD� LQIOXqQFLD�GHO� UHDFWRU�PRGLILFDQW� OD� SqUGXD�GH� FjUUHJD�HQ� IXQFLy�GHO� FDEDO�� $� OD�PDWHL[D

)LJXUD������ �SDUW� LQIHULRU��� V¶REVHUYD�HO�PDWHL[�HIHFWH�SHOV�GRV� FRPSRQHQWV�PpV� LPSRUWDQWV�GHO� UHDFWRU�� HO�PHGL� SRUyV� L� GH� OD

WXEHULD�GHO�UHDFWRU�

(OV�YDORUV�GH�SqUGXD�GH�FjUUHJD�PHVXUDWV�SHO�UHDFWRU�KDQ�FRQFRUGDW�HQ�JUDQ�PHVXUD�DPE�HOV�YDORUV�FDOFXODWV� �U ��������D� OD

)LJXUD�����D��GHOV���DOV�����/�K��/D�FRQFRUGDQoD�KD�HVWDW�HVSHFLDOPHQW�ERQD�HQ�HO�UDQJ�GH�FDEDOV�XWLOLW]DWV��GHOV���DOV�����/�K�

RQ�OHV�GLIHUqQFLHV�HQWUH�HOV�YDORUV�PHVXUDWV�L�HOV�WHzULFV�GH�OD�SqUGXD�GH�FjUUHJD�PDL�KDQ�VXSHUDW�HOV������P��6L�V¶DJDID�QRPpV

HO�PHGL�SRUyV�FRP�D�UHIHUqQFLD��HOV�YDORUV�GH�SqUGXD�GH�FjUUHJD�PHVXUDWV�WDPEp�KDQ�FRQFRUGDW�HQ�JUDQ�PHVXUD�DPE�HOV�YDORUV

FDOFXODWV� �U ��������D� OD�)LJXUD�����E���(Q�DTXHVW�FDV�� OHV�GLIHUqQFLHV�HQWUH�HOV�YDORUV�PHVXUDWV� L�HOV� WHzULFV�GH� OD�SqUGXD�GH

FjUUHJD�PDL�KDQ�VXSHUDW�HOV�����P��HQWUH�HOV�������/�K��(Q�HO�FDV�GH� OD� WXEHULD�GHO� UHDFWRU� �U ���������D� OD�)LJXUD�����F�� OD

FRQFRUGDQoD�KD�HVWDW� OOHXJHUDPHQW� LQIHULRU��HQFDUD�TXH�HQ�HO�UDQJ�GH�FDEDOV�XWLOLW]DWV�HQWUH��� L�����/�K� OHV�GLIHUqQFLHV�QR�KDQ

VXSHUDW�PDL�HOV������P�

(Q�XQ�VHJRQ�DVVDLJ�GH�FDOLEUDWJH�HV�YD�XWLOLW]DU�HO�VLVWHPD�H[SHULPHQWDO� UHSUHVHQWDW�D� OD�)LJXUD�����SHU�FDOFXODU� OD�SqUGXD�GH

FjUUHJD�D�SDUWLU�GH�O¶HTXDFLy�������/D�)LJXUD�������SDUW�VXSHULRU��PRVWUD�OD�YDULDFLy�GH�OD�SqUGXD�GH�FjUUHJD�HQ�IXQFLy�GHO�FDEDO

HQ�HO�VLVWHPD�H[SHULPHQWDO�IRUPDW�SHU�XQ�UHDFWRU�GH�OOLW�HPSDFDW�GH����´�GH�GLjPHWUH��/¶H[SHULPHQW�V¶KD�UHSHWLW�DPE�HO�UHDFWRU�SOH

GHO�PDWHULDO�GH�VXSRUW��HVIHUHV�GH���PP�GH�GLjPHWUH��L�DPE�XQ�UHDFWRU�VHQVH�HO�PHGL�SRUyV��/HV�GDGHV�REWLQJXGHV�V¶KDQ�DMXVWDW

D�XQD�IXQFLy�TXDGUjWLFD�GH�OD�PDWHL[D�IRUPD�TXH�HQ�O¶DVVDLJ�DQWHULRU��REWHQLQW�HOV�YDORUV�GH�N�TXH�HV�PRVWUHQ�D�OD�$L[z�SHUPHW

FDOFXODU�OD�LPSRUWjQFLD�GHO�PHGL�SRUyV�HQ�OD�SqUGXD�GH�FjUUHJD�WRWDO�GHO�UHDFWRU�

&DO�GHVWDFDU�TXH�OHV�GLIHUqQFLHV�HQWUH�HOV�YDORUV�WHzULFV� L�HOV�PHVXUDWV�SHO�PHGL�SRUyV�KDQ�UHVXOWDW�VXSHULRUV�HQ�DTXHVW�VHJRQ

DVVDLJ��0HQWUH�TXH�HQ�HO�SULPHU�DVVDLJ�OHV�GLIHUqQFLHV�QR�VXSHUDYHQ�HOV�����P�GXUDQW�WRW�HO�UDQJ�GH�FDEDOV�GHWHUPLQDWV�������

/�K���HQ�DTXHVW�VHJRQ�H[SHULPHQW�OHV�GLIHUqQFLHV�DUULEHQ�D������P�DOV�����/�K��L�D�XQ�Pj[LP�GH������P�DOV�����/�K��YHXUH�)LJXUD

������SDUW�VXSHULRU��



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

7DXOD������9DULDFLy�GH�OD�SqUGXD�GH�FjUUHJD��P��GHO�UHDFWRU�HQ�IXQFLy�GHO�FDEDO��VHJRQV�OHV�GDGHV�PHVXUDGHV
����R�WHzULTXHV�����

����'$'(6�0(685$'(6

&DEDO��/�K� 5H�SRUyV� ∆KPHGL�SRUyV ∆KWXEHULD ∆KPDOOHV 6XPD�∆K ∆KUHDFWRU
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&DEDO��/�K� 5H�SRUyV� ∆KPHGL�SRUyV ∆KWXEHULD ∆KDPSOLDFLy ∆KUHDFWRU

���� ����� ���� ����(��� ����(��� �����
���� ����� ���� ����(��� ����(��� �����
���� ������ ���� ����(��� ����(��� �����
���� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����
����� ������ ���� ����(��� ����(��� �����

0

0.5

1

1.5

2

2.5

3

Pèrdua Carrega Reactor (Mes.)
Pèrdua Càrrega Reactor (Teor.)

P
èr

du
a 

de
 c

àr
re

ga
 (

m
.c

.a
)

0

0.2

0.4

0.6

0.8

1

Pèrdua Carrega Reactor (Mes.)
Pèrdua Càrrega Reactor (Teor.)

P
èr

du
a 

de
 c

àr
re

ga
 (

m
.)

0

0.5

1

1.5

2

2.5

3

Medi Porós (Mesurat)
Medi Porós (Teòric)
Tuberia (Mesurat)
Tuberia (Teòric)

0 100 200 300 400 500

P
èr

du
a 

de
 c

àr
re

ga
 (

m
.)

Cabal (L/h)

0

0.2

0.4

0.6

0.8

1

Medi Porós (Mesurat)
Medi Porós (Teòric)
Tuberia (Mesurat)
Tuberia (Teòric)

0 50 100 150 200

P
èr

du
a 

de
 c

àr
re

ga
 (

m
.)

Cabal (L/h)

)LJXUD�������,QIOXqQFLD�GHO�PHGL�SRUyV�L�GH�OD�WXEHULD�HQ�OD�YDULDFLy�GH�OD�SqUGXD�GH�FjUUHJD��P��HQ�IXQFLy�GHO�FDEDO��HQ�HO�SULPHU
DVVDLJ� GH� FDOLEUDWJH�� &RPSDUDFLy� GHOV� YDORUV� PHVXUDWV� HQ� O¶DVVDLJ� GH� FDOLEUDWJH� �OtQLHV� FRQWtQXHV�� L� HOV� YDORUV� WHzULFV� �OtQLHV
GLVFRQWtQXHV���$�OD�GUHWD�HV�UHSUHVHQWHQ�HOV�PDWHL[RV�JUjILFV�DJDIDQW�XQD�HVFDOD�GH�FDEDOV�GH���D�����/�K�



��� 5HVXOWDWV��

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

\ �����������[
5 ������

5HDFWRU

h 
te

òr
ic

a 
(m

.)
∆

h mesurada (m.)∆
�D�

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

\ ��������������[
5 �������

0HGL�3RUyV

h 
te

òr
ic

a 
(m

.)
∆

h mesurada (m.)∆

�E�

0

0.0005

0.001

0.0015

0.002

0 0.05 0.1 0.15 0.2 0.25

\ ����H������������[
5 �������

7XEHULD

h 
te

òr
ic

a 
(m

.)
∆

h mesurada (m.)∆

�F�

)LJXUD� ������ &RPSDUDFLy� GHOV� YDORUV� PHVXUDWV� GH� OD� SqUGXD� GH� FjUUHJD� �P��� HQ� O¶DVVDLJ� GH
FDOLEUDWJH�L�HOV�YDORUV�WHzULFV��DO�UHDFWRU�GH�OOLW�HPSDFDW��PHGL�SRUyV�L�WXEHULD�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

'
DOWUD�EDQGD��OHV�GLIHUqQFLHV�REWLQJXGHV�HQWUH�HO�UHDFWRU�L�HO�PHGL�SRUyV�KDQ�HVWDW�VLPLODUV�HQ�HOV�GRV�DVVDLJV��7DQPDWHL[��WDQW

HQ�XQ�FDV�FRP�HQ�O¶DOWUH��D�LJXDO�FDEDO�HOV�YDORUV�GH�SqUGXD�GH�FjUUHJD�KDQ�HVWDW�VHPSUH�VXSHULRUV�HQ�HO�VHJRQ�DVVDLJ��HQFDUD

TXH�OHV�GLIHUqQFLHV�QR�KDQ�HVWDW�QRWDEOHV��PHQ\V�GH������P���,QGXEWDEOHPHQW��O¶DVVDLJ����)LJXUD�������KD�GRQDW�XQV�YDORUV�PpV

SURSHUV�DO�PRGHO�WHzULF�

8QD�YHJDGD�V¶KD�FDUDFWHULW]DW�HO�FRPSRUWDPHQW�KLGURGLQjPLF�G¶XQ�VRO� UHDFWRU�GH� OOLW�HPSDFDW��V¶KD�GHWHUPLQDW� OD� LQIOXqQFLD�GH

FRQQHFWDU�GLIHUHQWV�UHDFWRUV�HQ�SDUDOÂOHO��3HU�IHU�KR��V¶KD�XWLOLW]DW�HO�VLVWHPD�H[SHULPHQWDO�GHVFULW�D�OD�)LJXUD������FRQQHFWDQW�HQ

SULPHU�OORF���UHDFWRUV�DOKRUD�L�PHVXUDQW�QH�OD�SqUGXD�GH�FjUUHJD��$�OD�SDUW�LQIHULRU�GH�OD�)LJXUD������V¶REVHUYD�OD�YDULDFLy�GH�OD

SqUGXD�GH�FjUUHJD�HQ�IXQFLy�GHO�FDEDO�TXDQ�HV�FRQQHFWHQ��� UHDFWRUV�GH� OOLW�HPSDFDW�DPE�HO�VHX�PHGL�SRUyV�D� OD�YHJDGD� L�HQ
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VLJQLILFDWLYHV� HQWUH� HOOV�� (Q� DTXHVW� VHQWLW�� HO� VLVWHPD� H[SHULPHQWDO� DVVHJXUD� XQD� ERQD� KRPRJHQHwWDW� HQ� HO� FRPSRUWDPHQW

KLGURGLQjPLF�HQWUH�HOV�GLIHUHQWV�UHDFWRUV�

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

Reactor (Mesurat)
Medi Porós (Calculat)
Medi Porós (Teòric)

Cabal (L/h)

P
èr

du
a 

de
 c

àr
re

ga
 (

m
.)

0

0.2

0.4

0.6

0.8

1

1.2

0 100 200 300 400 500

Tub+Malles
Reactor

P
èr

du
a 

cà
rr

eg
a 

(m
.)

Cabal (L/h)

)LJXUD�������6HJRQ�DVVDLJ�GH�FDOLEUDWJH�GHO�UHDFWRU�GH����´�DPE�PHGL�SRUyV��YDULDFLy�GH�OD�SqUGXD�GH�FjUUHJD
HQ�IXQFLy�GHO�FDEDO��3DUW�6XSHULRU��&RPSDUDFLy�HQWUH�HOV�YDORUV�PHVXUDWV�L�HOV�YDORUV� WHzULFV�SHO�PHGL�SRUyV�
3DUW�,QIHULRU��9DULDFLy�GH�OD�SqUGXD�GH�FjUUHJD�HQ�HO�UHDFWRU�GH�OOLW�HPSDFDW�DPE�L�VHQVH�HO�PHGL�SRUyV�



��� 5HVXOWDWV��

4XDQ�HO�SDV�GH�O¶DLJXD�V¶REUH�DOKRUD�SHU�D� WRWV�HOV��� UHDFWRUV�� OHV�GLIHUqQFLHV�KDQ�DXJPHQWDW�PROW� OOHXJHUDPHQW� �YHXUH�)LJXUD

������ SDUW� LQIHULRU��� (Q� DTXHVW� FDV�� HO� VLVWHPD� XWLOLW]DW� SHU�PHVXUDU� OD� SqUGXD� GH� FjUUHJD� KD� SHUPqV�PDQWHQLU� DOV� �� UHDFWRUV
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&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

������ (IHFWH�GHO�PDWHULDO�GH�VXSRUW

6¶KD�LQYHVWLJDW�O¶HIHFWH�GHO�PDWHULDO�GH�VXSRUW�GHOV�UHDFWRUV�GH�OOLW�HQ�OD�FRORQLW]DFLy�GHOV�ELRILOPV��7RWV�HOV�PDWHULDOV�HVIqULFV�HV

YDQ� FRORQLW]DU� UjSLGDPHQW� GHVSUpV� GH� OD� VHYD� LQVHUFLy� GLQV� GHOV� UHDFWRUV� GH� OOLW� HPSDFDW�� /D� )LJXUD� ����� PRVWUD� HO

GHVHQYROXSDPHQW� GHO� ELRILOP� DO� OODUJ� GHO� WHPSV�� D� OHV� VXSHUItFLHV� G¶HVIHUHV� GH� YLGUH�� DFHU� LQR[LGDEOH� ����� DFHU�FURP� L� $%6

�FRSROtPHU�G¶HVWLUq��EXWDGLq��L�DFULORQLWULO��

2EVHUYDQW� OD� JUjILFD� GHO� UHFRPSWH� GH� EDFWHULV� YLDEOHV� LQFXEDWV� HQ� 5�$� �)LJXUD� ������ SDUW� VXSHULRU��� V¶REVHUYHQ� GLIHUqQFLHV

VLJQLILFDWLYHV�HQ�OD�FRORQLW]DFLy�GHOV�GLIHUHQWV�PDWHULDOV��3��������HQFDUD�TXH�DTXHVWHV�GHSHQHQ� WDPEp�GHO� WHPSV�GH�FRQWDFWH

�3 ��������$L[t��DOV����GLHV�O¶$%6�KD�SUHVHQWDW�XQD�FRORQLW]DFLy�VLJQLILFDWLYDPHQW�VXSHULRU�D�OD�UHVWD��DUULEDQW�D�����[����XIF�FP���

/D�UHVWD�GH�PDWHULDOV�KD�PRVWUDW�YDORUV�TXDVL���ORJ�LQIHULRUV��SUHVHQWDQW�HO�YLGUH�HO�PtQLP�DPE�����[����XIF�FP���

'HOV����DOV����GLHV�V¶KD�SURGXwW�XQ�DXJPHQW�VLJQLILFDWLX�GH�FRORQLW]DFLy�HQ�WRWV�HOV�PDWHULDOV��H[FHSWXDQW�HO�FDV�GH�O¶DFHU� LQR[�

�����$L[t��O¶DFHU�FURP�KD�DXJPHQWDW�GH�IRUPD�FRQVLGHUDEOH�±�XQD�PLFD�PHQ\V�GH���ORJ����SDVVDQW�D�VHU�HO�PDWHULDO�PpV�FRORQLW]DW

DOV����GLHV��DPE�����[����XIF�FP����&XULRVDPHQW��O¶$%6�DPE�����[����XIF�FP���SUjFWLFDPHQW�QR�KD�DXJPHQWDW�UHVSHFWH�GHO�YDORU

REWLQJXW�DOV����GLHV�G¶H[SRVLFLy��3HU�OD�VHYD�SDUW��HO�YLGUH�KD�DXJPHQWDW�TXDVL���ORJ��DUULEDQW�D�XQ�Pj[LP�GH�����[����XIF�FP���

PHQWUH�TXH�O¶DFHU�LQR[LGDEOH�KD�H[SHULPHQWDW�XQD�PROW�OOHXJHUD�GLVPLQXFLy��SDVVDQW�GHOV�����[����XIF�FP���DOV�����[����XIF�FP���

4XDQ� V¶DQDOLW]HQ� HOV� EDFWHULV� GHO� JUXS�3VHXGRPRQDV� �)LJXUD� ������ SDUW� LQIHULRU�� V¶KDQ� REVHUYDW� GLIHUqQFLHV� VLJQLILFDWLYHV� GH

FRORQLW]DFLy�HQ�HOV�GLIHUHQWV�PDWHULDOV�WHVW�XWLOLW]DWV��3 �������(O�PDWHULDO�PpV�FRORQLW]DW�KD�HVWDW�O¶$%6�����[����XIF�FP�����VHJXLW

DPE�YDORUV�VLPLODUV�GHO�YLGUH� �����[����XIF�FP�����7DQW� O¶DFHU�DO�FURP� �����[����XIF�FP����FRP� O¶LQR[LGDEOH� �����[����XIF� FP���

V¶KDQ�PRVWUDW� FRP�HOV�PDWHULDOV�PHQ\V� LGRQLV� SHU� D� IDFLOLWDU� OD� FRORQLW]DFLy� GHOV� EDFWHULV� GHO� JUXS�3VHXGRPRQDV�� SUHVHQWDQW

YDORUV���ORJ�LQIHULRUV�DOV�GHO�YLGUH��'¶DOWUD�EDQGD��HQ�JHQHUDO�V¶KD�REVHUYDW�XQ�DXJPHQW�GH�OD�FRORQLW]DFLy�HQ�WRWV�HOV�PDWHULDOV�DO

OODUJ�GHO�WHPSV��HQFDUD�TXH�HOV�YDORUV�DO�ILQDO�GHO�SHUtRGH�GH�FRQWDFWH�QR�KDQ�HVWDW�VLJQLILFDWLYDPHQW�PpV�DOWV��3 �������

(Q�HO� FDV�GHOV� FROLIRUPHV� WRWDOV� �)LJXUD������� FHQWUH��� OD�PDQFD�G¶KRPRJHQHwWDW� GH� OHV� YDULDQFHV�KD� LPSHGLW� UHDOLW]DU� O¶DQjOLVL

FRUUHVSRQHQW��7DQPDWHL[��VHPEOD�FODU�TXH�HOV�FROLIRUPHV�KDQ�GLVPLQXwW�DO�OODUJ�GHO�WHPSV�HQ�WRWV�HOV�PDWHULDOV��H[FHSWXDQW�HQ�HO

FDV�GHO�YLGUH��RQ�KD�DXJPHQWDW�ILQV�DUULEDU�D�XQ�Pj[LP�GH�����[����XIF�FP���DO�ILQDO�GHO�SHUtRGH�GH�FRQWDFWH�

3HU� SRGHU� FRPSDUDU� HQWUH� HOV� GLIHUHQWV� PDWHULDOV� L� GHWHUPLQDU� OD� IDFLOLWDW� GH� FRORQLW]DFLy� PLFURELDQD� GH� FDGD� XQ� G¶HOOV�� V¶KD

REWLQJXW�XQD�UDWLR�GH�FRORQLW]DFLy��$TXHVWD�SURSRUFLy�V¶KD�REWLQJXW�D�SDUWLU�GHO� UHFRPSWH�GH�EDFWHULV�YLDEOHV�PHVXUDW�SHU�FDGD

PDWHULDO�DO�ILQDO�GHO�SHUtRGH�G¶H[SRVLFLy�D�O¶DLJXD��L�HV�FRPSDUD�DPE�HO�PDWHL[�YDORU�TXH�KDQ�SUHVHQWDW�OHV�HVIHUHV�GH�YLGUH��6¶KD

DJDIDW�HO�YLGUH�FRP�D�PDWHULDO�HVWjQGDUG�L�DPE�XQ�YDORU�GH�UHIHUqQFLD�GH����SHU�SRGHU�FRPSDUDU�OD�FDSDFLWDW�GH�FRORQLW]DFLy�HQWUH

HOV�GLIHUHQWV�PDWHULDOV��$�OD�)LJXUD������V¶REVHUYD�FRP�O¶$%6�L�O¶DFHU�FURP�KDQ�SUHVHQWDW�XQD�SURSRUFLy�GH�FRORQLW]DFLy�VHPEODQW�

PpV�HOHYDGD�TXH�HO� YLGUH� �������SHU� O¶DFHU�FURP� L� ������SHU� O¶$%6���3HO� FRQWUDUL�� O¶DFHU�LQR[�KD�SUHVHQWDW� XQ� YDORU� GH� OD� UDWLR

LQIHULRU�DO�GHO�YLGUH��������

7DQPDWHL[��VL�V¶DJDIHQ� OHV�GDGHV�GH� FRORQLW]DFLy�SHOV�FROLIRUPHV� WRWDOV�HOV� UHVXOWDWV�KDQ�HVWDW�FRPSOHWDPHQW�GLIHUHQWV��(Q� OHV

FRQGLFLRQV� H[SHULPHQWDOV� G¶DTXHVW� FDV�� HO� YLGUH� KD� HVWDW� VHQV� GXEWH� HO� PDWHULDO� TXH� PpV� KD� IDFLOLWDW� OD� FRORQLW]DFLy� GHOV

FROLIRUPHV�WRWDOV��DPE�XQD�UDWLR�GH�FRORQLW]DFLy�����YHJDGHV�PpV�JUDQ�TXH�O¶DFHU�LQR[LGDEOH�����YHJDGHV�PDMRU�TXH�O¶$%6�L�ILQV�L

WRW����YHJDGHV�PDMRU�TXH�O¶DFHU�FURP�

0DOJUDW�TXH�OD�FRORQLW]DFLy�GHO�YLGUH�SHOV�EDFWHULV�KHWHUzWURIV�KD�HVWDW�DSUR[LPDGDPHQW����YHJDGHV�LQIHULRU�D�OD�SURGXwGD�D�O¶$%6

R�D�O¶DFHU�FURP��HOV�QLYHOOV�REVHUYDWV�HQ�DTXHVW�PDWHULDO�VyQ�VXILFLHQWPHQW�DOWV������[����XIF�FP����FRP�SHU�SRGHU�TXDQWLILFDU�HO

GHVHQYROXSDPHQW� GHO� ELRILOP�� '¶DOWUD� EDQGD�� O¶HOHYDW� UDWLR� GH� FRORQLW]DFLy� GHO� YLGUH� UHVSHFWH� GHOV� FROLIRUPHV� WRWDOV� DXJPHQWD

HQFDUD�PpV� HO� YDORU� G¶DTXHVW� PDWHULDO�� FRP� D� VXSRUW� DPE� XQD� VHQVLELOLWDW� DGHTXDGD� SHU� D� O¶HVWXGL� GHO� GHVHQYROXSDPHQW� GH

ELRILOPV�HQ�UHDFWRUV�GH�OOLW�HPSDFDW�
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)LJXUD� ������ 'HVHQYROXSDPHQW� GHO� ELRILOP� D� OHV� VXSHUItFLHV� G¶HVIHUHV� GH� YLGUH�� DFHU
LQR[LGDEOH������DFHU�FURP�L�$%6��FRSROtPHU�G¶HVWLUq��EXWDGLq��L�DFULORQLWULO��

7DXOD�������&RPSDUDFLy�GH�OD�FDSDFLWDW�GH�FRORQLW]DFLy�H[KLELGD�SHOV�GLIHUHQWV�PDWHULDOV�XWLOLW]DWV�

0DWHULDO 5HFRPSWH�YLDEOHV
�XIF�FP���

5DWLR�FRORQLW]DFLy &ROLIRUPHV�WRWDOV
�XIF�FP���

5DWLR�FRORQLW]DFLy

9LGUH ����(��� ���� ����(��� ����
$%6 ����(��� ����� ����(��� ����

$FHU�FURP ����(��� ����� ����(��� ����
$FHU�,QR[ ����(��� ���� ����(��� �����
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������ 3URFHVVDW�GH�OHV�PRVWUHV��UHQWDW�L�VRQLFDFLy

6¶KD�FRPSDUDW�OD�LGRQHwWDW�GHOV�WUHV�WLSXV�GH�UHQWDWV�XWLOLW]DWV�SHU�VHSDUDU�HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�QR�DGKHULWV�GH�IRUPD

LUUHYHUVLEOH� �YHXUH� )LJXUD� ������� GH� OHV� PRVWUHV� REWLQJXGHV� D� SDUWLU� GH� FDGD� UHDFWRU� GH� OOLW� HPSDFDW�� (Q� ��� H[SHULPHQWV

LQGHSHQGHQWV� L� H[SRVDQW� HOV� UHDFWRUV� D� O¶DLJXD� GHO� SRX� G¶$OIRQV� HO� 0DJQjQLP� �6DQW� 0DUWt��� V¶KD� FRPSDUDW� HO� QRPEUH� GH

PLFURRUJDQLVPHV�TXH�VHJXLHQ�DGKHULWV�IRUPDQW�ELRILOPV�DO�PHGL�GH�VXSRUW��$JDIDQW�HOV�UHDFWRUV�HQ�SDUHOOHV�HV�YD�TXDQWLILFDU�HO

QRPEUH�GH�PLFURRUJDQLVPHV�SUHVHQWV�DOV�ELRILOPV��VHJRQV�VL�HV�UHDOLW]DYD�HO�UHQWDW�$�R�HO�%��H[SHULPHQWV���D�����L�HO�UHQWDW�%�R�HO

&��H[SHULPHQWV�������

&RPSDUDQW�HOV�WUHV�WLSXV�GH�WUDFWDPHQW�HQWUH�VL�pV�HYLGHQW�TXH�HO�UHQWDW�%�pV�IRUoD�PpV�FRPSOHUW�TXH�HO�UHQWDW�$��MD�TXH�LQFORX

PpV� SDVVRV� L� OD� VHYD� FDSDFLWDW� SHU� VHSDUDU� HOV�PLFURRUJDQLVPHV� QR� DGKHULWV� GH� IRUPD� LUUHYHUVLEOH� KD� HVWDW� VLJQLILFDWLYDPHQW

VXSHULRU� �3 �������� $L[t�� HQ� HOV� H[SHULPHQWV� UHDOLW]DWV� FRPSDUDQW� HO� QRPEUH� GH� PLFURRUJDQLVPHV� TXH� FUHL[HQ� HQ� SODFD

�UHFRPSWH�GH� YLDEOHV�HQ�5�$����� �&�GXUDQW� ��GLHV��� HOV� UHFRPSWHV�PpV�EDL[RV� V¶KDQ�REWLQJXW� DPE�HO� UHQWDW� %� �YHXUH� )LJXUD
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Nº Experiment Independent

)LJXUD�������5HFRPSWH�GHOV�PLFURRUJDQLVPHV�SUHVHQWV�DO�ELRILOP�D�OD�VXSHUItFLH�GH�OHV�HVIHUHV�GH
YLGUH��HQ����H[SHULPHQWV�LQGHSHQGHQWV��LQFXEDFLy�HQ�5�$�D����&�L���GLHV��

5HVSHFWH�HOV�WUDFWDPHQWV�%�L�&�OHV�PHWRGRORJLHV�IRUoD�GLIHUHQWV�SUHVHQWHQ�DYDQWDWJHV�L�GHVDYDQWDWJHV�SHU�FDGD�FDQWy��PDOJUDW

TXH�OD�PDMRU�UDSLGHVD�GHO�UHQWDW�%�HO�IDQ�SUHIHULEOH��4XDQ�HV�FRPSDUHQ�HQWUH�VL�HOV�WUDFWDPHQWV�%�L�&��H[SHULPHQWV���D�����)LJXUD

�������HOV�UHFRPSWHV�GH�YLDEOHV�KDQ�HVWDW�VHPSUH�PHQRUV�HQ�HO�SULPHU�FDV��HQFDUD�TXH�OHV�GLIHUqQFLHV�QR�KDQ�HVWDW�VLJQLILFDWLYHV

�3 ��������3HU�WDQW��HO�UHQWDW�%�pV�FDSDo�GH�VHSDUDU�PpV�PLFURRUJDQLVPHV�QR�DGKHULWV�TXH�HOV�DOWUHV�GRV�WLSXV�GH�WUDFWDPHQWV�

DOKRUD�TXH�pV�XQ�WUDFWDPHQW�IRUoD�VHQ]LOO�L�UjSLG�G¶H[HFXWDU�

$JDIDQW�HO�UHQWDW�%�FRP�D�WUDFWDPHQW�FRQWURO�V¶KD�FRPSDUDW�DPE�HOV�DOWUHV�GRV�WLSXV�GH�WUDFWDPHQWV��FDOFXODQW�OD�SURSRUFLy�R�UDWLR

GHO� UHFRPSWH�GH�YLDEOHV�SHU�D�FDGD�XQ�G¶HOOV� ��HQ�XIF�FP�� ���'¶DTXHVWD� IRUPD�V¶KDQ� WUREDW� GLIHUqQFLHV� VLJQLILFDWLYHV� �3�������

HQWUH�HOV�UHQWDWV�$�%�L�$�&��7DXOD�������GHVSUpV�GH�UHDOLW]DU�XQ�WHVW�W�6WXGHQW��$L[t��DPE�HO�UHQWDW�$�V¶KDQ�DFRQVHJXLW�YDORUV�GH

UHFRPSWHV�GH�YLDEOHV����YHJDGHV�VXSHULRUV��PLWMDQD�GH������±�����8IF�FP���DOV�REWLQJXWV�DPE�HO�UHQWDW�%�



��� 5HVXOWDWV��

&RPSDUDQW� HO� UHQWDW� %� DPE� HO� UHQWDW� &� V¶KDQ� REVHUYDW� UHFRPSWHV� OOHXJHUDPHQW� VXSHULRUV� HQ� DTXHVW� ~OWLP�� HQFDUD� TXH� OHV

GLIHUqQFLHV�H[LVWHQWV�QR�KDQ�HVWDW�VLJQLILFDWLYHV��3 ��������3HU�WDQW��HO�UHQWDW�&�KD�SUHVHQWDW�XQD�PHQRU�FDSDFLWDW�SHU�VHSDUDU�HOV

PLFURRUJDQLVPHV�DGKHULWV�GH�IRUPD�UHYHUVLEOH�DO�PHGL�SRUyV��$�PpV�� OD�FRPSOLFDFLy�L�HO�WHPSV�QHFHVVDUL�SHU�D�UHDOLW]DU�DTXHVW

PqWRGH�GHVDFRQVHOOHQ�OD�VHYD�DSOLFDFLy��FRP�KR�GHPRVWUD�HO�PDMRU�FRHILFLHQW�GH�YDULDFLy�HQ�HO�UHQWDW�&��YHXUH�7DXOD�������

7DXOD�������&RPSDUDFLy�GH�OHV�WUHV�WqFQLTXHV�GH�VHSDUDFLy�GHOV�PLFURRUJDQLVPHV�DGKHULWV�DO�PHGL
SRUyV�GHOV�UHDFWRUV��RQ�HV�UHSUHVHQWD�OD�SURSRUFLy�GH�XIF�FP��GHO�WUDFWDPHQW�H[SHULPHQWDO�FRPSDUDW
DPE�HO�WUDFWDPHQW�FRQWURO��UHQWDW�%��

1���(;3� 5(17$7�$ 5(17$7�% 5(17$7�&

� ����� ���� ����
� ����� ���� ����
� ����� ���� ����
� ���� ���� ����
� ����� ���� ����

0LWMDQD��±�6�'� ������±����� ���� �����±�����
&9 ������� �������

3HU� WDQW��HO� UHQWDW�%�pV�HO�TXH�KD�SUHVHQWDW� XQD�PDMRU� FDSDFLWDW� SHU� VHSDUDU� HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�QR�DGKHULWV� GH

IRUPD�LUUHYHUVLEOH��3HU�DTXHVWV�PRWLXV��KD�HVWDW�HO�WUDFWDPHQW�FRQWURO�HVFROOLW�SHU�DSOLFDU�GH�IRUPD�UXWLQjULD�HQ�HO�SURFHVVDPHQW

SUHYL�GH�FDGD�PRVWUD�GH�ELRILOP�

'HVSUpV�GH�GHVFDUWDU�HO�UHQWDW�&�HV�YD�DQDOLW]DU�OD�TXDQWLWDW�GH�PLFURRUJDQLVPHV�SUHVHQWV�DOV�OL[LYLDWV�UHVXOWDQWV�GH�OD�UHDOLW]DFLy

GHOV� UHQWDWV� $� L� %�� /HV� DLJ�HV� GH� UHQWDW� HV� YDQ� UHFROOLU� DPE� DPSROOHV� 6FKRWW� HVWqULOV�� VH¶Q� YD� GHWHUPLQDU� HO� FRQWLQJXW� GH

PLFURRUJDQLVPHV�UHDOLW]DQW�HO�UHFRPSWH�GH�YLDEOHV�HQ�5�$�GH�OD�IRUPD�KDELWXDO��/HV�PRVWUHV�HV�YDQ�VRWPHWUH�DO�UHQWDW�%��WDO�FRP

V¶HVSHFLILFD�D�OD�)LJXUD�������LQFXEDQW�VH�GH�OD�IRUPD�KDELWXDO�SHU�TXDQWLILFDU�QH�HO�UHFRPSWH�GH�YLDEOHV��$O�PDWHL[�WHPSV�HV�YD

LQFXEDU� HO� OL[LYLDW� UHVXOWDQW� GHO� ILQDO� GHO� UHQWDW� %�� L� HO� OL[LYLDW� UHVXOWDQW� GHO� VHJRQ� SDV� GHO� UHQWDW� %� �TXH� HTXLYDO� DO� 5HQWDW� $��

$TXHVWHV�WUHV�PRVWUHV�HV�YDQ�LQFXEDU�HQ�SDUDOÂOHO�SHU�FDOFXODU�HOV�SHUFHQWDWJHV�GH�FDGD�XQD�GH�OHV�IUDFFLRQV�L�SRGHU�FRPSDUDU�OD

VHYD�LPSRUWjQFLD�UHODWLYD�

$VVXPLQW�TXH�GXUDQW�DOJXQ�GHOV�SDVVRV�GHO�SURFHVVDPHQW�HV�SRW�SURGXLU�XQD�SHWLWD�UHGXFFLy�HQ�HO�QRPEUH�GH�YLDEOHV��FRP�HQ�HO

SURFpV� GH� VRQLFDFLy� �&DPSHU� HW� DO�� ������� OHV� GDGHV� GH� OD� 7DXOD� �����PRVWUHQ� FRP� HO� QRPEUH� GH�PLFURRUJDQLVPHV� TXH� HV

SHUGHQ�GHJXW�DO�UHQWDW�QR�KD�VXSHUDW�GH�PLWMDQD�HO����UHVSHFWH�GHO�WRWDO�GH�YLDEOHV�SUHVHQW�D�OD�PRVWUD�

7DXOD� ������3HUFHQWDWJH� GH�PLFURRUJDQLVPHV� SUHVHQWV� DOV� OL[LYLDWV� UHVXOWDQWV� GHOV� UHQWDWV� $� L� %�� L� DO� ILQDO� GHO
SURFpV� �SHUFHQWDWJH� GHO� QRPEUH� GH� XIF�FP���� UHVSHFWH� GHO� WRWDO� GH� YLDEOHV� SUHVHQWV� DO� ELRILOP� GHVHQYROXSDW
�FUHL[HPHQW�HQ�$JDU�5�$�����&��

1���(;3� ��/L[��5HQWDW�$ ��/L[��5HQWDW�% ��$GKHULWV

� ���� ���� �����
� ���� ���� �����
� ���� ���� �����
� ���� ���� �����

0LWMDQD��±�6�'� �����±����� �����±������ ������±������
&9 ������� ������� ������



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

������ 5HSURGXFWLELOLWDW�GH�OD�FRORQLW]DFLy�GHO�PDWHULDO�GH�VXSRUW�

/D�GLIHUqQFLD�HQ�HO� UHFRPSWH�GHOV�PLFURRUJDQLVPHV�D�SDUWLU�GH� OHV�GLIHUHQWV� UqSOLTXHV�GH� OHV�PRVWUHV�GH�ELRILOP�R�GH�PRVWUHV

SODQFWzQLTXHV�KD�HVWDW�PtQLPD�HQ�OD�PDMRULD�GHOV�FDVRV��VXJJHULQW�TXH�OD�YDULDFLy�GHO�PRVWUHLJ�HQ�SODFD�GHVSUpV�GH� OD�GLOXFLy

VHULDGD�L�SRVWHULRU�ILOWUDFLy�YD�VHU�PtQLPD��YHXUH���������/D�)LJXUD������PRVWUD� OD�GLVWULEXFLy�GHO�UHFRPSWH�GH�EDFWHULV�WRWDOV�HQ

SODFD�HQ�OD�FRORQLW]DFLy�GH�OHV�HVIHUHV�GH�YLGUH�D�SDUWLU�GH�O¶DLJXD�IUHjWLFD�GHO�SRX�G¶$OIRQV�HO�0DJQjQLP��6DQW�0DUWt��%HVyV���(O

UHFRPSWH�GHVSUpV�GH����GLHV�KD�RVFLOÂODW�GH�����[����XIF�FP���ILQV�D�����[����XIF�FP���DPE�XQ�UDQJ�GH�����[����XIF�FP��������

ORJ���DPE�XQD�PLWMDQD�GH�����[����XIF�FP����XQD�GHVYLDFLy�WtSLFD�GH�����[����XIF�FP���L�XQ�HUURU�HVWjQGDUG�GH�����[����XIF�FP���

'HVSUpV�GH�OD�WUDQVIRUPDFLy�ORJDUtWPLFD�GH�OHV�GDGHV�V
REVHUYD�FRP�OD�SREODFLy�VHJXHL[�XQD�GLVWULEXFLy�QRUPDO��)LJXUD�������

$PE�DTXHVW�H[SHULPHQW�HV�GHPRVWUD�TXH�OD�YDULDFLy�HQ�OD�IRUPDFLy�GH�ELRILOPV�DO�PHGL�SRUyV��HVIHUHV�GH�YLGUH��GHOV�UHDFWRUV�GH

OOLW� HPSDFDW� pV� VXILFLHQWPHQW� SHWLWD�� 3HU� WDQW�� HOV� QLYHOOV� GH� UHSURGXFWLELOLWDW� VyQ� DFFHSWDEOHV� L� HV� SRW� XWLOLW]DU� HO� VLVWHPD

H[SHULPHQWDO�HQ� OD�FRPSDUDFLy�GHO� GHVHQYROXSDPHQW�GH�ELRILOPV�HQ�DLJ�HV�G¶RULJHQ�GLIHUHQW�� SHU� FRPSDUDU� OD� FRORQLW]DFLy�GH

GLIHUHQWV�PDWHULDOV�R�YDULDQW�FHUWHV�FRQGLFLRQV�DPELHQWDOV�R�KLGURGLQjPLTXHV�

)LJXUD�������'LVWULEXFLy�GHOV� UHFRPSWHV� GH� YLDEOHV� WUDQVIRUPDWV� ORJDUtWPLFDPHQW� �5�$�� ���&��� GLHV�� GHOV
ELRILOPV�IRUPDWV�DO�PHGL�SRUyV�GHOV�UHDFWRUV�GH�OOLW�HPSDFDW��GHVSUpV�GH����GLHV�GH�FRQWDFWH�DPE�O¶DLJXD�GHO
SRX�G¶$OIRQV�HO�0DJQjQLP��6DQW�0DUWt��%HVyV���/D�OtQLD�PDUFD�OD�FRUED�QRUPDO�

������ (IHFWH�GH�O¶HVWUqV�GH�FLVDOOD

6¶KD�HVWXGLDW� OD� LQIOXqQFLD�GH�GLIHUHQWV� UqJLPV�GHO� IOX[�HQ� OD� FRORQLW]DFLy�PLFURELDQD�GHO�PDWHULDO� GH� VXSRUW��6¶KDQ�VRWPqV���

UHDFWRUV�GH�OOLW�HPSDFDW�G¶LJXDO�SRURVLWDW�D�GLIHUHQWV�YHORFLWDWV�GHO�IOX[�D�SDUWLU�GH�O¶DLJXD�VXEWHUUjQLD�GH�OD�PLQD�GH�5LEDWDOODGD��D

O¶HVWDFLy�GH�&$66$�D�6DEDGHOO��JUjFLHV�DO�VLVWHPD�H[SHULPHQWDO�GHVFULW�D�OD�)LJXUD�������/D�SURJUHVVLy�GHO�GHVHQYROXSDPHQW�GHO

ELRILOP� V¶KD� TXDQWLILFDW� UHDOLW]DQW� UHFRPSWHV� GH� YLDEOHV� HQ� GLIHUHQWV� PHGLV� GH� FXOWLX� GH� OD� IRUPD� KDELWXDO� �YHXUH� �������� SHU

GHWHUPLQDU�HO�QRPEUH�GH�EDFWHULV�WRWDOV��$JDU�5�$����&���FROLIRUPHV�WRWDOV��$JDU�&KURPRFXOW����&���3VHXGRPRQDV��$JDU�*63�

���&��L�IRQJV�ILODPHQWRVRV��$JDU�6DERXUDXG���JHQWDPLFLQD��
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��� 5HVXOWDWV��

(Q�ELRILOPV�MRYHV�O
LQFUHPHQW�GHO�FDEDO�KD�DIDYRULW� OD�FRORQLW]DFLy�PLFURELDQD�GHO�PDWHULDO�GH�VXSRUW�GHOV�UHDFWRUV��)LJXUD������

SDUW�VXSHULRU���'H�IHW��GHVSUpV�GH����GLHV�GH�FRQWDFWH�DPE� O
DLJXD� IUHjWLFD� OD�FRORQLW]DFLy�GHO�PHGL�GH�VXSRUW�GHOV� UHDFWRUV�KD

HVWDW�VLJQLILFDWLYDPHQW�PpV�JUDQ�HQ�DXJPHQWDU�HO�FDEDO�HQ�HOV�EDFWHULV� WRWDOV� �3���������3VHXGRPRQDV� �3 ��������FROLIRUPHV

WRWDOV��3��������L�IRQJV�ILODPHQWRVRV��3��������

'H� IRUPD� FRLQFLGHQW� HQ� WRWV� HOV� JUXSV� GH�PLFURRUJDQLVPHV� V¶KD� REVHUYDW� XQ� LQFUHPHQW� GHO� GHVHQYROXSDPHQW� GHO� ELRILOP� HQ

DXJPHQWDU�HO�FDEDO�GH�����D�����/�K��3RVWHULRUPHQW��V¶KD�REVHUYDW�XQ�YDORU�OOLQGDU�GH�FDEDO������/�K�������1�P�����SHU�VRWD�GHO

TXDO�V¶DIDYRUHL[�HO�GHVHQYROXSDPHQW�GHO�ELRILOP��3HU�VREUH�G¶DTXHVW�YDORU� OOLQGDU�V¶KD�SURGXwW�XQ�SHUtRGH�GHVIDYRUDEOH�SHU�D� OD

FRORQLW]DFLy������ORJ�GH�UHGXFFLy���$TXHVWD�HWDSD�KD�GHVDSDUHJXW�SRVWHULRUPHQW�HQ�DXJPHQWDU�HQFDUD�PpV�HO�FDEDO� ILQV�D����

/�K��YDULDQW�O¶HVIRUo�GH�FLVDOOD�GH�������1�P����D�������1�P�����UHVWLWXLQW�HOV�YDORUV�GH�FRORQLW]DFLy�SUHVHQWV�D�QLYHOOV�LQIHULRUV�GH

FDEDO��SHU�VRWD�GHO�SXQW�G¶LQIOH[Ly�DOV�����/�K�

(O�FDEDO�QR�KD�SUHVHQWDW�HO�PDWHL[�HIHFWH�HQ�ELRILOPV�GHVHQYROXSDWV�GHVSUpV�GH����GLHV�GH�FRQWDFWH�DPE�O
DLJXD�IUHjWLFD��)LJXUD

�����SDUW�LQIHULRU���(Q�OHV�PDWHL[HV�FRQGLFLRQV�KLGURGLQjPLTXHV�L�DPE�HO�PDWHL[�HVIRUo�GH�FLVDOOD��O¶HIHFWH�G¶DTXHVW�HQ�FRQWUD�GH

OD�FRORQLW]DFLy�PLFURELDQD�L�HO�GHVHQYROXSDPHQW�GHOV�ELRILOPV�KD�HVWDW�PDMRU�HQ�DXJPHQWDU�HO�WHPSV�G¶H[SRVLFLy��$L[t��HQ�HO�UDQJ

GH�FDEDOV�HVWXGLDWV�QR�V¶KDQ�REVHUYDW�LQFUHPHQWV�VLJQLILFDWLXV�HQ�OD�FRORQLW]DFLy��PpV�DYLDW�HOV�QLYHOOV�KDQ�WHQGLW�D�PDQWHQLU�VH�R

D�GLVPLQXLU�OOHXJHUDPHQW�
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)LJXUD� ������ (IHFWH� GHO� UqJLP� GHO� IOX[� �YDULDFLy� GHO� FDEDO�� HQ� OD� FRORQLW]DFLy
PLFURELDQD�GHO�PHGL�GH�VXSRUW�GHOV�UHDFWRUV�GH�OOLW�HPSDFDW�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

7DXOD�������9DULDFLy�GHOV�SDUjPHWUHV�KLGURGLQjPLFV�DOV�UHDFWRUV�GH�OOLW�HPSDFDW��SRURVLWDW� ���������HVIHUHV�GH���PP
GH�GLjPHWUH�FRP�D�PHGL�GH�VXSRUW���DO�YDULDU�HO�FDEDO�

&DEDO
�/�K�

3HUPHDELOLWDW
�FP�V���

5H\QROGV KI���P� (VIRUo�&LVDOOD
�1�P���

��� ����� ������� ���� ����

��� ���� ������� ���� ����

��� ���� ������� ���� ����

��� ���� ������� ���� �����

��� ���� ������� ���� �����

'
DOWUD�EDQGD��HQ�DOJXQV�JUXSV�PLFURELDQV�HVWXGLDWV�HOV�QLYHOOV�Pj[LPV�KDQ�HVWDW�IRUoD�GLIHUHQWV�HQ�HOV�GRV�FDVRV�����L����GLHV��

&DO�GHVWDFDU� OD�GLVPLQXFLy�REVHUYDGD�HQ�HOV�EDFWHULV�KHWHUzWURIV��GH�����[����XIF�FP��� �DOV����GLHV�D�����[����XIF�FP���DOV���

GLHV���L�HQ�HOV�FROLIRUPHV�WRWDOV������[����XIF�FP���DOV����GLHV��SHU�����[����XIF�FP���GHVSUpV�GH����GLHV��

(Q�VHJRQ� OORF��V¶KDQ�DGDSWDW��� UHDFWRUV�GH�OOLW�HPSDFDW�DPE�SRURVLWDWV�GLIHUHQWV�HQ�XQ�VLVWHPD�HQ�VqULH� �)LJXUD�������� L� V¶KDQ

GHL[DW����GLHV�HQ�FRQWDFWH�DPE�O¶DLJXD�GH�OD�PLQD�GH�5LEDWDOODGD��D�O¶HVWDFLy�H[SHULPHQWDO�GH�&$66$�D�6DEDGHOO��/D�7DXOD�����

PRVWUD�OD�YDULDFLy�GHOV�SULQFLSDOV�SDUjPHWUHV�KLGURGLQjPLFV�D�FDGD�XQ�GHOV���UHDFWRUV�GLVSRVDWV�HQ�VqULH�

(O�QRPEUH�GH�EDFWHULV�KHWHUzWURIV��LQFXEDFLy�HQ�5�$�����&��KD�PDQWLQJXW�XQV�YDORUV�VLPLODUV�D�WRWV�HOV�UHDFWRUV��H[FHSWXDQW�XQD

OOHXJHUD�GLVPLQXFLy�DO�WHUFHU�UHDFWRU��)LJXUD�������TXH�QR�KD�HVWDW�VLJQLILFDWLYD��3!������(O�PDWHL[�KD�SDVVDW�HQ�HOV�DOWUHV�JUXSV

PLFURELDQV� HVWXGLDWV�� FRP� 3VHXGRPRQDV� L� FROLIRUPHV� WRWDOV�� RQ� WDPSRF� V¶KDQ� REVHUYDW� GLIHUqQFLHV� VLJQLILFDWLYHV� HQWUH� HOV

GLIHUHQWV�UHDFWRUV��PDOJUDW�TXH�HOV�QLYHOOV�PpV�DOWV�V¶KDQ�SUHVHQWDW�DO�VHJRQ�UHDFWRU�� IRUPDW�SHU�HVIHUHV�GH���PP�GH�GLjPHWUH

FRP�D�PHGL�GH�VXSRUW�

6HPEOD�FODU�TXH�HO�UDQJ�GH�SRURVLWDWV�XWLOLW]DW�HQ�DTXHVW�VLVWHPD��GH��������D���������QR�KD�HVWDW�HO�VXILFLHQWPHQW�DPSOL�FRP�SHU

YDULDU�GH� IRUPD�VLJQLILFDWLYD� OHV� FRQGLFLRQV�KLGURGLQjPLTXHV�GHO� VLVWHPD�� WDO� FRP�V¶DSUHFLD�D� OD�7DXOD�������'¶DOWUD�EDQGD� OHV

FRQGLFLRQV�H[SHULPHQWDOV�XWLOLW]DGHV�HQ�DTXHVW� FDV�KDQ�PDQWLQJXW� XQ�PDWHL[�HVIRUo�GH� FLVDOOD� D� WRWV�HOV� UHDFWRUV�� 3HU�DTXHVW

PRWLX��QR�HUD�G¶HVSHUDU�O¶H[LVWqQFLD�GH�GLIHUqQFLHV�VLJQLILFDWLYHV�HQWUH�HOV�GLIHUHQWV�SDUjPHWUHV�PLFURELROzJLFV�HVWXGLDWV�

7DXOD�������9DULDFLy�GHOV�SDUjPHWUHV�KLGURGLQjPLFV�DOV�UHDFWRUV�GH�OOLW�HPSDFDW�FRQQHFWDWV�HQ�VqULH�

5HDFWRU ∅�HVIHUHV

�PP��

3RURVLWDW .

�FP�V���

5H\QROGV KI��P� (VI��FLVDOOD

�1�P���

� � ������ ���� ������� ���� �����

� � ������ ���� ������� ���� �����
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� � ������ ���� ������� ���� �����



��� 5HVXOWDWV��
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Diàmetre esferes reactor (mm.)

)LJXUD�������'HVHQYROXSDPHQW�GH�ELRILOP�HQ� UHDFWRUV� FRQQHFWDWV�HQ�VqULH�GH�GLIHUHQW� SRURVLWDW�� DOV����GLHV
G¶H[SRVLFLy�D�O¶DLJXD�IUHjWLFD�GH�OD�PLQD�GH�5LEDWDOODGD��HVWDFLy�H[SHULPHQWDO�GH�&$66$��D�6DEDGHOO��

������ ,QIOXqQFLD�GHO�ELRILOP�HQ�OD�KLGURGLQjPLFD�GHO�PHGL�SRUyV

$�SDUWLU�GH�OHV�GDGHV�REWLQJXGHV�DPE�PLFURVFzSLD�FRQIRFDO� WDPEp�KD�HVWDW�SRVVLEOH�GHWHUPLQDU� O¶jUHD�HVSHFtILFD�GHO�ELRILOP�DO

UHDFWRU��YHXUH�������L�HT���������3HU�IHU�KR��pV�QHFHVVDUL�FRQqL[HU�HO�JUXL[�PLWMj�GHO�ELRILOP��/I��PHVXUDW�PLFURVFzSLFDPHQW��YHXUH

�������� OD� SRURVLWDW� PLWMDQD� SHO� OOLW� HPSDFDW� QHW� VHQVH� ELRILOP� �ε��� GHWHUPLQDGD� YROXPqWULFDPHQW� �YHXUH� �������� HO� UDGL� GH� OHV

HVIHUHV��5S��L�HO�QRPEUH�G¶HVIHUHV�HQ�FRQWDFWH�DPE�XQD�GHWHUPLQDGD�HVIHUD��Q���6¶KDQ�UHDOLW]DW�HOV�FjOFXOV�GH�O¶jUHD�HVSHFtILFD�RQ

HO� ELRILOP� SRW� FUpL[HU� SHU� XQLWDW� GH� YROXP� GHO� UHDFWRU� �7DXOD� ������� DJDIDQW� HOV� YDORUV� SHU� DOV� GRV� VLVWHPHV� PpV� IUHT�HQWV

G¶HPSDTXHWDPHQW��DPE�Q ��SHU�D�XQ�HPSDTXHWDPHQW�UHJXODU�L�Q ���SHU�D�XQ�HPSDTXHWDPHQW�URPERqGULF��YHXUH���������'¶DOWUD

EDQGD��XWLOLW]DQW�O¶HTXDFLy������HV�SRW�GHWHUPLQDU�OD�SRURVLWDW�PLWMDQD�GHO�OOLW�HPSDFDW�DPE�ELRILOP��εI�

7DXOD�������$UHD�HVSHFtILFD�GHO�ELRILOP� L�SRURVLWDW�PLWMDQD�GHO� UHDFWRU�GH� OOLW�HPSDFDW�SOH�G¶HVIHUHV�GH���PP�GH�GLjPHWUH
FRP�D�PHGL�GH�VXSRUW��(VWDFLy�H[SHULPHQWDO�GH�6DQW�0DUWt��SRURVLWDW� ���������

7HPSV�H[S�
�GLHV�

*UXL[��P� 1RPEUH�GH
&RRUGLQDFLy

¬UHD�HVSHFtILFD 3RURVLWDW�DPE�ELRILOP
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&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

/¶DFXPXODFLy� GHO� ELRILOP� HQ� HOV� UHDFWRUV� GH� OOLW� HPSDFDW� KD� UHVXOWDW� HQ� XQD� GLVPLQXFLy� VLJQLILFDWLYD� �3 ������ GH� OD� SRURVLWDW

PLWMDQD� �7DXOD��������$JDIDQW�HO� QRPEUH�GH� FRRUGLQDFLy�SHU� D�XQ�HPSDTXHWDPHQW� FRPSDFWH� �Q ����� D�SDUWLU� G¶XQ� YDORU� LQLFLDO

PHVXUDW�YROXPqWULFDPHQW�GH���������OD�SUHVqQFLD�GHO�ELRILOP�KD�IHW�GLVPLQXLU�OD�SRURVLWDW�GHO�VHX�YDORU�LQLFLDO�ILQV�D��������DOV���

GLHV���������DOV����GLHV�L��������DO�ILQDO�GHO�WHPSV�G¶H[SRVLFLy�GH����GLHV�

(Q�VHJRQ�OORF��HV�YD�PHVXUDU�HO�FDEDO�L�OD�SqUGXD�GH�FjUUHJD�SURGXwGD�HQ�XQ�UHDFWRU�GH�OOLW�HPSDFDW��HQ�XQ�H[SHULPHQW�TXH�HV�YD

UHDOLW]DU�GXUDQW�����GLHV�DPE�DLJXD�GH�OD�PLQD�GH�5LEDWDOODGD��HVWDFLy�H[SHULPHQWDO�GH�&$66$�D�6DEDGHOO���GH�OD�PDWHL[D�IRUPD

TXH� HO�PXQWDWJH� H[SHULPHQWDO� GH� OD� )LJXUD� ����� /D�PHWRGRORJLD� HPSUDGD� KD� HVWDW� HO� VXILFLHQWPHQW� VHQVLEOH� FRP� SHU� FDSWDU

GLIHUqQFLHV�DO�OODUJ�GHO�WHPSV�HQ�OD�SqUGXD�GH�FjUUHJD�

(Q�SULPHU�OORF�FDO�REVHUYDU�TXH�HO�FDEDO�KD�VRIHUW�XQD�GLVPLQXFLy�DO�OODUJ�GHO�WHPSV��HQFDUD�TXH�DTXHVWD�QR�KD�HVWDW�VLJQLILFDWLYD

�3 �������'XUDQW� HOV� SULPHUV� ��� GLHV� HO� FDEDO� V¶KD�PDQWLQJXW� SUjFWLFDPHQW� VHQVH� YDULDFLRQV� �GH� ������ D� ������ /�K��� $� SDUWLU

G¶DTXHVW�PRPHQW�HQ�FDQYL��HO�FDEDO�KD�DQDW�GDYDOODQW�ILQV�D�������/�K�DOV����GLHV��������/�K�DOV����GLHV��DUULEDQW�DOV�������/�K�DO

ILQDO�GH�O¶H[SHULPHQW������GLHV���eV�HYLGHQW�TXH�PDQWHQLQW�OD�EDL[DGD�GHO�FDEDO�GH�VRUWLGD�GHO�UHDFWRU�V¶KD�G¶DWULEXLU�D�OD�IRUPDFLy

GHO�ELRILOP��HO�TXDO�DMXGD�D�SURGXLU�O¶REWXUDFLy�GHOV�UHDFWRUV�GLVPLQXLQW�OD�VHYD�FDSDFLWDW�GH�WUDQVSRUW��&RQVLGHUDQW�TXH�HO�FDSWRU

GH�SUHVVLy�SHUPHW�OD�PHVXUD�GH�GLIHUqQFLHV�GH�SqUGXD�GH�FjUUHJD�HQ�OHV�FRQGLFLRQV�H[SHULPHQWDOV�XWLOLW]DGHV��XQ�DXJPHQW�HQ�OD

SqUGXD�GH�FjUUHJD�PHVXUDGD�HQV�SRGULD� LQGLFDU� O¶LQFUHPHQW�GH� OD�FRORQLW]DFLy�PLFURELDQD�GHOV� UHDFWRUV��VHPSUH�TXH�HV�SXJXL

DVVHJXUDU�XQ�PDWHL[�FDEDO�WDQW�D�O¶HQWUDGD�FRP�D�OD�VRUWLGD�GHO�UHDFWRU�

(Q�DTXHVW�VHQWLW��VHPEOD�HYLGHQW�TXH�OD�FRORQLW]DFLy�PLFURELDQD�DOV�UHDFWRUV�GH�OOLW�HPSDFDW�SRW�DUULEDU�D�PRGLILFDU�HO�VHX�UqJLP

KLGUjXOLF�� LQFUHPHQWDQW� OD� SqUGXD� GH� FjUUHJD� TXH� HV� SURGXHL[� DO� VLVWHPD�� $L[t�� HQ� HOV� SHUtRGHV� RQ� HO� FDEDO� V¶KD� PDQWLQJXW

SUjFWLFDPHQW�FRQVWDQW��YHXUH�)LJXUD��������GXUDQW�HOV�SULPHUV����GLHV�GH�O¶H[SHULPHQW� L�GHOV����DOV�����GLHV�GH�FRQWDFWH��V¶KD

REVHUYDW�FRP�OD�SqUGXD�GH�FjUUHJD�KD�DXJPHQWDW�

eV�HYLGHQW�TXH�OD�UHGXFFLy�GHO�FDEDO�SRW�KDYHU�DIHFWDW�D�OD�SqUGXD�GH�FjUUHJD��GLVPLQXLQW�QH�HO�VHX�YDORU��U ���������$L[t��GHOV���

DOV����GLHV�G¶H[SRVLFLy�D�O¶DLJXD�IUHjWLFD�OD�SqUGXD�GH�FjUUHJD�YD�GLVPLQXLU�����P��GH������D������P���DUULEDQW�D�XQ�PtQLP�GH�����

P�DOV����GLHV��YHXUH�)LJXUD�������
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)LJXUD�������(YROXFLy�DO�OODUJ�GHO�WHPSV�GH�OD�SqUGXD�GH�FjUUHJD�L�HO�FDEDO��9DULDFLy�G¶DTXHVWV�SDUjPHWUHV�DPE�HO
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D�6DEDGHOO�



��� 'LVFXVVLy��

����� 'LVFXVVLy

������ ,GRQHwWDW�GH�OD�WqFQLFD�XWLOLW]DGD

(O� VLVWHPD� H[SHULPHQWDO� SHU� DO� PRVWUHLJ� L� OD� PRQLWRULW]DFLy� GH� OD� IRUPDFLy� GH� ELRILOPV� HQ� VLVWHPHV� DTXjWLFV� KD� SHUPqV� HO

GHVHQYROXSDPHQW� GH� ELRILOPV�PRGHO� D� OD� VXSHUItFLH� GH� VXSRUWV� LQHUWV� GH� FDUDFWHUtVWLTXHV� EHQ� GHILQLGHV�� /¶DSOLFDFLy� G¶DTXHVW

VLVWHPD� HQ� H[SHULPHQWV� GH� FDOLEUDWJH� DO� ODERUDWRUL� L� HQ� H[SHULPHQWV� GH� FDPS� HQ� GLIHUHQWV� ]RQHV� GH� PRVWUHLJ�� KD� SHUPqV

DQDOLW]DU�HOV�DYDQWDWJHV�L�OLPLWDFLRQV�GH�O¶DSOLFDFLy�GH�OD�WqFQLFD�LQ�VLWX�

��� (O�VLVWHPD�H[SHULPHQWDO�SHUPHW�REWHQLU�HO�Pj[LP�GH�PRVWUD�GH�ELRILOP�DPE�HO�PtQLP�HVSDL�QHFHVVDUL��/D�FRQILJXUDFLy�HQ�OOLW

HPSDFDW�IL[�SHUPHW�OD�SURGXFFLy�GH�ELRILOPV�REWHQLQW�HO�Pj[LP�GH�VXSHUItFLH�GH�PRVWUHLJ�HQ�HO�PtQLP�HVSDL�SRVVLEOH��$L[z�pV

HVSHFLDOPHQW� LPSRUWDQW� SHU� DOV� H[SHULPHQWV� GH� FDPS�� RQ� O¶HVSDL� HV� FRQYHUWHL[� VRYLQW� HQ� XQ� IDFWRU� OLPLWDQW�� (Q� DTXHVW

DVSHFWH�� OD�SUHPLVVD�JHQHUDO� KD�HVWDW� REWHQLU� XQ� VLVWHPD�TXH�RFXSpV�HO�PtQLP�G¶HVSDL�� SHU� IDFLOLWDU� OD� VHYD� LQVWDOÂODFLy� L

XWLOLW]DFLy��3HU�DTXHVW�PRWLX��V¶KD� WULDW�XQ�UHDFWRU�GH� OOLW�HPSDFDW� IRUPDW�SHU�XQ� WXE�GH����´� �������FP��GH�GLjPHWUH� L�XQD

ORQJLWXG� WRWDO�GH�����FP��SOH�G¶HVIHUHV�GH�YLGUH�GH���PP�GH�GLjPHWUH�FRP�D�PHGL�GH�VXSRUW�HVWjQGDUG��'¶DTXHVWD� IRUPD

V¶REWp�XQ�PRVWUHMDGRU�SHWLW�SHUz�DOKRUD�DPE�XQD�JUDQ�VXSHUItFLH�GH�PRVWUHLJ��PDQHMDEOH��TXH�HV�SRW�HVWHULOLW]DU�IjFLOPHQW�D

O¶DXWRFODX�L�TXH�HV�SRW�VLWXDU�HQ�HVSDLV�UHGXwWV��/D�JUDQ�VXSHUItFLH�GH�GHSRVLFLy�TXH�SUHVHQWHQ�OHV�HVIHUHV�TXH�FRQVWLWXHL[HQ

HO�PHGL�GH�VXSRUW���������FP��SHU�PRVWUHMDGRU�� WHQLQW�HQ�FRPSWH�QRPpV�HO�PDWHULDO�GH�VXSRUW���DXJPHQWD�OD�FDSDFLWDW�GH

IRUPDFLy�GHOV�ELRILOPV�GLQV�GHO� UHDFWRU�GH� OOLW�HPSDFDW��DOKRUD�TXH�V¶REWHQHQ�PRVWUHV�PpV�JUDQV�TXH� OHV�REWLQJXGHV�DPE

VLVWHPHV�VLPLODUV�IRUPDWV�SHU�VLVWHPHV�GH�FDQRQDGD��'H�IHW��HO�PHGL�SRUyV�RIHUHL[�XQD�VXSHUItFLH�GH�FUHL[HPHQW�IRUoD�PpV

JUDQ�TXH�XQD�FDQRQDGD�� MD�TXH�D� OD�VXSHUItFLH�PXOODGD�GHO� UHDFWRU� V¶KD�G¶LQFORXUH� OD� VXSHUItFLH�GH� WRWHV� OHV�HVIHUHV�TXH

LQWHJUHQ�HO�PHGL�GH�VXSRUW��(O�UHDFWRU�HVWjQGDUG�XWLOLW]DW��DPE�HVIHUHV�GH���PP�GH�GLjPHWUH�L�WXEHULD�GH����´��SUHVHQWD�XQD

ORQJLWXG�HTXLYDOHQW�GH������FP�TXDQ�V¶DJDID�QRPpV� O¶jUHD�GH�GHSRVLFLy�~WLO��pV�D�GLU�� OD�VXSHUItFLH�GH� OHV�HVIHUHV��'¶DOWUD

EDQGD��O¶HVWDEOLPHQW�G¶XQ�WHPSV�GH�UHVLGqQFLD�HO�VXILFLHQWPHQW�FXUW�LPSHGHL[�HO�FUHL[HPHQW�GH�FqOÂOXOHV�SODQFWzQLTXHV�GLQV

GHO�UHDFWRU��D�QR�VHU�TXH�V¶DGKHUHL[LQ�D�OD�VXSHUItFLH�GHO�PHGL�GH�VXSRUW�

�� /HV�FDUDFWHUtVWLTXHV�HVSHFtILTXHV�GHO�VLVWHPD�V¶KDQ�RSWLPLW]DW�SHO� WUHEDOO�GH� FDPS��8QD�GH� OHV�HVSHFLILFDFLRQV�FODUHV�GHO

VLVWHPD�H[SHULPHQWDO�KDYLD�G¶pVVHU�OD�OLPLWDFLy�HQ�TXDQ�D�OD�JUDQGjULD��6¶KD�GLVVHQ\DW�L�FRQVWUXwW�XQ�UHDFWRU�HO�VXILFLHQWPHQW

SHWLW�FRP�SHU� IDFLOLWDU� OD�VHYD�PDQLSXODFLy� L� LQVWDOÂODFLy�HQ�H[SHULPHQWV�GH�FDPS��DL[t�FRP�SHU� UHGXLU�DO�Pj[LP�HOV�FDEDOV

G¶DLJXD� D� XWLOLW]DU�� 'H� IHW�� HO� QRPEUH� GH� PRVWUHMDGRUV� QR� SRW� VHU� PROW� HOHYDW� SHUTXq� DXJPHQWDULHQ� OHV� GLPHQVLRQV� GHO

VLVWHPD�DL[t�FRP�HO�FDEDO�QHFHVVDUL�SHU�PDQWHQLU�OHV�PDWHL[HV�FRQGLFLRQV�KLGURGLQjPLTXHV�

�� /D� FRQILJXUDFLy� HQ� OOLW� HPSDFDW� IL[� SHUPHW� OD� SURGXFFLy� GH� ELRILOPV� FRQWURODQW� HO� JUDGLHQW� GH� YHORFLWDWV�� (O� JUDGLHQW� GH

YHORFLWDWV�QR�pV�KRPRJHQL�HQ�HO�PHGL� SRUyV� FRP�KR�pV�D� OHV� FDQRQDGHV��PDOJUDW� TXH�HQ�XQ� VLVWHPD�GH�GLVWULEXFLy� UHDO

WDPSRF�V¶HVWDEOHL[�XQ�JUDGLHQW�KRPRJHQL�GH�YHORFLWDWV�DO�OODUJ�GHO�WHPSV��YDULDQW�VHJRQV�O¶KRUD�GHO�GLD�L�O¶qSRFD�GH�O¶DQ\��R

HOV�GLHV�GH�OD�VHWPDQD���(Q�SHWLWHV�[DU[HV�GH�UHJ�SHU�MDUGLQV��OHV�RVFLOÂODFLRQV�GH�OD�YHORFLWDW�DO�OODUJ�GHO�WHPSV�HQFDUD�SRGHQ

VHU�PpV�LPSRUWDQWV��(Q�HO�QRVWUH�VLVWHPD�� OD�YDULDFLy�GHO�FDEDO�G¶HQWUDGD�SHUPHW�REWHQLU�HO�JUDGLHQW�GH�YHORFLWDWV�DGHTXDW

±VHPEODQW� DO� TXH� V¶HVWDEOHL[� HQ� XQD� FDQRQDGD� ��� XQD� YHJDGD� V¶KD� HVFROOLW� OD� SRURVLWDW� GHO� UHDFWRU��(Q� OHV� FLQqWLTXHV� GH

FRORQLW]DFLy��XQD�YHJDGD�FRQHJXW�HO� UqJLP�GH� IOX[�QHFHVVDUL�SHU�REWHQLU�XQD� YHORFLWDW� GHWHUPLQDGD�GLQV�GHO� UHDFWRU�� V¶KD

PDQWLQJXW�IL[�HO�FDEDO�G¶HQWUDGD�GXUDQW�WRW�HO�WHPSV�GH�O¶H[SHULPHQW��(Q�DTXHVWV�H[SHULPHQWV�UHDOLW]DWV�D�FDEDO�FRQVWDQW��HO

SULQFLSDO�SDUjPHWUH�D�FRQWURODU�KD�HVWDW�HO�FDEDO��6¶KD�RSWDW�SHU�HVFROOLU�HO�PHGL�GH�ERPEDPHQW�LGRQL�XWLOLW]DQW�OHV�ERPEHV

TXH�SUHVHQWDYHQ�PHQ\V�RVFLOÂODFLRQV�EUXVTXHV�GH�FDEDO��$L[t�PDWHL[��V¶KD�FRQWURODW�HO�FDEDO�GHO�VLVWHPD�L�HO�GH�FDGD�UHDFWRU

DPE�YjOYXOHV�G¶HVIHUD��PHVXUDQW�VH�GH�IRUPD�YROXPqWULFD�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

��� /HV� FRQGLFLRQV� KLGURGLQjPLTXHV� GLQV� GHO� UHDFWRU�PRVWUHMDGRU� QR� V¶KDQ� G¶DOOXQ\DU� GH� OHV� TXH� HV� WUREHQ� KDELWXDOPHQW� D

O¶LQWHULRU�GH�FDQRQDGHV��(O�VLVWHPD�H[SHULPHQWDO�KDYLD�GH�VLPXODU�DO�Pj[LP�OHV�FRQGLFLRQV�TXH�HV�SRGHQ�SURGXLU�D�TXDOVHYRO

[DU[D�GH�GLVWULEXFLy�G¶DLJXD��'H� IRUPD� UXWLQjULD�V¶KD�PDQWLQJXW�XQ� UqJLP�GH� IOX[� WXUEXOHQW� GLQV�GHO� VLVWHPD�H[SHULPHQWDO�

SHUTXq�DTXHVW�UqJLP�pV�IRUoD�PpV�UHOOHYDQW�KLGURGLQjPLFDPHQW�TXH�HO�IOX[�ODPLQDU�HQ�VLVWHPHV�GH�GLVWULEXFLy�G¶DLJXD�L�D�OD

LQG~VWULD��/HV�FRQGLFLRQV�G¶XWLOLW]DFLy�DO�FDPS�KDELWXDOV�SHU�FDGD�UHDFWRU��FDEDO�GH�����/�K�L�YHORFLWDW�PLWMDQD�GH�������P�V��

KDQ� HVWDEOHUW� G¶HQWUDGD� XQ� IOX[� WXUEXOHQW� D� WUDYpV� GHO�PHGL� SRUyV�� DPE� XQ� QRPEUH� GH�5H\QROGV� SRUyV� GH� ������� L� XQD

SqUGXD�GH�FjUUHJD�GH������P��FRQGLFLRQV�TXH�UHVXOWHQ�HQ�XQ�HVIRUo�GH�FLVDOOD�GH������1�P���SHU�FDGD�UHDFWRU�GH�OOLW�HPSDFDW

XWLOLW]DW��/D�SUHVqQFLD�GHO�PHGL�GH�VXSRUW�D�O¶LQWHULRU�GHO�UHDFWRU�GH�OOLW�HPSDFDW�DPE�]RQHV�RQ�HV�WUREHQ�GH�IRUPD�VLPXOWjQLD

SRUXV�HVWUHWV�L�YHORFLWDWV�HOHYDGHV��L�]RQHV�DPE�SRUXV�DPSOHV�L�EDL[HV�YHORFLWDWV��SHUPHW�VLPXODU�HQ�JHRPHWULD�L�IOX[�FRQWLQX

HO�FRPSRUWDPHQW�G¶XQD�FDQRQDGD�DO�OODUJ�GHO�WHPSV��(Q�DTXHVW�VHQWLW��OD�YHORFLWDW��H[SUHVVDGD�JHQHUDOPHQW�FRP�D�YHORFLWDW

VXSHUILFLDO��L�O¶HVIRUo�GH�FLVDOOD�VyQ�HOV�TXH�HVWDEOHL[HQ�OD�VLPLOLWXG�KLGUjXOLFD��$L[t��XQ�HVIRUo�GH�FLVDOOD�GH������1�P���DO�PHGL

SRUyV�RIHUHL[�XQHV�FRQGLFLRQV�KLGURGLQjPLTXHV�TXH�HQJOREHQ� OHV�TXH�HV�SRGHQ� WUREDU�D� OHV�FDQRQDGHV�GH� OHV�[DU[HV�GH

GLVWULEXFLy�XUEDQHV�L�GRPLFLOLjULHV��DPE�XQV�YDORUV�GH�YHORFLWDW�GH�O¶DLJXD�HQWUH�����������P�V����'¶DOWUD�EDQGD��OD�SqUGXD�GH

FjUUHJD�REWLQJXGD�HQ�HOV�UHDFWRUV�GH�OOLW�HPSDFDW�QR�pV�VLJQLILFDWLYD�HQIURQW�GH�OHV�FRQGLFLRQV�UHDOV�H[LVWHQWV�DOV�VLVWHPHV

GH�GLVWULEXFLy�G¶DLJXD��QL�UHVXOWD�XQ�YDORU�OLPLWDQW�SHU�OHV�ERPEHV�G¶H[WUDFFLy�G¶DLJXD�GLVSRQLEOHV�DO�PHUFDW�

�� (O�VLVWHPD�H[SHULPHQWDO�KD�G¶DVVHJXUDU�DO�Pj[LP�OD�UHSURGXFWLELOLWDW�HQ�OD�UHFXSHUDFLy�GHO�ELRILOP�GHO�PHGL�GH�VXSRUW��6¶KD

SURFXUDW�GLVVHQ\DU�HO�VLVWHPD�L�OD�PHWRGRORJLD�H[SHULPHQWDO�XWLOLW]DGD�GH�IRUPD�TXH�OD�UHFXSHUDFLy�GHOV�ELRILOPV�HV�SURGXtV

VRWD�OHV�PDWHL[HV�FRQGLFLRQV��7RW�L�DL[z��pV�LQHYLWDEOH�TXH�HV�SURGXHL[LQ�FHUWHV�YDULDFLRQV��DWULEXwEOHV�VREUHWRW�D�FDQYLV�HQ

OHV�FRQGLFLRQV�DPELHQWDOV�GH� O¶DLJXD�DO� OODUJ�GH� O¶DQ\�� /D�GLIHUqQFLD�HQ�HO� UHFRPSWH�GHOV�PLFURRUJDQLVPHV�D�SDUWLU� GH� OHV

GLIHUHQWV�UqSOLTXHV�GH�OHV�PRVWUHV�GH�ELRILOP�±GH�UHDFWRUV�H[SRVDWV�GH�IRUPD�VLPXOWjQLD�GXUDQW�HO�PDWHL[�SHUtRGH�GH�WHPSV�

L�HQ�OHV�PDWHL[HV�FRQGLFLRQV�DPELHQWDOV��KD�HVWDW�PtQLPD�HQ�OD�PDMRULD�GHOV�FDVRV��VXJJHULQW�TXH�HOV�HIHFWHV�DFXPXODWLXV

GHOV�GLIHUHQWV�HUURUV�SURGXwWV�GXUDQW�WRW�HO�SURFpV�VyQ�SUjFWLFDPHQW�QHJOLJLEOHV��3HU�WDQW��HOV�QLYHOOV�GH�UHSURGXFWLELOLWDW�VyQ

DFFHSWDEOHV�L�HV�SRW�XWLOLW]DU�HO�VLVWHPD�H[SHULPHQWDO�HQ�OD�FRPSDUDFLy�GHO�GHVHQYROXSDPHQW�GH�ELRILOPV�HQ�DLJ�HV�G¶RULJHQ

GLIHUHQW�

�� 6¶KDQ� DMXVWDW� OHV� GDGHV� KLGURGLQjPLTXHV� REWLQJXGHV� D� SDUWLU� GHOV� UHDFWRUV� GH� OOLW� HPSDFDW� D� XQ�PRGHO� WHzULF�� 3HU� SRGHU

GHWHUPLQDU�OHV�FRQGLFLRQV�KLGUjXOLTXHV�UHDOV�GHOV�UHDFWRUV�GH�OOLW�HPSDFDW�HV�YDQ�UHDOLW]DU�XQD�VqULH�G¶DVVDLJV�GH�FDOLEUDWJH

DO�ODERUDWRUL��TXDQWLILFDQW�OD�SqUGXD�GH�FjUUHJD�TXH�HV�SURGXHL[�DO�VLVWHPD�H[SHULPHQWDO�IRUPDW�SHOV�UHDFWRUV�GH�OOLW�HPSDFDW�

(OV� YDORUV� GH� SqUGXD� GH� FjUUHJD�PHVXUDWV� SHO� UHDFWRU� L� SHO�PHGL� SRUyV� KDQ� FRQFRUGDW� HQ� JUDQ�PHVXUD� DPE� HOV� YDORUV

WHzULFV��'¶DOWUD�EDQGD��OD�FRQQH[Ly�GH�GLIHUHQWV�UHDFWRUV�HQ�SDUDOÂOHO�SUjFWLFDPHQW�QR�YDULD�HO�FRPSRUWDPHQW�GH�FDGD�XQ�GHOV

UHDFWRUV�LQGLYLGXDOV�

�� (O�PHGL�GH�VXSRUW�L�HOV�DOWUHV�HOHPHQWV�GHO�UHDFWRU�L�GHO�VLVWHPD�H[SHULPHQWDO�QR�KDQ�GH�PRGLILFDU�GH�PDQHUD�VLJQLILFDWLYD�HO

GHVHQYROXSDPHQW� GHO� ELRILOP�� (Q� DTXHVW� VHQWLW�� HO� PDWHULDO� D� XWLOLW]DU� QR� KD� G¶DOWHUDU� OD� IRUPDFLy� QDWXUDO� GHOV� ELRILOPV

LQFUHPHQWDQW�HO�GHVHQYROXSDPHQW�GHOV�ELRILOPV�R�SHUMXGLFDQW�HO�FUHL[HPHQW�PLFURELj�SHU� OD�SUHVqQFLD�GH�SURGXFWHV�Wz[LFV�

3HU�DTXHVW�PRWLX��V¶KDQ�GHVHVWLPDW� OD�PDMRULD�GH�PDWHULDOV�SOjVWLFV�SHOV�SUREOHPHV�TXH�SUHVHQWHQ�HQ�DOOLEHUDU�SDUWtFXOHV

RUJjQLTXHV� TXH� SRGHQ� VHU� XWLOLW]DGHV� SHU� PLFURRUJDQLVPHV� GHO� ELRILOP�� DXJPHQWDQW� GH� IRUPD� VLJQLILFDWLYD� HO� VHX

GHVHQYROXSDPHQW��7DPSRF�V¶KDQ�XWLOLW]DW�HOHPHQWV�GH�FRXUH��MD�TXH�SRGHQ�SUHVHQWDU�XQ�FHUW�HIHFWH�DQWLPLFURELj�L�UHGXHL[HQ

OD� FDSDFLWDW� G¶DGKHUqQFLD� �$VVDQWD� HW� DO�� ������� &RP� TXH� WDQW� OHV� SDUHWV� LQWHUQHV� FRP� OHV� H[WHUQHV� HVWDQ� HQ� FRQWDFWH

SHUPDQHQW� DPE� O¶DLJXD�� V¶KD�HVFROOLW� O¶DFHU� LQR[LGDEOH�DXVWHQtWLF� $,6,� ���� FRP�D�PDWHULDO� GHOV� UHDFWRUV� SHU� OD� VHYD� JUDQ

UHVLVWqQFLD� D� OD� FRUURVLy�� D� DJHQWV� TXtPLFV� FRP� HO� FORU�� SHU� VXSRUWDU� Ep� OHV� FRQGLFLRQV� G¶HVWHULOLW]DFLy� SHU� FDORU� DPE

O¶DXWRFODX� L� SHU� WUDFWDU�VH� G¶XQ�PDWHULDO� UHODWLYDPHQW� KLGURItOLF� �6RPPHU� HW� DO�� �������'¶DOWUD� EDQGD�� HO� YLGUH� QR� DIDYRUHL[

HVSHFLDOPHQW�HO�FUHL[HPHQW�GHOV�PLFURRUJDQLVPHV��PDOJUDW�TXH�HV�WUDFWD�G¶XQ�PDWHULDO�DVVHTXLEOH��HFRQzPLF�L�PROW�DGHTXDW

SHU� SRGHU� FRPSDUDU� HO� GHVHQYROXSDPHQW� GHOV� ELRILOPV�� MD� TXH� KD� HVWDW� XQ� GHOV� PDWHULDOV� PpV� XWLOLW]DWV� SHU� HVWXGLDU



��� 'LVFXVVLy��

O¶DGKHUqQFLD�PLFURELDQD�D�VXSHUItFLHV��(Q�O¶H[SHULPHQW�GH�FDOLEUDWJH�UHDOLW]DW��OD�FRORQLW]DFLy�SHOV�EDFWHULV�KHWHUzWURIV�HQ�HO

YLGUH�KD�HVWDW�DSUR[LPDGDPHQW����YHJDGHV� LQIHULRU�D� O¶REWLQJXGD�HQ� O¶$%6�R� O¶DFHU�FURP�� L� OOHXJHUDPHQW�VXSHULRU�D� O¶DFHU

LQR[LGDEOH�� HQFDUD� TXH� HOV� QLYHOOV� WUREDWV� HQ� HO� YLGUH� KDQ� HVWDW� HO� VXILFLHQWPHQW� DOWV� �����[���� XIF� FP���� FRP� SHU� SRGHU

TXDQWLILFDU�HO�GHVHQYROXSDPHQW�GHO�ELRILOP��'¶DOWUD�EDQGD�� O¶HOHYDW� UDWLR�GH�FRORQLW]DFLy�GHO�YLGUH� UHVSHFWH�GHOV� FROLIRUPHV

WRWDOV������YHJDGHV�PpV�JUDQ�TXH�O¶DFHU�LQR[LGDEOH�����YHJDGHV�PDMRU�TXH�O¶$%6�L� ILQV� L� WRW����YHJDGHV�PDMRU�TXH�O¶DFHU�

FURP��� DXJPHQWD� HQFDUD�PpV� HO� YDORU� G¶DTXHVW�PDWHULDO� FRP� D� VXSRUW� DPE� XQD� VHQVLELOLWDW� DGHTXDGD� SHU� D� O¶HVWXGL� GHO

GHVHQYROXSDPHQW�GH�ELRILOPV�HQ�UHDFWRUV�GH�OOLW�HPSDFDW�

�� (O�SURFHVVDW�SUHYL�KD�GH�UHFXSHUDU�HO�Pj[LP�GH�ELRILOP�VHQVH�DOWHUDU�OHV�PRVWUHV��(Q�SULPHU�OORF��V¶KD�UHDOLW]DW�XQ�UHQWDW�SHU

VHSDUDU�HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�TXH�QR�HVWDYHQ�DGKHULWV�GH�IRUPD�LUUHYHUVLEOH�D�VREUH�GHO�PDWHULDO�GH�VXSRUW��'HOV

WUHV�WLSXV�GH�UHQWDWV�TXH�V¶KDQ�SURYDW�V¶KD�HVFROOLW�HO�WUDFWDPHQW�PpV�VHQ]LOO�L�UjSLG�G¶H[HFXWDU�L��DOKRUD��HO�TXH�KD�SUHVHQWDW

XQD�PDMRU�FDSDFLWDW�SHU�VHSDUDU�HOV�PLFURRUJDQLVPHV�SODQFWzQLFV�DGKHULWV�GH� IRUPD� UHYHUVLEOH��7DQPDWHL[��HO�QRPEUH�GH

PLFURRUJDQLVPHV�QR�DGKHULWV�TXH�HV�SHUGHQ�GHJXW�DO�UHQWDW�QR�KD�VXSHUDW�HQ�FDS�FDV�HO����UHVSHFWH�GHO� WRWDO�GH�YLDEOHV

DGKHULWV� DO� PHGL� GH� VXSRUW�� 'HVSUpV� GHO� UHQWDW�� OHV� PRVWUHV� V¶KDQ� VRWPqV� D� XQ� EDQ\� G¶XOWUDVRQV� SHU� VHSDUDU� HOV

PLFURRUJDQLVPHV� GHO� PDWHULDO� GH� VXSRUW�� DQDOLW]DQW�VH� HO� OtTXLG� UHVXOWDQW� GH� OD� IRUPD� KDELWXDO�� 6¶KDQ� VHJXLW� OHV

UHFRPDQDFLRQV� GHO� *UXS� (XURSHX� G¶(VWXGL� GH� OHV� %LRPDVVHV� $GKHULGHV�� UHDOLW]DQW� XQD� ~QLFD� VRQLFDFLy� GH� OHV� PRVWUHV

GXUDQW���PLQXWV�

������ (IHFWH�GH�O¶HVWUqV�GH�FLVDOOD

/¶HVIRUo�R�HVWUqV�GH�FLVDOOD�DXJPHQWD�DPE�OD�YHORFLWDW�GH�O¶DLJXD�TXH�FLUFXOD�SHO�UHDFWRU��LQIOXLQW�QHJDWLYDPHQW�VREUH�OD�IRUPDFLy

GHOV� ELRILOPV� L� DIHFWDQW� HO� WUDQVSRUW� GH� QXWULHQWV� L� OD� XQLy� L� VHSDUDFLy� GH� OHV� FqOÂOXOHV� GDPXQW� OD� VXSHUItFLH�� $PE� ��� GLHV� GH

FRQWDFWH�DPE�O¶DLJXD�L�GH�IRUPD�FRLQFLGHQW�HQ�WRWV�HOV�JUXSV�GH�PLFURRUJDQLVPHV�V¶KD�REVHUYDW�XQ�YDORU�OOLQGDU�GH�FDEDO������/�K�

������1�P����� SHU� VRWD� GHO� TXDO� V¶DIDYRUHL[� HO� GHVHQYROXSDPHQW� GHO� ELRILOP�� 3HU� VREUH� G¶DTXHVW� YDORU� OOLQGDU� V¶KD� SURGXwW� XQ

SHUtRGH�GHVIDYRUDEOH�SHU�D�OD�FRORQLW]DFLy��TXH�KD�GHVDSDUHJXW�SRVWHULRUPHQW�HQ�DXJPHQWDU�HQFDUD�PpV�HO�FDEDO�ILQV�D�����/�K

�YDULDQW�O¶HVIRUo�GH�FLVDOOD�GH�������1�P����D�������1�P����

eV�HYLGHQW�TXH�O¶DXJPHQW�LQLFLDO�GHO�FDEDO�SURGXHL[�XQ�LQFUHPHQW�HQ�HO�QRPEUH�GH�FqOÂOXOHV�SODQFWzQLTXHV�TXH�HV�SRGHQ�DGKHULU

DO�PDWHULDO�GH�VXSRUW��DL[t�FRP�HQ�HOV�QXWULHQWV�TXH�DUULEHQ�DO�ELRILOP��'H�IHW��MD�V¶KD�FRPHQWDW�DQWHULRUPHQW�FRP�O¶DFFLy�GHO�IOX[

DMXGD�D�PDQWHQLU� OD� UHSRVLFLy� GH� QXWULHQWV� QHFHVVDULV� SHU� VRVWHQLU� HO� FUHL[HPHQW� GH� OHV� FqOÂOXOHV� TXH� IRUPHQ� SDUW� GHO� ELRILOP�

6RYLQW�O¶HVIRUo�GH�FLVDOOD�LQFUHPHQWD�GH�IRUPD�VLJQLILFDWLYD�OD�XWLOLW]DFLy�GH�GLIHUHQWV�PDFURPROqFXOHV��&RQIHU�	�/RJDQ�������

7DQPDWHL[��pV�LQGXEWDEOH�TXH�HQ�OHV�FRQGLFLRQV�H[SHULPHQWDOV�XWLOLW]DGHV�RQ�KD�SUHGRPLQDW�HO�IOX[�WXUEXOHQW��HQ�ELRILOPV�MRYHV�R

SLRQHUV�HO�WUDQVSRUW�GH�QXWULHQWV�pV�HO�IDFWRU�OLPLWDQW�SULPRUGLDO��(Q�DTXHVW�VHQWLW��O¶DXJPHQW�GHO�FDEDO�SHU�VREUH�G¶XQ�GHWHUPLQDW

QLYHOO� LQFUHPHQWDUj� LQGXEWDEOHPHQW� HO� WUDQVSRUW� GH� VXEVWjQFLHV� QXWULWLYHV�� SHUz� DOKRUD� LQFUHPHQWDUj� GH� IRUPD� LPSRUWDQW� OD

VHSDUDFLy� GH� FqOÂOXOHV� TXH� MD� IRUPHQ� SDUW� GHO� ELRILOP��(O� SXQW� G¶LQIOH[Ly� WUREDW� SRGULD� UHVSRQGUH� SHU� WDQW� D� XQ� DXJPHQW� GH� OD

VHSDUDFLy�FHOÂOXODU�GHO�PHGL�GH�VXSRUW��/¶LQFUHPHQW�GHO�FDEDO�SHU�VREUH�GHO�OOLQGDU�LQFUHPHQWD�R�PDQWp�HOV�QLYHOOV�GH�FRORQLW]DFLy�

SHUTXq�HO�PDMRU�QRPEUH�GH�FqOÂOXOHV�L�QXWULHQWV�TXH�DUULEHQ�DO�ELRILOP�SRGULHQ�FRQWUDUHVWDU�O¶HIHFWH�GH�OD�VHSDUDFLy�FHOÂOXODU�

$TXHVWV�YDORUV�QR�V¶KDQ�REWLQJXW�DPE����GLHV�GH�FRQWDFWH��/¶HIHFWH�FRQWLQXDW�GH�OD�YHORFLWDW�GHO�IOX[�VHPEOD�KDYHU�SUHVHQWDU�XQ

PDMRU� HIHFWH� UHGXLQW� OD� FRORQLW]DFLy� PLFURELDQD� DOV� ��� GLHV� TXH� QR� SDV� DOV� ���� 3HU� WDQW�� HQ� OHV� PDWHL[HV� FRQGLFLRQV

KLGURGLQjPLTXHV�L�DPE�HO�PDWHL[�HVIRUo�GH�FLVDOOD��O¶HIHFWH�G¶DTXHVW�HQ�FRQWUD�GH�OD�FRORQLW]DFLy�PLFURELDQD�L�HO�GHVHQYROXSDPHQW

GHOV� ELRILOPV� KD� HVWDW�PDMRU� HQ� DXJPHQWDU� HO� WHPSV� G¶H[SRVLFLy�� 3HU� WDQW�� HQ� ELRILOPV� TXH� MD� KDQ� SDVVDW� OD� IDVH� SLRQHUD� GH

FRORQLW]DFLy��O¶HIHFWH�GHO�IOX[�DIDYRULQW�O¶HURVLy�SDVVD�D�VHU�HO�IDFWRU�OLPLWDQW�SULQFLSDO�HQ�HO�GHVHQYROXSDPHQW�GHOV�ELRILOPV�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

������ ,QIOXqQFLD�GHO�ELRILOP�HQ�OD�KLGURGLQjPLFD�GHO�PHGL�SRUyV

(O�GHVHQYROXSDPHQW�GHO�ELRILOP�HQ�HO�UHDFWRU�GH�OOLW�HPSDFDW�L�OD�VHYD�DFXPXODFLy�HQ�HO�PHGL�SRUyV�KD�UHVXOWDW�HQ�XQD�GLVPLQXFLy

VLJQLILFDWLYD�GH�OD�SRURVLWDW�PLWMDQD�DO�OODUJ�GHO�WHPSV��$TXHVWD�UHGXFFLy�GH�O¶HVSDL�GH�SRUXV�OOLXUHV�SRW�DIHFWDU�OHV�FDUDFWHUtVWLTXHV

KLGURGLQjPLTXHV�GHO�PHGL�

'H�IHW��OD�LQIOXqQFLD�GHO�ELRILOP�HQ�HO�UqJLP�KLGUjXOLF�WDPEp�V¶KD�GHWHUPLQDW�PHVXUDQW�LQ�VLWX�OD�SqUGXD�GH�FjUUHJD�TXH�HV�SURGXHL[

DO�UHDFWRU�GH�OOLW�HPSDFDW�SHU�OD�SUzSLD�IRUPDFLy�GHO�ELRILOP��6HPSUH�TXH�HV�PDQWLQJXL�HO�PDWHL[�FDEDO�WDQW�D�O¶HQWUDGD�FRP�D�OD

VRUWLGD�GHO�UHDFWRU��XQ�DXJPHQW�HQ�OD�SqUGXD�GH�FjUUHJD�PHVXUDGD�GHO�UHDFWRU�HQV�SRGULD�LQGLFDU�O¶LQFUHPHQW�GH�OD�FRORQLW]DFLy

PLFURELDQD�GHOV� UHDFWRUV��(Q� O¶H[SHULPHQW� UHDOLW]DW� D� O¶HVWDFLy�GH�&$66$� �6DEDGHOO�� D�SDUWLU� GH� O¶DLJXD� IUHjWLFD�GH� OD�PLQD�GH

5LEDWDOODGD�� OD� SqUGXD� GH� FjUUHJD� V¶KD� LQFUHPHQWDW� GXUDQW� HOV� SULPHUV� ��� GLHV� GH� FRQWDFWH�� TXDQ� HO� FDEDO� V¶KD� PDQWLQJXW

SUjFWLFDPHQW�FRQVWDQW��7DPEp�KD�DXJPHQWDW�SRVWHULRUPHQW�GHOV����DOV�����GLHV�GH�FRQWDFWH��PDOJUDW�XQD�OOHXJHUD�UHGXFFLy�GHO

FDEDO�

(Q�DTXHVW�VHQWLW��VHPEOD�HYLGHQW�TXH�OD�FRORQLW]DFLy�PLFURELDQD�DOV�UHDFWRUV�GH�OOLW�HPSDFDW�SRW�DUULEDU�D�PRGLILFDU�HO�VHX�UqJLP

KLGUjXOLF�� LQFUHPHQWDQW� OD�SqUGXD�GH�FjUUHJD�TXH�HV�SURGXHL[�DO�VLVWHPD��/D�GHWHFFLy�G¶DTXHVW� IHQRPHQ�pV�SRVVLEOH�GH� IRUPD

UHODWLYDPHQW�VLPSOH��PHVXUDQW�OD�SqUGXD�GH�FjUUHJD�DPE�XQ�FDSWRU�GH�SUHVVLy�

7DQPDWHL[��OD�IRUPDFLy�GHO�ELRILOP�WDPEp�SRW�DUULEDU�D�DOWHUDU�HO�FDEDO�LQLFLDO��GLVPLQXLQW�OR�DO�SURGXLU�VH�O¶REWXUDFLy�GHOV�UHDFWRUV�

$OWUHV� DXWRUV� MD� KDQ� FRPHQWDW� SUqYLDPHQW� FRP� HOV� ELRILOPV� WHQHQ� XQ� HIHFWH� GLUHFWH� HQ� HO� IOX[� LQFUHPHQWDQW� HO� IUHJDPHQW� GHO

VLVWHPD� L� GLVPLQXLQW� HO� IOX[�D� OHV� FDQRQDGHV� �%UDGLQJ�HW� DO�� ������� $L[z� SRW� VXSRVDU� XQ� SUREOHPD� TXDQ� HV� SUHWHQHQ� UHDOLW]DU

FLQqWLTXHV� GH� FRORQLW]DFLy� D� WHPSV� OODUJV�� 6HULD� LQWHUHVVDQW� SRGHU� HVWDEOLU� XQ� WHPSV� GHWHUPLQDW�� SHU� VRWD� GHO� TXDO� HO� UHDFWRU

PDQWp�HO�PDWHL[�UqJLP�GH�IOX[�PDOJUDW�OD�FRORQLW]DFLy��$L[z�LPSOLFDULD�VHJXUDPHQW��HVWDEOLU�DTXHVW�WHPSV�GH�VDWXUDFLy�HVWjQGDUG

SHO�UHDFWRU�L�PRVWUHMDU�VHPSUH�HQ�DTXHVWHV�FRQGLFLRQV��PDOJUDW�TXH�QR�V¶KDJL�DUULEDW�D�OD�IDVH�HVWDFLRQjULD�GH�GHVHQYROXSDPHQW�
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'DXJKHUW\��5�/��	�$�&��,QJHUVROO��������)OXLG�PHFKDQLFV�ZLWK�HQJLQHHULQJ�DSSOLFDWLRQV��,QW��6WXGLHQW�HG��� WK��HG��0F*UDZ�+LOO�

'RPHN��0�-���/H&KHYDOOLHU��0�:���&DPHURQ��6�&��	�*�$��0F)HWHUV��������(YLGHQFH�IRU�WKH�UROH�RI�FRSSHU�LQ�WKH�LQMXU\�SURFHVV�RI
FROLIRUP�EDFWHULD�LQ�GULQNLQJ�ZDWHU��$SSO��(QYLURQ��0LFURELRO�����������������

(UJXQ��6��������&KHP��(QJ��3URJUHVV���������

*RRGIHOORZ��������*RRGIHOORZ��&DWDORJXH������������*RRGIHOORZ�&DPEULGJH�/WG�

.HHYLO��&�:���5RJHUV��-��	�-�7��:DONHU��������3RWDEOH�ZDWHU�ELRILOPV��0LFURELRO��(XU�������������

/HYD��0��������)OXLGL]DWLRQ��0F*UDZ�+LOO�6HULHV�LQ�&KHPLFDO�(QJLQHHULQJ��0F*UDZ�+LOO��1HZ�<RUN�

/HY\��<��F�R�&KDLUPDQ��������6WDQGDUG�PHWKRG�WR�HYDOXDWH�DTXDWLF�ELRILOPV��,Q�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�%LRILOPV�LQ�$TXDWLF
6\VWHPV��������:DUZLFN��8.�

/HZDQGRZVN\��=��	�3��6WRRGOH\��������)ORZ�LQGXFHG�YLEUDWLRQV��GUDJ�IRUFH�DQG�SUHVVXUH�GURS�LQ�FRQGXLWV�FRYHUHG�ZLWK�ELRILOP�
:DW��6FL��7HFK����������������

0D\RO�� -�0D�� ����D�� 7XEHUtDV�� 7RPR� ,�� 0DWHULDOHV�� FiOFXORV�� KLGUiXOLFRV�� FiOFXORV� PHFiQLFRV�� �D�� HG�� &ROHFFLyQ� 2EUDV
+LGUiXOLFDV��%HOOLVFR��0DGULG�

0D\RO�� -�0D�� ������ 7XEHUtDV�� 7RPR� ,,�� ,QVWDODFLRQHV� GH� FRQGXFFLyQ�� GLVWULEXFLyQ� \� VDQHDPLHQWR�� $SOLFDFLRQHV� GH� FiOFXOR� SRU
RUGHQDGRU��(GLWRUHV�7pFQLFRV�$VRFLDGRV��%DUFHORQD�

0D\RO��-�0D������E��7XEHUtDV��7RPR� ,,,��(FRQRPtD�GH� ODV� LQVWDODFLRQHV��PRQWDMHV�� DQH[RV� \� WDEODV�� �D�� HG��&ROHFFLyQ�2EUDV
+LGUiXOLFDV��%HOOLVFR��0DGULG�

0LGGOHPDQ��6��������$Q�LQWURGXFWLRQ�WR�IOXLG�G\QDPLFV��3ULQFLSOHV�RI�DQDO\VLV�DQG�GHVLJQ��-RKQ�:LOH\�	�6RQV��1HZ�<RUN�

0XQVRQ��%�5���<RXQJ��'�)��	�7�+��2NLLVKL��������9LVFRXV�IORZ�LQ�SLSHV��,Q�)XQGDPHQWDOV�RI�IOXLG�PHFKDQLFV��(G��%�5��0XQVRQ�
SS�����������:LOH\��1HZ�<RUN�



&DStWRO�� 6LVWHPD�H[SHULPHQWDO�SHU�D�OD�FRORQLW]DFLy�PLFURELDQD�GH�VXSHUItFLHV ��

3HW]ROGW��+��������,QYHVWLJDWLRQ�RI�ELRILOP�GHYHORSPHQW�LQ�GLIIHUHQW�V\VWHPV��,Q�4XDQWLILFDWLRQ�RI�IL[HG�ELRILOP��7HFKQLFDO�5HSRUW�
7HFKQRORJ\�&HQWUH�.DOVUXKH�

3H\WRQ��%�0��	�:�*��&KDUDFNOLV��������$�VWDWLVWLFDO�DQDO\VLV�RI�WKH�HIIHFW�RI�VXEVWUDWH�XWLOLW]DWLRQ�DQG�VKHDU�VWUHVV�RQ�WKH�NLQHWLFV
RI�ELRILOP�GHWDFKPHQW��%LRWHFKQRO��%LRHQJ���������������

3LULRX��3��������3URWRFRO�WR�FRPSDUH�WKH�HIILFLHQF\�RI���WHFKQLFV��GLUHFW�XOWUDVRXQG�VDQG��IRU�ELRILOP�PHDVXUHPHQW��5DSRUW�LQWHUQ�
�q�SURWRFRO��*UXS�(XURSHX�GH�7UHEDOO�GH�O¶(VWXGL�GH�OHV�%LRPDVVHV�$GKHULGHV�

6RPPHU��3���0DUWLQ�5RXDV��&��	�(��0HWWOHU��������,QIOXHQFH�RI�WKH�DGKHUHQW�SRSXODWLRQ�OHYHO�RQ�ELRILOP�SRSXODWLRQ��VWUXFWXUH�DQG
UHVLVWDQFH�WR�FKORULQDWLRQ��)RRG�0LFURELRO��������������

6RWHOR��*��������+LGUiXOLFD�*HQHUDO��9RO�����)XQGDPHQWRV��(G��/LPXVD�1RULHJD�(GLWRUHV��0p[LFR�

6WHHO��(�:��������$EDVWHFLPLHQWR�GH�DJXD�\�DOFDQWDULOODGR���D��HG��(G��*XVWDYR�*LOL�

6WRRGOH\��3���&XQQLQJKDP��$���/HZDQGRZVNL��=���%R\OH��-��	�+��/DSSLQ�6FRWW��������%LRILOP�VWUXFWXUH�DQG�LQIOXHQFH�RQ�ELRIRXOLQJ
XQGHU�ODPLQDU�DQG�WXUEXOHQW�IORZV��&HQWHU�RI�%LRILOP�(QJLQHHULQJ�5HSRUW�

7FKREDQRJORXV��*���������$�VWXG\�RI�WKH�ILOWUDWLRQ�RI�WUHDWHG�VHZDJH�HIIOXHQW��'RFWRUDO�GLVVHUWDWLRQ��6WDQIRUG�8QLYHUVLW\��3DOR�$OWR�
&D�

=HOYHU��1���&KDUDFNOLV��:�*���5RELQVRQ��-�$���5RH��)�/���'LFLF��=���&KDSSOH��.��	�$��5LEDXGR��������7XEH�PDWHULDO��IOXLG�YHORFLW\�
VXUIDFH�WHPSHUDWXUH�DQG�IRXOLQJ��D�ILHOG�VWXG\��5HSRUW��&RROLQJ�7RZHU�,QVWLWXWH��+RXVWRQ�


