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��"NjẀ��������
�
����

�������k��
������W%����������
�����������
��
���
�������������� ����
��
��������!��� �

��!��� !���
�
�!K����!�&�����"	
���
����
���O�
 ���
����
�O��������
���̂�a���
���&���	OO�̂aXYIl"�����
�����������
��
���
�������������� ����
��
����
�XYI"' ()*+�,--�./0012344+++56789:;-25*-2*<)*95=7>3??@4A8*-4:*+2C,80/79�m*20)>7:);-2�./0012344+++56789:;-25*-2*<)*95=7>3??@4A8*-4;80/79B0*20)>7:);-2CJ���%��������
�����
����������
����������
������������
n������
�����������
��
���
�������������� ����������!��
����
���
���
����
���
! ���"P*;G�789�;80/79�0*20)>7:);-2�/*9* H**GF;=T

c*�9*=*:0-\�;GG*G�[*:G*9�G)<*92)0\�>*09)=2�07�0/)2�6789:;-�/7>*1;[*5�b78�=;:�o:G�)0�F*-7+�S789:;-�p*09)=2�7:�0/*�-*A0�/;:G�2)G*5c*�;9*�):0*9*20*G�):�\789�A**GF;=T�7:�0/)2�A*;089*5,:\�;:2+*92�;9*�;:7:\>782�;:G�=;::70�F*�82*G�07�)G*:0)A\�\785m;T*�0/*�289<*\
q./0012344+++5*-2*<)*95=7>C



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

� 
�������������������������������������������  !�"����������#���������������������$�%����������������������������������������  !�"�����������#&�%�����'()*+,-(.�/01�)-2�34**5/-4(�621)/17�8+�0+82-7�1*16/2-6�910-6*1,:0//3,;<<===>?452()*,>1*,19-12>64@;AAB<C51*<)2/-6*1D7-.1,/,<)()*+,-(.D/01D)-2D34**5/-4(D621)/17D8+D0+82-7D1*16/2-6D910-6EF52(-(.�461)(�3*),/-6,�-(/4�C51*�:0//3,;<<===>?452()*,>1*,19-12>64@;AAB<C51*<)2/-6*1D7-.1,/,</52(-(.D461)(D3*),/-6,D-(/4DC51*EG9)*5)/-(.�62-/-6)*�C51*�324312/-1,�C42�34/1(/-)*�.),4*-(1�)(7�7-1,1*�8-4C51*�8*1(7,/46H,:0//3,;<<===>?452()*,>1*,19-12>64@;AAB<C51*<)2/-6*1D7-.1,/,<19)*5)/-(.D62-/-6)*DC51*D324312/-1,DC42D34/1(/-)*D.),4*-(1E� 
�������������������������������������������  !�"�����������#&�%�����I������J��&���K�$����$�������������������������������������������  !�"�������&���K#&����J��&���K�$����L��������K����"���#��#������&��������������M�����N����K������&���������K����������&����������&��%������&���������&�&���O���&��O���&�O���"�����O���%�������O����������O���&������&������������&������K������������������������P����&������������������N���������N������J��&���K�$����Q�����O������������&��������K��������������&�R�&&���������S����������"��������O�������J��&���K�$����T)/)�C42;�U24756/-4(�4C�8-4D?1/�C51*�2)(.1�0+7246)284(,�C24@�6)/)*+/-6�VTW�4C�8-48),17�7-C52C52-*+71(1)61/4(1�4912�X-<Y-WZD[2WZ�6)/)*+,/,>��&������N�����T)/)�C42;�\4*)/-*1�21*1),1�C24@�@)612)*�64(61(/2)/1,�4C�35*912-,17�64)*,�5,17�C42�35*912-]17�64)*�-(?16/-4(�)//1@312)/521,�4C�̂__̀abI�c��d������T)/)�C42;�T191*43@1(/�4C�)�7113�*1)2(-(.D8),17�@471*�C42�/01�1(/-21�324756/-4(�32461,,�4C�,/1)@D),,-,/17.2)9-/+�72)-().1�:Y'eTEP�����f���� 
�������������������������������������������  !�"�������&���K#&����g���h�J������������������������������������������  !�"�������#��������� S��&N��i

j���������K��&&�&�%��&���&�������K�������������������������������%���P���������&����N�����k�������J����������������"�����&���&��j���������������&����K����"��&N��i���������"���������K�����������������K�������&��������N�����&�����&����"K�K���l�i�����������K
m��������������������������



���������	�
����
����
��������������	

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

��
���������������
��
����
�
��	���	

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

������	 
�
��!�"��
����!�#���	��"���	�	����
	
������$����
��
����	
����
��	%��
�����&�"�

����'()*+(,-,�*.�/(0)*1/2)34+�+-562.471-*8�4+94+�:-*7/4)�.*)�/(0)*928�;)*0671-*8�-8�4323:)482�)2471*)<(0)*14+7-12�,6;;*)120�:-3214++-7�=>-?@6A�7414+(,1B�C�,34)1�7/*-72�.*)�*82?;*17*8D2),-*8�*.�:-*34,,?02)-D20�;+41.*)3�7/23-74+,�1*�/(0)*9284120�:-*.62+,@*3:6,1-*8E�;2).*)34872E�480�23-,,-*8�484+(,-,�*.�4�@F�289-82�.62+20�G-1/36,14)0�*-+�:-*0-2,2+�:+28020�-8�0-2,2+�.62+H I����J���K�

 ��LL����M��
�	����������
�����NNOL����L
� P	

�����QJ

�����#����
�����K�

 ��LL����M��
�	����������
�����NNOL����L	

����P�����
����QJ

�����#����
����R62+�S0-1*)-4+�T*4)0�U23:2)�T6)1�V4D-,�?�-8�U23*)-43�=/11;,BWWGGGXY*6)84+,X2+,2D-2)X7*3BZZ[W.62+W4)1-7+2?,2+271-*8,W.62+?20-1*)-4+?:*4)0?323:2)?:6)1?04D-,?-8?323*)-43AT-*0-2,2+�R62+�'2).*)34872�480�S3-,,-*8,�=/11;,BWWGGGXY*6)84+,X2+,2D-2)X7*3BZZ[W.62+W4)1-7+2?,2+271-*8,W:-*0-2,2+?.62+?;2).*)34872?480?23-,,-*8,AR62+�480�@*3:6,1-*8�\7-2872�-8�T)4]-+�=/11;,BWWGGGXY*6)84+,X2+,2D-2)X7*3BZZ[W.62+W4)1-7+2?,2+271-*8,W.62+?480?7*3:6,1-*8?,7-2872?-8?:)4]-+AH I����J���K�

 ��LL����M��
�	����������
�����NNOL����L	

����P�����
����Q�����
������K�

 ��LL����M��
�	����������
�����NNOL����L�����
�����Q[)0�F812)841-*84+�@*8.2)2872�.*)�T-*)2,*6)72�̂27/8*+*9(�.*)�T-*282)9(E�T-*;)*0671,�_�S8D-)*832814+\6,14-84:-+-1(�=/11;,BWWGGGXY*6)84+,X2+,2D-2)X7*3BZZ[W.62+W7*8.2)2872,W[)0?-812)841-*84+?7*8.2)2872?:-*)2,*6)72?127/8*+*9(AF812)841-*84+�@*8.2)2872�*8�C+94+�T-*34,,E�T-*.62+,�480�T-*;)*0671,=/11;,BWWGGGXY*6)84+,X2+,2D-2)X7*3BZZ[W.62+W7*8.2)2872,W-812)841-*84+?7*8.2)2872?4+94+?:-*34,,?:-*.62+,AH I����J���K�

 ��LL����M��
�	����������
�����NNOL����L�����
�����Q
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=/11;,BWW;+6X3 Ẁ4a0*-bcdXcdceWYX.62+XfdfcXcfd[Ze_1/232b;+63?2+,Y*6)84+,?1/232_/-02i,492b1)62A

k���%	�l

m��
����
���	����������
�����
��
����

����
��
����M��
�	������ 	����n����	��o����
�%�����p��
�	��"�

�������
������
��	��������m��	
����
�
��
���������
�����%	�l����
������	
�
��J���	����
��	
��	���������	����	���
�%�������
������
���������	l��
�����
���
qK�

 ��LL�����������
����Q



���������	
���
�����
������������������
�
	���������������������
������������	
���
�����
��� !"!�#$!%&!'%&%"(�)*+"%,-�./""0)12233345,67-!&)4*&)*$%*74+,8199:2;6*&20,&%+%*)<!-=<>6%=*&%-*)2=!"!<!$!%&!'%&%"(<)*+"%,-?@ A����B������������������
�
	���������������������
������������	
���
�����
���C6*&D�	����A����B�������A��
����E��
��B���������
	��F���D������
�	���
�B
�������������������������������	
�����������B
�����E
����	���
��	�G�����������������������������
�
	����
���HHIJ�K�JIL��
��	�����M��
��N
O����P�
���	���Q�	�G�P�
���	���D���	������B�	���RD������	
�����������
����������������������������	O�
��������������R���������������
��S��������B
�����N�������T�O����N
������U�
���V�O�	��	
������������������������������O�	��	
��W�����X�
�
	�����������������������������
�
	����
���HHIJ�K�JI���������
�
	��BO���	���
���E
��Y�
�����������������������������
�
	����
���HHIJ�K�JI�	O���	���
���
��Y�
��S����������������������������������������������
O�����
��S������D���
����Z���������������������������������������G��
����S������������������������������������������
������������N
������U�
���D�������������������������������������������������D���������
�����
�����������������������������������������������������V����
�	��D�������D��������D����
����
�������������������������������������O�����
��	��������������	
����R[�����
�F�
��N
������U�
���B�����������\���	�E
����	���
���������������������������	�����������N������������������������������������������������� ]���O	�G

T������
��R�	�������
������������R�������������������
�
	�������	����P�
��	
�̂
�����O�����X�
�
	��\��������
�����������	
�������T��	����
����������
�R�
������O	�G��
��������	�
���B
R�	
������	���	
�
R��
��	
���	

���O��
����������
���R�R�
�Q	G�������
���R
_��������������������������



����������			
����
���
�������������������������
�����
�
������������������			
����
���
��������������������	���� �����!������"#���"#����"����������			
����
���
��������������
����	�$������������"#���"#����"�����%��
����%��������������			
����
���
�������������
��������������&�������� ��#�$�����������
�!��#����"���������"�����'�
������ �����&��������
����������			
����
���
����� ���������			
���#����
���
���������������	�����
��������
�����""���� ���������			
(���$��&
��������
�����""�������������			
��"&�#�"
���������"������
�������������			
��"#����
������� ���� ���������			
���#����
���
�����

)��#$��&

*������"�����##�#���"#���#�
�����������������������+� �"�����������
�,� ���"�-"#����$���	�.� �"���/��������"�������(����"#���#�
*�������"�������#��"��� ��(��#$��&��"������(��� ��
0"���"�	���������"�"��� ���"#���""���$�� ��#�����#�"��(���� 
!�&������� �
��
1���������			
����
���
����



��������� ��	
���
�
���������	��������	��������������	�	��	���������� �!	"�	�!�	�#$�����%�&
�	'!	�

(##)�*��+++$��!	"�	,!�	�#$����-���"�
�.�	
�'�
����!���	��� ����

/01234�567�89924�:;<=>49�?@:?ABC@;�DE4F43G4H�;C:CIE0JK10=L�M211�N9924<H4ON029�O01PN9924 Q4RS�O01PN9924T4F4NO4�=K�2UL=S4�JV4K�SV4�1=S49S�N99249�NK�SVN9�W02HK=1�=H4�U2G1N9V4LXN>K�NK�S0�94S�2U�=14HS9Y211�S4RS�=FF499Z[\]̂_\̀a�b̂ _̀[<=>4�8YcE0JK10=L�<EYdeff�ghijkl

mHSNF149�n�899249 mG02S <2G1N9V X4=HFV�NK�SVN9�W02HK=1
Y241X2UU0HS9�oijp�hqqjll



��������� ��	
���
�
���������	��������	��������������	�	��	���������� �!	"�	�!�	�#$�����%�&
�	'!	�

(##)�*��+++$��!	"�	,!�	�#$����-���"�
�.�	
�'�
����!���	��� ����

/0102345�2367480 9:163246�;<8=>?@A?BCD�EF�GCHIJAK�A?D�EF�GCLCHMNNMI?�BI?OGIK�PGIH�QCO�PRCK�FAN�DCNRKPRGMSAOMI?KMTRIGN�QMO@�ADDMOMJCNU7<VW07�U2<VX�Y72<V�Z[X�/;<V\70�][X�Y7<V\7<V�̂;X�Z7<5[2�Z[_2V01�̀ab̀c̀abd_[345210�_ef 9367480�g30h70i

/0102345�2367480 9:163246�;<8=jKOGANI?MB�HMkM?F�A?D�BKINCD�HMBGIQAJC�MGGADMAOMI?LANNMNOCD�OGA?NCNOCGMlBAOMI?�IP�NImnCA?IMKo7<Vcp570<�q172;X�p57<cp57[2<�]7<X�r[<Vcq[<V�p52<VX�][<Vcp5[2<�p50<_2V01�̀absc̀att_[345210�_ef 9367480�g30h70i

uv w9:163246xnNOGABOyCBI?DAGm�AOHINz@CGMB�zIKKROMI?N�HAm�GCNRKO�PGIH�QCO�{RC�FAN�DCNRKPRGMSAOMI?�|}~���NmNOCHNBARNCD�nm�O@C�GCDRBOMI?�IP�EF�OI�EF���@C�zGCNC?O�NORDm�CHzKImCD�O@GCC�AFC?ON���Ay��u����LOGMHCGBAzOIOMASM?C��OGMNIDMRH�NAKO�?I?A@mDGAOC�|�����A?D�NIDMRH�DMO@MIBAGnAHAOC�|������OIzGCBMzMOAOC�ATRCIRN�EF�M?�NMHRKAOCD�DCNRKPRGMSAOMI?�NIKROMI?N���@C�C�CBON�IP�O@C�zGCBMzMOAOIG�NDINM?F�TRA?OMOm��O@C�M?MOMAK�zE�JAKRC��O@C�GCABOMI?�OCHzCGAORGC��O@C�BI?BC?OGAOMI?N�IP��K�A?D�IO@CGHCOAK�MI?N�|C�F���R �A?D��n��I?�EF�GCHIJAK�QCGC�NORDMCD��x�KM?CAG�GCKAOMI?N@Mz�QAN�InNCGJCDnCOQCC?�EF�GCHIJAK�C�BMC?Bm�A?D�O@C�M?BGCANM?F�zGCBMzMOAOIG�N�DINCN�AKI?F�QMO@�M?MOMAK�zE���@CADDMOMI?�IP�B@KIGMDC�A?D�HCOAK�MI?N�MHzAMGCD�O@C�EF�GCHIJAK�PGIH�NIKROMI?N�DRC�OI�O@CBIHzKCkAOMI?IP�KA?DEF ANQCKKANO@CB@CKAOM?FBIHzCOMOMI?nCOQCC?EF A?DIO@CGHCOAK
uv w uuv �uv uv uvuv uv� uv uv

9:163246xnNOGABO�@C�zGCNC?O�NORDm�CHzKImCD�RKOGANI?MB�HMkM?F�A?D�BKINCD�HMBGIQAJC�MGGADMAOMI?�OI�ANNMNOOGA?NCNOCGMlBAOMI?�IP�NImnCA?�IMK���@C�zRGzINC�QAN�OI�InOAM?�O@C�IzOMHAK�RKOGANI?MB�HMkM?F�A?DBKINCD�HMBGIQAJC�MGGADMAOMI?�zGIBCDRGC���@C�IzOMHAK�GCABOMI?�BI?DMOMI?N�M?BKRDM?F�AHIR?O�IP

93674801����11[01 9:;[6 _[:8715 �02345�7<�6571�\;[3<28
f[08�[gg;361������������



��������� ��	
���
�
���������	��������	��������������	�	��	���������� �!	"�	�!�	�#$�����%�&
�	'!	�

(##)�*��+++$��!	"�	,!�	�#$����-���"�
�.�	
�'�
����!���	��� ����

/0102345�2367480 9:163246�;<8=>?@AB@CDECF?@G�E@H�I?HBG�?J�?AAKDDB@AB�?J�LMECF@KI�ND?KL�BMBIB@CG�F@�COB�POB@NMF�QFRBD?FM�GOEMBS�@?DCOBD@�TFUBCS�>OF@EV7WX0<�YWZ�[72<�\2<XZ�]W5;<X�̂0<XZ�YW_0<�̀2<Z�[72<X87<�a0b2X01�cdecfcdegbW345210�bhY 9367480�i30j70_

/0102345�2367480 9:163246�;<8=kDBLEDECF?@�?J�IKMMFCB�JD?I�HBGFMFAECF?@lmnEGO9<32<�oW;Z�[72450<�p7WZ�/W7�VWZ�a27�VWZ�q27r0<�\2<Xb2X01�cdcsfcdcdbW345210�bhY 9367480�i30j70_

AECEMnGC�KGBHS�DBEACF?@�CBILBDECKDB�E@H�IBCOE@?Mt?FM�I?MED�DECF?�uBDB�EMG?�F@RBGCFNECBH�C?�EAOFBRBCOB�OFNOBGC�L?GGFUMB�A?@RBDGF?@�DECB�?J�UF?HFBGBMv�QBGKMCG�GO?uBH�COEC�COB�?LCFIEM�LD?ABHKDBF@R?MRBH�wlIF@�KMCDEG?@FA�IFxF@N�E@H�ylIF@�AM?GBH�IFAD?uERB�FDDEHFECF?@v�TOB�?LCFIEM�DBEACF?@A?@HFCF?@G�COEC�AE@�DBEAO�z{v{|�?J�A?@RBDGF?@�DECB�uBDB�EI?K@C�?J�AECEMnGC�KGBHS�wv}�uC|~�DBEACF?@CBILBDECKDBS������~�E@H�IBCOE@?Mt?FM�I?MED�DECF?S���wv
9:163246�UGCDEACTOB�POB@NMF�QFRBD�>OE@NGOB��?K@CEF@�?FM�GOEMB��?@BS�M?AECBH�F@�COB��?DCO��FE@NCE@N�HBLDBGGF?@S@?DCOBD@�TFUBC�LMECBEKS�DBLDBGB@CG�E�L?CB@CFEMMn�MEDNB�IEDF@B�?FM�GOEMB�DBG?KDAB�F@�>OF@Ev�TuB@Cnl?@B�GEILMBG�F@AMKHF@N�?FM�GOEMBS�IFADFCFA�MFIBGC?@B�E@H�IEDM�uBDB�A?MMBACBH�JD?I�COB�POB@NMF�QFRBDEDBE�C?�HBCBDIF@B�COB�A?@CB@CGS�HFGCDFUKCF?@�LECCBD@G�E@H�I?HBG�?J�?AAKDDB@AB�?J�LMECF@KI�ND?KLBMBIB@CG��k��G��F@�IEDF@B�?FM�GOEMBv��FM�GOEMB�GEILMBG�JD?I�COB�POB@NMF�QFRBD�EDBE�OERB�OFNO�EGOnFBMH���wv����{v��|��E@H�C?CEM�?DNE@FA�AEDU?@�A?@CB@C���v}y�w�v�{|��uFCO�M?u�C?CEM�GKMJKD�A?@CB@C�}v{��wv�z|��E@H�F@CBDIBHFECB�GOEMB�?FM�A?@CB@C���v�}�w�v�}|�v�TOB�C?CEM�k���A?@CB@C�F@�?FM�GOEMBGEILMBG�FG�RBDn�M?u��ERBDENB�wv{�z�@NtN�S�ELLD?xFIECBMn�OEMJ�COB�IBE@�REMKB�?J�>OF@BGB�A?EMGS�UKCOFNOBDCOE@COEC?J�P�A?EMGk��GF@?FMGOEMBGEILMBGJD?ICOBPOB@NMFQFRBDEDBEEDB
9:163246

93674801����11W01 9:;W6 bW:8715 �02345�7<�6571��;W3<28
YW08�Wii;361������������



��������� ��	
���
�
���������	��������	��������������	�	��	���������� �!	"�	�!�	�#$�����%�&
�	'!	�

(##)�*��+++$��!	"�	,!�	�#$����-���"�
�.�	
�'�
����!���	��� ����

/0102345�2367480 9:163246�;<8=>?@A�BCDE?FGHICD�JDK�@FIEEICDE�LMCF�J�KI@E@A�GCN@M�O@D@MJHCM�L?@AA@K�NIHP�BJEHCM�CIA�JDKECQR@JD�RICKI@E@AS1T2<;�U;VW2�X280<60Y�Z[347;�\;1]�̂2�U78_2Y�X2<=2�Z[3472�̀V2360�a212Y�b238;1�/;̂37cV01�a030732�d08457;3Y\;1]�/7423̂;�U;̂3]a2c01�efeghefijaV345210�àk 9367480�l30_70m
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{

:;274357�IEBLPRBxCD�VED�GH�MDBC@K�PRDBPBD�FAEBDPJ�GH�MDBCPAGK�HGL�EVWDLRLFBFRPK�E@ABCDEFE�GH�TK@RDLGKOHLDD�IFGJFDEDKHLGM�UDTDBPIKD�GFKE�FE�P�ADQ�WLGRDEE�PAJ�FBE�EBVJ@�FE�UDL@�KFMFBDJ�FA�BCD�KFBDLPBVLDw��A�BCFE�QGLSN�FBCPE�IDDA�BDEBDJ�HGL�BCD�XLEB�BFMD�GA�BCLDD�DJFIKD�PAJ�AGAODJFIKD�GFKE�QFBC�JF�DLDAB�HPBB@�PRFJRGMWGEFBFGAw�xCD�WLGRDEE�QPE�PKEG�PWWKFDJ�BG�QPEBD�GFK�QFBC�CFTCDL�HLDD�HPBB@�PRFJ��ss���RGABDABwxCD�LDEVKBE�JDMGAEBLPBD�BCPB�BCD�GFK�RGMWGEFBFGA�JGDE�AGB�EFTAFXRPABK@�FApVDARD�BCD�IFGJFDEDK@FDKJwxCD�FApVDARD�GH�BDMWDLPBVLDN�WLDEEVLD�PAJ�MGKPL�LPBFG�GH�LDPRBPABE�QPE�EBVJFDJw��KK�BCD�GFKEPRCFDUDJ�RGMWKDBD�RGAUDLEFGA�PHBDL�|��MFA�PB�z�|���N�{����P�QFBC�MDBC@K�PRDBPBD�GFK�MGKPL�LPBFG

:4785912����22[12 :;<[7 Y[;9826 �13456�8=�7682��<[4=39
l[19�[̂ <̂472������������
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@6564123�41:;2<6 9A5:142:�BC<DEFGHIJKLM�JNOHPQJRLQJSN�ST�USMJV�WHKSOHIHV�XFHMPY�KSZ[IJNR�\JQ]�̂IS\N�KSLM�JN�MLIRH�PKLMHŜJMHIP�_�̀OLMFLQJSN�ST�VJaHIHNQ�KSZKSG F̂PQJSN�GSVHPb;234<;5�9c14C;B:;5d�e;fB5�e;fB<B=B0<B5d�91;5�e;fB<B=B0<B5d�/4C4c;B:;5�g14hh6<;5d�ihh4C06<�j4f4145/4c65�klmknkopm/0123456�/78 91:;2<6�=16>;6?

9A5:142:q̂PQILKQrHSsSMtGHIP�LIH�L�KMLPP�ST�OHIPLQJMH�GLQHIJLMP�Q]LQ�]LOH�Q]H�sSQHNQJLM�TSI�FQJMJPLQJSN�LP�L�KHGHNQIHsMLKHGHNQu�[IHsISST�̂LIIJHIPu�GLQHIJLMP�TSI�]JR]�QHGsHILQFIHPu�LNV�̂JSMSRJKLM�JGsMLNQLssMJKLQJSNPv�w]JP�PQFVt�JNOHPQJRLQHV�GHQ]SVP�TSI�VHQHIGJNJNR�Q]H�TSIGFMLQJSN�TSI�GLNFTLKQFIJNRRHSsSMtGHIP�GLVH�\JQ]�xt�LP]�TISG�KSLMZ[IHV�sS\HI�PQLQJSNPv�w]H�LKKHsQHV�GHQ]SV�STVHQHIGJNJNR�Q]H�TSIGFMLQJSN�ST�RHSsSMtGHIP�QS�RHQ�Q]H�VHPJIHV�GLQIJy�K]HGJPQIt�FPHP�Q]H�̂FMzKSGsSPJQJSN�ST�Q]H�THHVPQSKz�GLQHIJLMPv�w]JP�TSIGFMLQJSN�GHQ]SV�JP�\JVHMt�FPHV�JN�JNOHPQJRLQJSNPFPJNR�THHVPQSKz�GLQHIJLMP�Q]LQ�LMGSPQ�KSGsMHQHMt�IHLKQ�VFIJNR�sISKHPPJNRv�{Q�JP�\JVHMt�KSNPJVHIHVQ]LQ�LGSIs]SFP�KSGsSNHNQP�ST�xt�LP]�LIH�Q]H�IHLKQJOH�KSGsSNHNQP�JN�Q]H�RHSsSMtGHIJPLQJSNIHLKQJSN|S\HOHI}FLNQJ[KLQJSNSTQ]HLGSIs]SFPKSGsSNHNQPJPK]LMMHNRJNRLNVRHNHILMMt
9A5:142:q̂PQILKQ{N�Q]H�KFIIHNQ�\SIz�Q]H�KSZKSG F̂PQJSN�ST�USMJV�WHKSOHIHV�XFHMPY�~UWXPY��\JQ]�̂IS\N�KSLM�JN�MLIRHPKLMH�sFMOHIJPHV�KSLM�̂SJMHIP�FNVHI�VJaHIHNQ�SsHILQJSNLM�KSNVJQJSNP�JP�NFGHIJKLMMt�JNOHPQJRLQHVv�{NSIVHI�QS�SOHIKSGH�Q]H�VJ�KFMQt�ST�Q]H�KSGsMHyu�JN]SGSRHNHSFP�NLQFIH�ST�\LPQH�IHKSOHIHV�TFHMPuUWX�JP�GSVHMMHV�LP�L�GJyQFIH�ST�Q\S�VJaHIHNQ�TILKQJSNPu�Q]H�̂JSRHNJK�LNV�Q]H�sMLPQJK�SNHv�XSI�HLK]TILKQJSN�VJaHIHNQ�KSG F̂PQJSN�GHK]LNJPGP�LIH�sIHPHNQHVu�\]JMPQ�TSI�Q]H�[IPQ�QJGH�Q]H�sISsSPHVKSG F̂PQJSN�GHK]LNJPG�ST�Q]H�sMLPQJK�TILKQJSN�JP�JNKSIsSILQHV�JN�L�KSGGHIKJLM��X��KSVH�LNVOLMJVLQHV�LRLJNPQ�LOLJML̂MH�HysHIJGHNQLM�VLQLv�q������� �̂IS\N�KSLM�̂SJMHI�JP�PJGFMLQHV�LP�LIHTHIHNKH�LNV�JQP�SsHILQJSNLM�K]LILKQHIJPQJKP�LIH�KSGsLIHV�\JQ]�sLILGHQHIJPHV�PKHNLIJSP�ST�UWX�KSZH

91:;2<65����55065 9AB0: /0A<;53 �64123�;C�:3;5��B01C4<
806<�0==B1:5������������
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/0102345�2367480 9:163246�;<8=>?@@ABCDE?FG�H?@�IAJAFIAFKA�?H�LM�ANEGGE?FG�?F�OACD�B?GG�EF�J@ANEPAI�>QRCE@K?NSTGDE?FU50;8VW;<X�WY2<XZ�U5[<XVWY2�\23]Z�̂0[8VW=[<�\23]\2X01�_̀abV_̀à\[345210�\cd 9367480�e30f70Y

/0102345�2367480 9:163246�;<8=gTFh?iA@�SE?IEAGAB�J@?ITKDE?F�CFI�CJJBEKCDE?F�EF�HCNEBj�HC@NG�EF�k@ClEB9<m031;<�d2f03;�\;360Z�/;12<2�m0�U21172�m0�̂;[n2�̂45<07m03Z�o;<21�98f23;�p2034503Z�/;m37X;�9[X[16;p82q6Z�rrr�s;8q23�98te7;�̂0f03;�d785;\2X01�_̀auV_̀vw\[345210�\cd 9367480�e30f70Y

x y9:163246zSGD@CKD{OA�J@AGAFD�GDTIj�@AJ@AGAFDG�CF�A|?@D�D?�K?@@ABCDA�DOA�IAJAFIAFKA�?H�LM�ANEGGE?FG�?F�OACD�B?GGAGD?�DOA�CDN?GJOA@EK�AF}E@?FNAFD�EF�C�>QRCE@�HTABAI�K?NSTGD?@~�{?�DOEG�AFI��DOA�FTNA@EKCBCFCBjGEG�iCG�JA@H?@NAI�?}A@�C�iEIA�@CF�A�?H�@AGEIAFKA�DENAG��A�TE}CBAFKA�@CDE?G�CFI�OACD�B?GGAGTGEF��C�JA@HAKDBj�GDE@@AI�@ACKD?@���g���K?IA~�{OA�FTNA@EKCB�@AGTBDG�GO?iAI�DOCD�DOA�KCBKTBCDAI�LMK?FKAFD@CDE?F�EFEDECBBj�EFK@ACGAI��@ACKOAI�C�NCPENTN�}CBTA�CFI�DOAF�IAK@ACGAI�iEDO�EFK@ACGEF�@AGEIAFKA�DENA�iOAF�DOA�OACD�B?GG�iCG�J@AGAFD~�{OA�GENEBC@�}C@ECDE?F�iCG�?SGA@}AI�EF�KOCF�AG�EFDOA�DOA@NCB�LM�K?FKAFD@CDE?F�DOCD�iCG�A}CBTCDAI�Sj�?FBj�K?FGEIA@EF��DOA�@ACKDE?FG�CGG?KECDAI�iEDODOA�DOA@NCB���ABI?}EKO��LM�NAKOCFEGN~��EDO�DOA�OACD�B?GG�EFK@ACGAI��DOA�KCBKTBCDAI�LMK?FKAFD@CDE?FiCGGTSGDCFDECBBj@AITKAIH?@CBBA�TE}CBAFKA@CDE?GEF}AGDE�CDAI�FCIIEDE?FDOA
xy x

x
9:163246zSGD@CKD{OA@A�C@A�BENEDAI�?JDE?FG�C}CEBCSBA�H?@�K?NJCKD�GNCBB�GKCBA�SE?IEAGAB�J@?ITKDE?F�A�TEJNAFD�DOCDJ@?ITKAG�SE?IEAGAB�?H�GENEBC@��TCBEDj�CG�DOCD�?SDCEFAI�H@?N�CF�EFITGD@ECB�GKCBA�J@?ITKDE?F�GjGDAN~{OA�CEN�?H�DOA�J@AGAFD�GDTIj�iCG�D?�A}CBTCDA�A�TEJNAFD�?JDENElCDE?F�H?@�J@?ITKEF��y�������RICj

93674801����11[01 9:;[6 \[:8715 0̂2345�7<�6571��;[3<28
d[08[̂ee;361������������
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/0102345�2367480 9:163246�;<8=>?@ABC�DE@FGHI�JEFK?LC@I�AFM�J?NOCAF�OG?MGCJCP�?ODAGFCM�ON�CDQAF?P�JNFDQCJGJR�S@?METDG?FH@?D?T?PJ�AFM�DQC@UAP�OCQAVG?@WXYX�Z;2301[�\XWX]X�̂62_;[�9XYX�̀721[�aXbX�933cd2[�XXX�\XWXZX�d0�e87_0732f2g01�hijklhijmfc345210�f̀n 9367480�o30_70p

/0102345�2367480 9:163246�;<8=q@ATrGFB�A@?UADGTGDN�TQAFBCJ�GF�QCAVN�QNM@?TA@O?F�H@?TCJJGFB�ON�U?FGD?@GFB�TQAFBCJ�GFCPCTD@GTAP�@CJGJDGVGDNW8;_71�s;t:23d0887[�\u_72�Y237�91171[�v=o;876;�b;1w�x287<;p1y7f2g01�hihzlhih{fc345210�f̀n 9367480�o30_70p

?|�OG?MGCJCP}�qQC�C~EGHUCFD�LAJ�EJCM�D?�H@?METC�OG?MGCJCP�|?@�HC@J?FAP�T?FJEUHDG?F}�qQCH@?METCM�OG?MGCJCP�LAJ�DCJDCM�GF�DQ@CC�UGT@?D@ATD?@JI�DQC�H@GFTGHAP�AB@GTEPDE@AP�UATQGFCJ�EJCM�GF|AUGPN�|A@UJ�GF�DQC��APC�M?��G?�SA@M?�@CBG?F�?|��?EDQC@F��@A�GP}��E@�@CJEPDJ�MCU?FJD@ADCM�DQAD�DQCC~EGHUCFD�H@?METCM�OG?MGCJCP�?|�JE�TGCFD�~EAPGDN�ATT?@MGFB�D?�DQC�PGUGDJ�CJDAOPGJQCM�ON�DQC�@A�GPGAF�SCD@?PCEU��ADG?FAP��BCFTN����S�}��F�T?FTPEJG?FI�DQGJ�OG?MGCJCP�TAF�OC�EJCM�GFUGT@?D@ATD?@JLGDQPGDDPCLCA@?FCFBGFCHA@DJ
9:163246�OJD@ATD�F�DQGJ�L?@r�GD�GJ�@CH?@DCM�A�MCDAGPCM�GFVCJDGBADG?F�?|�DQC�C�CTD�?|�MG�C@CFD�H@?METDG?F�H@?D?T?PJOAJCM�?F�APrAPGFC�CDQAF?PNJGJ�?F�T?FVC@JG?F�NGCPM�?|�|?@ABC�DE@FGHI�J?NOCAFI�JEFK?LC@I�AFM�TAJD?@?GP�GFD?�DQC�@CJHCTDGVC�OG?MGCJCP}�SA@AUCDC@J�JETQ�AJ�TADAPNJD�T?FDCFDJI�@CATDG?F�DGUCJ�AFMDCUHC@ADE@CJ�LC@C�CVAPEADCM}��MMGDG?FAPPNI�GD�LAJ�APJ?�GFVCJDGBADCM�DQC�@CPADG?FJQGH�OCDLCCF�DQCT?FVC@JG?F�NGCPM�AFM�DQC�TQCUGTAP�T?UH?JGDG?F�?|�DQC�|ADDN�ATGMJ�GF�DQC�|CCMJD?Tr}��?FVC@JG?FNGCPMJ�@AFBGFB�OCDLCCF�����AFM������H?GFD�?ED�DQC�VGAOGPGDN�?|�DQC�H@?METDG?F�?|�OG?MGCJCP�EJGFBCDQAF?P}��AJCM�?F�DQC@UAP�AFAPNJGJI�JC~ECFDGAP�JDCHJ�?|�LCGBQD�P?JJ�LC@C�?OJC@VCM�GFMGTADGFB�DQADOG?MGCJCP�EFMC@B?CJ�?�GMADGVC�DQC@UAP�MCT?UH?JGDG?F�LGDQ�DQC�CPGUGFADG?F�?|�MG�C@CFD�H?@DG?FJ�?|DQCU?PCTEPCJGFCATQJDCH�CJGMCJDQCCFC@BGCJ@CPCAJCMONDQCJAUHPCJME@GFBDQC@UAP

93674801���̂11c01 9:;c6 fc:8715 Z02345�7<�6571��;c3<28
nc08Zcoo;361������������



��������� ��	
���
�
���������	��������	��������������	�	��	���������� �!	"�	�!�	�#$�����%�&
�	'!	�

(##)�*��+++$��!	"�	,!�	�#$����-���"�
�.�	
�'�
����!���	��� �����

/0102345�2367480 9:163246�;<8=>?@ABCD?B@E�DEF�G@AHIJ?B@E�@K�GDE@LD�AM?NOL�MJ?MP�HB@KIML�JQPDOR27S0�9T�U32V;W�/2SXYS23�Z23652123265=W�[Y:32S2<=2S�\;88252887Z2]01�̂_̂ à̂_bcZY345210�Zde 9367480�f30g70h

/0102345�2367480 9:163246�;<8=iNMPADL�DEDLOJBJ�@K�D�FBMJML�MEjBEM�@QMPD?BEj�kB?N�FBMJMLlHB@FBMJML�HLMEFJ

9:163246>HJ?PDG?mE�?NBJ�k@Pno�?NM�GNDEjMJ�BE�MLMG?PBGDL�PMJBJ?BpB?BMJ�@K�D�pDGIIA�PMJBFIIA�DPM�DEDLOCMF�?@�FM?MPABEMQOP@LOJBJ�PMDG?B@E�PD?MJ�D?�FBqMPME?�?MAQMPD?IPMJ�FIPBEj�NBjN�?MAQMPD?IPM�QP@GMJJBEjr�sPDG?B@EJ�@K�?NMPMJBFIDL�@BL�KP@A�pDGIIA�FBJ?BLLD?B@E�kMPM�?PMD?MF�D?�D�G@EJ?DE?�DEF�IEBK@PA�?MAQMPD?IPMo�DEFMLMG?PBGDL�PMJBJ?DEGM�kDJ�PMLD?MF�?@�DP@AD?BGB?Or�iNM�PMJIL?J�JN@k�?ND?�PMJBJ?BpB?O�HMNDpMJ�LBnM�D�tPJ?@PFMP�FMGDOuLBnM�?NMPADL�GPDGnBEj�PMDG?B@Er�iNBJ�AM?N@F�G@ILF�PMQLDGM�GNMABGDL�AM?N@FJ�IJMF�?@FM?MPABEM�?NM�?MAQMPD?IPM�EMGMJJDPO�K@P�?NMPADL�GPDGnBEj�PMDG?B@EJ�DEF�?NM�nBEM?BG�QDPDAM?MPJ�@KNMDpO�QM?P@LMIA�KPDG?B@EJr
9:163246>HJ?PDG?iNM�JQPDO�D?@ABCD?B@E�DEF�G@AHIJ?B@E�GNDPDG?MPBJ?BGJ�@K�GDE@LD�AM?NOL�MJ?MP�vwxyz�HB@KIML�DPMG@AQDPMF�?@�?N@JM�@K�QM?P@LMIA�HDJMF�{@r�|�FBMJML�KIML�BE�?NBJ�QDQMPr�iNM�JQPDO�}DAM�kDJG@E?DBEMF�BE�DE�@Q?BGDLLO�DGGMJJBHLM�G@AHIJ?@P�kNBGN�kDJ�@QMPD?MF�D?�D?A@JQNMPBG�QPMJJIPM�kB?N�DG@u}@k�@K�NMD?MF�DBPr�sIML�kDJ�FMLBpMPMF�?NP@IjN�D�JkBPLu?OQM�DBPuHLDJ?�D?@ABCMP�kB?N�DE�BE~MG?@P@PBtGM�FBDAM?MP�@K������Ar�>�?k@uG@AQ@EME?�QNDJM��@QQLMP�QDP?BGLM�DEDLOCMP�kDJ�IJMF�?@�AMDJIPM?NM�JQPDO�FP@QLM?�JBCMo�D�BDL�pML@GB?Oo�DEF�PDFBDL�pML@GB?O�FBJ?PBHI?B@EJr��DFBDL�DEF�D�BDL�FBJ?PBHI?B@EJ@K�{�o�w�o�w��DEF���G@EGME?PD?B@EJ�kMPM�DLJ@�@H?DBEMFr�>�BDL�DEF�PDFBDL�FBJ?PBHI?B@EJ�@K�}DAM?MAQMPD?IPM�kMPM�PMG@PFMF�kB?N�D��?l�?�����N�v?OQM��z�?NMPA@G@IQLMr�iNM�p@LIAM?PBG�}@k�PD?MJ@KKIMLD?@ABCD?B@EDBPDEFG@u}@kDBPkMPMnMQ?G@EJ?DE?K@PH@?NKIMLJiNMFP@QLM?�DI?MPAMDE| |
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/012345�67�854095:�84;<=>5�?7�@3>A3>10:�B<2>0C0�/7�D<E10F0G3H�IJKLMIJNLF<12O0H3�FDP Q1E>243�R13S>3T

U3H3012O�01E>243 QVHE102E�5C4WXY�ZY[\]̂Z_̀ ẐaY�ab�̂c\�d̀^̀ef̂Zd�̀g̀ \̂h\Ŷ�ab�\hZ]]ZaY]�biah�̂c\�dahgj]̂ZaY�abkZ\]\elgZa\̂c̀Yae�ge\Yk]m1>H34�85115:�n=G01�QW040:�o04434W�@3443p:�/01>5�/7�q<HE>445�D>0pF0G3H�IJNIMIJNJF<12O0H3�FDP Q1E>243�R13S>3T

QVHE102EXg]̂ìd̂rY�̂cZ]�s̀s\i�t\�]̂jkf�̂c\�̂ìY]Z\Ŷ�c\̀ �̂daYkjd̂ZaY�ZY�̀�sZ]̂aY�ab�̀�kZ\]\e�\Y_ZY\u�]jgv\d̂\k�̂a�̀s\iZakZd�gajYk̀if�daYkẐZaY�aY�̂c\�]jib̀d\�ZY�daŶ d̀̂�tẐc�̂c\�dahgj]̂ZaY�_̀]\]w�xc\�c\̀^î̀Y]b\i�da\ydZ\Ŷ�̀̂�̂c\�̂as�]jib̀d\�t̀]�hak\e\k�̂̀zZY_�ZŶa�̀ddajŶ�̂c\�̂\hs\ì ĵi\�̀Yksi\]]ji\�ZY]Zk\�̂c\�dahgj]̂ZaY�dc̀hg\iw�{jdc�ZY]̂̀ Ŷ Ỳ\aj]�si\]]ji\�t̀]�h\̀]ji\k�j]ZY_�̀]s\dZ̀e�siag\�bai�̀Y�\Y_ZY\�as\ì ẐY_�tẐc�]\[\ìe�ge\Yk]�ab�kZ\]\e�̀Yk�gZakZ\]\eu�̀Yk�̂c\\̂hs\ì ĵi\�t̀]�aĝ Z̀Y\k�̂ciaj_c�̀�|Zi]̂�}̀t�̀Ỳef]Z]w�xc\�scf]Zd̀e�sias\îZ\]u�ZYdejkZY_�̂c\d\̂̀ Y\�Yjhg\i�t\i\�\[̀ej̀ \̂k�\~s\iZh\Ŷ èef�bai�̀ee�kZ\]\elgZakZ\]\e�ge\Yk]�j]\k�ZY�̂cZ]�taizw�XY\eeZŝZd�]dc\h\�ab�Yjh\iZd̀e�_iZk�_\Y\ì ẐaY�t̀]�j]\ku�]a�̂c̀ �̂̂c\�Zii\_jèi�]c̀s\k�sZ]̂aY�ZY�̂c\scf]Zd̀ekah Z̀Yt̀]̂ìY]baih\kZŶà dfeZYk\iZỲ dahsĵ`̂ZaỲekah Z̀Yxc\̂Zh\tZ]\
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G2320;<=�0;AB<C2 @H3A;0<A�IJCKLMNOPQRSTQRUM�UV�QWO�XUYZ[PQRUM�UV�MOTQ�XUQQUMPOO\�UR]�Û�RQP�MOTQ�ZRU_\ROPO]�RM�T�̀abL\ROPO]�OMSRMO�Zc�OdeÔRYOMQT]�WOTQ�̂O]OTPO�TM\�PQTQRPQRXT]�TMT]cPOPfg>g�G0hIDI:CI3i�>gfg�G0hIDI:CI3i�jgkg�kB0hI:lB3i�@gmg�>Bl0;0AI3/0123�459n845op/:;<=032�/>? @;AB<C2�D;2EB2F
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Abstract

precipitate aqueous Hg  in simulated desulfurization solutions. The effects of the precipitator s

dosing quantity, the initial pH value, the reaction temperature, the concentrations of Cl  and other

metal ions (e.g. Cu  and Pb ) on Hg  removal were studied. A linear relationship was observed

between Hg  removal efficiency and the increasing precipitator’s doses along with initial pH. The

addition of chloride and metal ions impaired the Hg  removal from solutions due to the

complexation of Cl  and Hg  as well as the chelating competition between Hg  and other metal

ions. Based on a comprehensive comparison of the treatment effects, DTCR was found to be the

most effective precipitating agent. Moreover, all the precipitating agents were potent enough to

inhibit Hg  reduction as well as Hg  re-emission from FGD liquors. More than 90% Hg  was

captured by precipitating agents while Hg  reduction efficiency decreased from 54% to just less
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Preparation of mullite from desilication-flyash

Abstract

The present study employed ultrasonic mixing and closed microwave irradiation to assist

transesterification of soybean oil. The purpose was to obtain the optimal ultrasonic mixing and closed

microwave irradiation procedure. The optimal reaction conditions including amount of catalyst used,

reaction temperature and methanol/oil molar ratio were also investigated to achieve the highest

possible conversion rate of biodiesel. Results showed that the optimal procedure involved 1-min

ultrasonic mixing and 2-min closed microwave irradiation. The optimal reaction conditions that can

reach 97.7% of conversion rate were amount of catalyst used, 1.0 wt%; reaction temperature, 333 K;

and methanol/oil molar ratio, 6:1.

Abstract

higher than that of USA coals. PGEs in oil shale samples from the Shengli River area are

characterized by high Pd (average 0.82 ng/g), Os (average 0.15 ng/g) and Pt (average 0.66 ng/g)

contents compared with Ru (average 0.05 ng/g), Rh (average 0.05 ng/g) and Ir (average 0.02 ng/g).

Distribution patterns of individual PGEs are not uniform in the Shengli River oil shale section.

The lower marl layer is characterized by the highest Ru and Rh concentrations, whereas the upper

marl layer is characterized by the highest Os and Ir concentrations. The highest Pt and Pd

concentrations are found in the lower and upper parts of oil shale seams, respectively.

The individual PGEs in the oil shale samples from the Shengli River area exhibit various modes of

occurrence. Ru is mainly present in P-bearing minerals and partly associated with the clay and Ca-
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Abstract

A novel technique of flyash utilization was presented and mullite ceramics were prepared from

flyash and desilication-flyash. The effect of desilication process was analyzed and the result shows

that the only difference between flyash and desilication-flyash lies in the silica content, which is

caused by the removal of silicate glassy phase during the desilication process. The physical and

mechanical properties of flyash sample and desilication-flyash samples were measured. All results

indicate that the desilication-flyash is more suitable to be used to prepare the mullite ceramics

than flyash. The inner structure of flyash particle was first discovered, which can help us form a

new description of the flyash particle and finally benefit the utilization of flyash. Lath-like mullite

crystals appeared in high-iron samples and needle-like mullite crystals were observed in low-iron

l Th fl l t th f hi h i l hi h th th t f l i l

Abstract

biodiesel in diesel oil, and fuel blends containing 5%, 20%, and 35% of castor oil biodiesel in diesel

oil were tested, varying engine load from 9.6 to 35.7 kW. Specific fuel consumption (SFC) and the

exhaust concentrations of carbon dioxide (CO ), carbon monoxide (CO), and hydrocarbons (HC)

were evaluated. The engine was kept with its original settings for diesel oil operation. The results

showed increased fuel consumption with higher biodiesel concentration in the fuel. Soybean

biodiesel blends showed lower fuel consumption than castor biodiesel blends at a given

concentration. At low and moderate loads, CO emission was increased by nearly 40% and over 80%

when fuel blends containing 35% of castor oil biodiesel or soybean biodiesel were used,
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respectively, in comparison with diesel oil. With the load power of 9.6 kW, the use of fuel blends

containing 20% of castor oil biodiesel or soybean biodiesel increased HC emissions by 16% and

Abstract

Abstract

In this study, the Euler–Euler (E–E) and Euler–Lagrange (E–L) models designed for the same chemical

mechanism of heterogeneous reactions were used to predict the performance of a typical sudden-

expanding coal combustor. The results showed that the current E–E model underestimated the coal

burnout rate because the particle temperature fluctuation on char combustion is not adequately

considered. A comparison of the E–E and E–L simulations showed the underestimation of

heterogeneous chemical reaction rates by the E–E model.

Abstract

A mathematical model of biomass gasification in bubbling fluidized gasifier has been developed. It

is a one-dimensional, two-phase (bubble and emulsion), two-zone (bottom dense bed and upper

freeboard), steady state model. The model is based on global reaction kinetic, mass and energy

balances and is capable of predicting temperature, solid hold ups and gas concentration along the
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reactor’s major axis. The overall model has sub-models to deal with biomass pyrolysis, gasification,

bed hydrodynamics, material classification and property calculation. A sub-model for tar

generation and cracking is included in this study. The model is capable of dealing with wide

variety of biomasses and fluidizing agents, i.e. air, oxygen, steam or a mix of these gases. Results

show that during devolatilization step, gases release and mixing are sensitive and critical

parameters. They have a strong influence on the overall performance of a gasifier. A comparison

Abstract

A fuel quality survey of biodiesel blends collected in June 2009 from 26 Michigan retail stations was

performed, 8 months after the publication of ASTM D7467. Measured blend levels were not

consistent in stations where pump labels indicate specific biodiesel blend levels. Fatty acid methyl

ester (FAME) analyses revealed that majority of the samples are soybean oil-based (SBO) biodiesel.

Full compliance with the ASTM D7467 requirements for kinematic viscosity and flash point (FP)

were observed with the biodiesel blends; all but one for cetane number (CN). Barely half of the

samples were able satisfy the total acid number (TAN) specification with select samples reflecting as

high as 1.6 mg KOH/g. The most pressing is that only 45% were able to meet the 6 h induction

period (IP) requirement; out of those that did not qualify 42% are even low blends hinting the

degraded quality of the biodiesel component. Inconsistencies on the expected correlations of the

tested properties were evident suggesting that additives may be present in many samples When

Abstract
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that modification of fly ash could significantly enhance the phosphate immobilization ability of the

fly ash. The specific surface area of the fly ash increased from 8.8 to 32.5 m /g after treated with

sulfuric acid. The modification of the fly ash also resulted in the mobilization of acid-soluble metal

ions due to partial or complete dissolution of the metals under the acidic conditions. Both

adsorption and precipitation contributed to the removal of phosphate by the modified fly ash but

precipitation was a major mechanism of phosphate removal. The experimental results showed that

adsorption of phosphate by the modified fly ash was rapid, the removal percentage of phosphate

could reach maximum in 5 min. In the range of 5–9, pH did not significantly affect the removal of

phosphate and the removal percentage of phosphate increased with the increase of adsorbent

dosage. The adsorption of phosphate by the modified fly ash could be described well by Langmuir

i th ti th L i t t Q 9 15 Th XRD tt d th SEM

2

−1

Abstract

Abstract

The use of methyl acetate instead of methanol for supercritical synthesis of glycerol-free biodiesel

from vegetable oils is a new process and its study is very limited in the literature. In this work, it

has been tested for the first time on three edible and non-edible oils with different fatty acid

composition. The process was also applied to waste oil with higher free fatty acid (FFA) content.

The results demonstrate that the oil composition does not significantly influence the biodiesel

yield.

The influence of temperature, pressure and molar ratio of reactants was studied. All the oils

achieved complete conversion after 50 min at 345 °C, 20 MPa with methyl acetate:oil molar ratio
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Abstract

determining the formulation of geopolymers to get the desired matrix chemistry uses the bulk

composition of the feedstock materials. This formulation method is widely used in investigations

using feedstock materials that almost completely react during processing. It is widely considered

that amorphous components of fly ash are the reactive components in the geopolymerisation

reaction. However, quantification of the amorphous components is challenging and generally

avoided with the concomitant problem that the formulation is far from optimum. For the work

presented here, the composition of the amorphous part is determined accurately and this

information utilised to synthesise geopolymers. The bulk composition is first determined using X-

ray fluorescence spectroscopy (XRF) and then the amorphous composition determined using XRF

and quantitative X-ray diffraction (QXRD). Formulating the mixture based on amorphous
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Abstract

Abstract

In the current work the co-combustion of Solid Recovered Fuels’ (SRFs’) with brown coal in large

scale pulverised coal boilers under different operational conditions is numerically investigated. In

order to overcome the difficulty of the complex, inhomogeneous nature of waste recovered fuels,

SRF is modelled as a mixture of two different fractions, the biogenic and the plastic one. For each

fraction different combustion mechanisms are presented, whilst for the first time the proposed
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combustion mechanism of the plastic fraction is incorporated in a commercial CFD code and

validated against available experimental data. A 600 MW  brown coal boiler is simulated as a

reference and its operational characteristics are compared with parameterised scenarios of SRF co-
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Abstract

using a perfectly stirred reactor (PSR) code. The numerical results showed that the calculated NO

concentration initially increased, reached a maximum value and then decreased with increasing

residence time when the heat loss was present. The similar variation was observed in changes in

the thermal NO concentration that was evaluated by only considering the reactions associated with

the thermal (Zeldovich) NO mechanism. With the heat loss increased, the calculated NO

concentration was substantially reduced for all equivalence ratios investigated. In addition, the

reductions in the NO  concentration with respect to residence time became faster with increasing

the equivalence ratio particularly for fuel rich conditions. The observed variations in the calculated

NO  concentration over the residence time (NO /τ) were found to fit well to the following

correlation: . In the correlation, HLI is the dimensionless heat loss
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Abstract

There are limited options available for compact small-scale biodiesel production equipment that

produces biodiesel of similar quality as that obtained from an industrial-scale production system.

The aim of the present study was to evaluate equipment optimization for producing 40–200 L/day

of biodiesel. The equipment was used to produce biodiesel for personal consumption. The

produced biodiesel was tested in three microtractors, the principal agricultural machines used in

family farms in the Vale do Rio Pardo region of Southern Brazil. Our results demonstrated that the

equipment produced biodiesel of sufficient quality according to the limits established by the

Brazilian Petroleum National Agency (ANP). In conclusion, this biodiesel can be used in

microtractors with little wear on engine parts

Abstract

Abstract

In this work it is reported a detailed investigation of the effect of different production protocols

based on alkaline ethanolysis on conversion yield of forage turnip, soybean, sunflower, and castor

oil into the respective biodiesel. Parameters such as catalyst contents, reaction times and

temperatures were evaluated. Additionally, it was also investigated the relationship between the

conversion yield and the chemical composition of the fatty acids in the feedstock. Conversion

yields ranging between 70% and 100% point out the viability of the production of biodiesel using

ethanol. Based on thermal analysis, sequential steps of weight loss were observed indicating that

biodiesel undergoes oxidative thermal decomposition with the elimination of different portions of

the molecules in each step Besides the energies released by the samples during thermal
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Abstract

Abstract

In this work, the changes in electrical resistivities of a vacuum residuum are analyzed to determine

pyrolysis reaction rates at different temperatures during high temperature processing. Fractions of the

residual oil from vacuum distillation were treated at a constant and uniform temperature, and

electrical resistance was related to aromaticity. The results show that resistivity behaves like a first

order decay-like thermal cracking reaction. This method could replace chemical methods used to

determine the temperature necessary for thermal cracking reactions and the kinetic parameters of

heavy petroleum fractions.

Abstract

Abstract

The spray atomization and combustion characteristics of canola methyl ester (CME) biofuel are

compared to those of petroleum based No. 2 diesel fuel in this paper. The spray flame was

contained in an optically accessible combustor which was operated at atmospheric pressure with a

co-flow of heated air. Fuel was delivered through a swirl-type air-blast atomizer with an injector

orifice diameter of 300 μm. A two-component phase Doppler particle analyzer was used to measure

the spray droplet size, axial velocity, and radial velocity distributions. Radial and axial distributions

of NO, CO, CO  and O  concentrations were also obtained. Axial and radial distributions of flame2 2
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temperature were recorded with a Pt–Pt/13%Rh (type R) thermocouple. The volumetric flow rates

of fuel atomization air and co flow air were kept constant for both fuels The droplet Sauter mean

Abstract

Abstract

In this paper we study the transient heat conduction in a piston of a diesel engine, subjected to a

periodic boundary condition on the surface in contact with the combustion gases. The heat

transfer coefficient at the top surface was modeled taking into account the temperature and

pressure inside the combustion chamber. Such instantaneous pressure was measured using a

special probe for an engine operating with several blends of diesel and biodiesel, and the

temperature was obtained through a First Law analysis. The physical properties, including the

cetane number were evaluated experimentally for all diesel/biodiesel blends used in this work. An

elliptic scheme of numerical grid generation was used, so that the irregular shaped piston in the

physical domain was transformed into a cylinder in a computational domain The timewise

Abstract

Abstract

In this study, we investigated the activity of pre-sulfated 1%Pt–2%Sn/γ–Al O  on the catalytic

abatement of the combustion emissions of three fuels: pure diesel E(0), pure bioethanol E(100) and
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bioethanol blended diesel containing 10% bioethanol E(10). The emissions generated, by each

blend combustion, were conducted continuously to the catalyst sample. The catalytic activity was

determined by following the evolution of the outflow emissions concentrations by FTIR gas

spectroscopy as a function of the catalyst temperature. Results showed that the addition of

bioethanol to diesel may be necessary to enhance the catalytic oxidation of diesel unburned

hydrocarbons and particulate matter on pre-sulfated 1%Pt–2%Sn/γ–Al O .2 3

Abstract

Abstract

A gas jet superposition model has been recently developed for computing group-hole nozzle sprays

in computational fluid dynamics (CFD) simulations. The objectives of this study are: (1) to perform

a systematic validation of the comprehensive spray model for group-hole nozzles using a broad

range of experimental data; (2) to analyze the dynamics and physical insight of group-hole nozzle

sprays based on the simulation results; and (3) to further clarify the impact of included-angle on

spray/mixture properties of group-hole nozzle sprays. An updated version of the KIVA-3V Release 2

code, which employs the Lagrangian-Drop Eulerian-Fluid (LDEF) methodology for numerical

calculation of two-phase flows, was used in the simulations. Diverging group-hole nozzles with

various included-angles were considered The test conditions included non-evaporating and
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Abstract

Abstract

Biomass is a clean and renewable energy source. The efficiency for biomass conversion using

conventional fuel conversion techniques, however, is constrained by the relatively low energy

density and high moisture content of biomass. This study presents the biomass direct chemical

looping (BDCL) process, an alternative process, which has the potential to thermochemically

convert biomass to hydrogen and/or electricity with high efficiency. Process simulation and

analysis are conducted to illustrate the individual reactor performance and the overall mass and

energy management scheme of the BDCL process. A multistage model is developed based on

ASPEN Plus® to account for the performance of the moving bed reactors considering the reaction

equilibriums The optimum operating conditions for the reactors are also determined Process

Abstract

Abstract

Guindilla plants (Guindilia trinervis Gillies ex Hook. et Arn.) are small shrubs that grow wildly in the

mountains of Central Chile in soils and climates not suitable for agriculture. Whole guindilla seeds

contain 28–29% w/w oil. Cotyledons represent 45% w/w of the seed and contain 63–64% w/w oil.

Main unsaturated fatty acids are oleic (63% w/w), linoleic (8% w/w) and gadoleinic (9.5% w/w), while

main saturated fatty acids are palmitic (9.1% w/w) and stearic (3.1% w/w). The content of free fatty

acids was 0.06%. Transesterification reactions yielded a biodiesel with ester content >99%; cetane

number 59; oxidative stability at 110 °C, 18.9 h; kinematic viscosity at 40 °C, 4.867 mm /s; cold filter

plugging point, CFPP + 4 °C; sulfur content 1.0 mg/kg; sulfated ash < 0.01% p/p; acid value

0 024 mg KOH/g and phosphorous content (<0 5 mg/kg) All values were within European and US
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Abstract

Abstract

Biodiesel was produced by ethanolysis of pure castor and soybean oils, and mixtures thereof, using

potassium hydroxide as catalyst. The yields and selectivities of these reactions were evaluated. The

results revealed that there was no appreciable substrate preference when the vegetable oils were

transesterified in admixture. However, higher reaction yields and increased efficiencies of the

purification process were directly correlated with the proportion of soybean oil present in the reaction

mixture.

Abstract

Abstract

This paper presents a one-dimensional steady state mathematical model for the simulation of a

small scale fixed-bed gasifier. The model is based on a set of differential equations describing the

entire gasification process of softwood pellets and is solved by a two step iterative method. The

main features of the model are: homogeneous and heterogeneous combustion and gasification

reactions, one-step global pyrolysis kinetics and drying, heat and mass transfer in the solid and gas

phases as well as between phases, heat loss, particle movement and shrinkage within the bed. The

pyrolysis model has been improved by partially cracking primary tar into lighter gases according to

experimental data. The model is used to simulate a laboratory scale fixed-bed updraft gasifier.
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Abstract

Abstract

The cetane number of a fuel is an important factor in determining the quality of ignition in

compression ignition (CI) engines. The significance of accurate measurement of cetane number

has become even greater since the use of alternative fuels and modern CI engines. In this work, the

comparison of different methods of cetane value measurement for fuels with different chemical

composition such as ultra low sulfur diesel (ULSD), synthetic jet fuel (S-8) and military grade jet

fuel (JP-8), trace amounts of additives and biodiesel blends under different conditions is reported.

The cetane index was calculated by ASTM D4737 and ASTM D976 and the derived cetane number

(DCN) was measured using an Ignition Quality Tester (IQT) as a basis of comparison with the

cetane index The best agreement among three methods was observed for ULSD while S-8 showed

Abstract

Abstract

An experimental study is conducted to evaluate the effects of using neat cottonseed oil or its neat

ME (methyl ester) bio-diesel, on the combustion behavior of a standard, high speed, direct

injection (HSDI), ‘Hydra’ diesel engine located at the authors’ laboratory. Combustion chamber and
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fuel injection pressure diagrams are obtained at medium and high load using a developed, high-

speed, data acquisition and processing system. A heat release analysis of the experimentally

obtained cylinder pressure diagrams is developed and used. Plots of histories in the combustion

chamber of the heat release rate and other related parameters reveal some interesting features,

which shed light into the combustion mechanism when using these bio-fuels. These results,

Abstract

Abstract

The paper presents the experimental results obtained concerning performances and pollution of a

diesel engine fueled with diesel–biodiesel–ethanol blends compared with diesel fuel in laboratory

tests. The main properties of the researched fuels are presented within this paper, in comparison

with classical diesel fuel (chemical composition, density, kinematic viscosity, cold filter plugging

point, flash point). Engines’ performances were evaluated by determining the brake specific fuel

consumption and brake thermal efficiency. For pollution evaluation the emissions of CO, CO ,

NO , HC and smoke have been measured. An increasing of brake specific fuel consumption has

been observed, especially at lower engines’ loads, with maximum 32.4%, reducing engine brake

thermal efficiency with maximum 21 7% CO emissions decrease especially at high loads with
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Abstract

Abstract

In the present study, biodiesel has been successfully produced from triglycerides and dimethyl

carbonate, instead of the conventional alcohol. In this non-catalytic supercritical dimethyl

carbonate (SCDMC) technology, valuable compound of glycerol carbonate is obtained as side

product, rather than the undesirable glycerol. Glycerol carbonate has higher commercial value

compared to glycerol and its application in industries is enormous. In this optimization study, the

effects of important parameters including reaction temperature, molar ratio of dimethyl carbonate

to oil and reaction time were investigated and optimized by employing response surface

methodology (RSM) analysis. It was found that the mathematical model developed was statistically

significant and adequate to predict the optimum yield The optimum conditions for SCDMC

Abstract

Abstract

The need for diversification of energy sources and reducing various emissions including CO

emission in diesel engine can be met with alternative diesel fuels such as gas to liquid (GTL) and

GTL–biodiesel blends. But there should be a clear understanding of the combustion and engine-

out emission characteristics for alternative fuels. In this respect, an experimental study was

conducted on a 2.0 L 4 cylinders turbocharged diesel engine fuelled with those alternative diesel

fuels to investigate the engine-out emission characteristics under various steady-state engine

operating conditions. The results revealed that noticeable decreases in THC (22–56%) and CO (16–

52%) emissions for GTL–biodiesel blends were observed, whereas NOx emissions for GTL–

biodiesel blends increased by a maximum of 12% compared to diesel With regard to particle size
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Abstract

Abstract

The effect of three different membrane electrode assembly (MEA) fabrication techniques, catalyst-

coated substrate by direct spray (CCS) and catalyst-coated membrane by direct spray (CCM-DS) or

decal transfer (CCM-DT), on the performance of oxygen reduction in a proton exchange membrane

(PEM) fuel cell was carried out under identical conditions of Pt–Pd/C electrocatalyst loading. The

results indicated that the fabrication technique had only a very slight effect on the ohmic resistance

of the PEM fuel cell but it significantly affected the charge transfer resistance and open circuit

voltage (OCV). The cells prepared by the CCM method, and particularly by decal transfer, exhibited

a significantly higher OCV but a lower ohmic and charge transfer resistance compared with the

other investigated fabrication techniques By using cyclic voltammetry with H adsorption it was2

Abstract

Abstract

An efficient solid Lewis acid, has been synthesized by loading cerium triflate (7 wt%) on the acid

activated fly ash with high silica content (81%). The physico-chemical properties of synthesized fly

ash-supported cerium triflate catalyst (CFT) were monitored by XRD, FT-IR spectroscopy, FT-IR

spectroscopy of the ammonia adsorbed catalyst, SEM-EDAX, TEM, Flame Atomic Absorption
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Spectrophotometer and TG-DTA study. The increased concentration of silica surface hydroxyl

groups on activated fly ash have a major influence on the loading of cerium triflate. The catalytic

activity of the catalyst CFT was tested in the acylation of veratrole using acetic anhydride as the

acylating agent. The proposed model structure of CFT shows that the triflate species withdraws the

Abstract

Abstract

Previously water-in-octane nano-emulsions were prepared by mixed surfactant systems. In this

paper, a series of amphiphilic graft copolymers, namely poly (higher α-olefin-co-para-

methylstyrene)-graft-poly(ethylene glycol) and poly (higher α-olefin-co-acrylic acid)-graft-

poly(ethylene glycol), were used as additives to enhance the stability of these nano-emulsions.

Although the amphiphilic graft copolymers did not impact the average diameter of the water

droplets in these emulsions to a major extent, the stability of these emulsions were enhanced

significantly by the interaction between surfactants and amphiphilic graft copolymers.

Amphiphilic graft copolymers’ stabilizing capability depends on their chain structure and

composition In a proper range of poly(ethylene glycol) content e g 6 0–34 0 wt % the higher the
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Abstract

Solid acid catalysts are normally used to catalyze the transesterification of oil with high free fatty

acid (FFA) to biodiesel. However, the immiscible phases of methanol-oil-catalyst in the initial

reaction mixture usually lead to slow reaction rate and long reaction time. One possible way to

overcome this limitation is by using co-solvent that has high solubility in oil and methanol.

Therefore, in the present study, the use of biodiesel as co-solvent for transesterification reaction

catalyzed by  (solid acid catalyst) was investigated. It was found that with the use of

biodiesel as co-solvent, a high FAME yield of 88.2% (almost 30% higher than without using co-

solvent) can be obtained in a shorter reaction time (1.5 h) using the following reaction conditions;

reaction temperature of 150 °C methanol to oil ratio of 15 and catalyst loading of 6 wt % (weight of

Abstract

Abstract

The effect of addition of trace amount of KOH as co-catalyst on low boiling point organic amine-

catalyzed transesterification for biodiesel production was investigated. Three different organic

amines, tri-ethylamine, di-ethylamine and tert-butylamine, were used as catalysts, and the

maximum amount of KOH that could be added to these organic amine-catalyzed systems was

367.1 mg/kg oil. Under such circumstance, KOH could be left in the resultant biodiesel and no

washing was needed to remove it as the concentration of K  in the biodiesel met EN 14214

standards. Addition of trace amount of co-catalyst KOH with an amount of 367.1 mg/kg oil

resulted in the organic amine-catalyzed transesterification under milder reaction conditions than

those without addition of KOH to achieve >90% yield of methyl ester Furthermore side reactions

+
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Abstract

Abstract

This study explores the impact of neat soy-based methyl ester and its 50% v/v blend with low

sulphur automotive diesel on PAH, nitro-PAH and oxy-PAH emissions of a Euro 2 compliant

diesel passenger car tested on a chassis dynamometer. Emission measurements were evaluated for

the certification NEDC, a hot-start UDC (urban part of NEDC) and the non-legislated Artemis

driving cycles which simulate urban, rural and highway driving conditions in Europe. Overall, 16

PAHs, 4 nitro-PAHs and 6 oxy-PAHs were determined in the exhaust. The results obtained,

showed that PAH emissions decreased with the addition of biodiesel during all driving modes.

However, their nitrated and oxygenated products were found to increase with biodiesel compared

to diesel fuel The use of pure biodiesel led in some increases in PAH emissions when compared to

Abstract

Abstract

Super fine pulverized coal combustion is a new pulverized coal combustion technology which has

better stability, higher combustion efficiency and lower NO  and SO  emission than that using

conventional particle sizes. In this paper we applied fractal analysis based on power spectral

density (PSD) and slit island method (SIM), three-dimensional (3D) surface roughness

measurement and surface-topography observations from AFM to form a proper investigative tool

x 2
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which may give a relatively full picture of surface morphology of super fine pulverized coal

particles for the first time. The final results indicate that both fractal dimensions calculated by SIM

and PSD and roughness of coal particle size increase with the increase of the coal particle size.

B id th l ti l l i d t t d th d f l ti i t f th

Abstract

Abstract

The objective of this study is to determine radiological characteristics of pulverized fly ash (PFA)

collected from the 15 coal-burning thermal power plants (TPPs) in operation by means of gamma

spectrometric technique and to assess the radiological impacts from the utilization of PFA samples

examined as filling and cover material in earthwork applications. Also, the annual effective doses

received by workers handling PFA and members of the public living in a house near the PFA

pile/landfill were estimated using methods specified in the Radiation Protection 122. The activity

concentrations of Ra, Th and K measured in PFA samples were tabulated for each TPP. The

activity results show that Turkish PFA may have relatively high natural radioactivity content,

depending on its origin reaching in the case of Kangal PFA 2720 Bq kg of Ra The values of
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Effect of injection and ignition timings on performance and emissions from a spark-
ignition engine fueled with methanol

Abstract

A two-stage equilibrium model applicable to the wide range of operating conditions is developed

to predict carbon conversion and composition of the product gas in an entrained-flow coal gasifier.

The model is composed of two separate stages including char-gasification and gas-phase reaction.

Carbon conversion is estimated in the first stage with solid–gas reactions, and then the product gas

composition is calculated from gas-phase reactions in the second stage. Water consumption

involved in the equilibrium reaction of the first stage is expressed as an exponential function of

temperature. The model is validated with experimental data taken from literatures. It is confirmed

that carbon conversion and product gas composition are influenced significantly by the oxygen to

coal ratio The optimum range of steam to coal ratio and the total yield of CO and H depend on2

Abstract

Abstract

The process of torrefaction alters the physical properties of biomass, reducing its fibrous tenacious

nature. This could allow increased rates of co-milling and therefore co-firing in coal fired power

stations, which in turn would enable a reduction in the amount of coal used and an increase in the

use of sustainable fuels, without the need for additional plant. This paper presents an experimental

investigation of the pulverisation behaviour of two torrefied energy crops, namely: willow and

Miscanthus. A multifactorial method approach was adopted to investigate the three process

parameters of temperature, residence time and particle size, producing fuels treated using four

different torrefaction conditions. The untreated and torrefied fuels were subjected to standard fuel

analysis techniques including ultimate analysis proximate analysis and calorific value
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Abstract

Abstract

Optimal injection and ignition timings and the effects of injection and ignition timings on

performance and emissions from a high-compression direct-injection stratified charge spark-

ignition methanol engine have been investigated experimentally. The results have shown that

direct-injection spark-ignition methanol engine, in which a non-uniform mixture with a stratified

distribution can be formed, has optimal injection and ignition timings to obtain a good

combustion and low exhaust emissions in the overall mode range. Both methanol injection timing

and ignition timing have a significant effect on methanol engine performance, combustion, and

exhaust emissions. At an engine speed of 1600 rpm, full load, and optimal injection and ignition

timings methanol engine can obtain shorter ignition delay lesser cycle-by-cycle variation the

Abstract

Abstract

In this study, we carried out a direct numerical simulation of swirling jets to investigate the

temporal characteristics of coherent structures related to the vortex breakdown. The type of

coherent motion of oscillation, as a temporal characteristic of vortex breakdown, is observed

through the analysis of correlation functions. It indicates that the vortex breakdown is

accompanied with the resonance of fluctuations of flow velocity, pressure, vortices and etc.

Moreover, it is found that the coherent oscillation occurs only for the swirling flows with a high
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level of swirl (larger than the critical value) when the bubble vortex breakdown takes place and only

Abstract

Abstract

This paper describes a study of the effects of hydrothermal dewatering of raw tropical peat from

Pontianak, West Kalimantan-Indonesia, on the amounts of organic compounds released into

wastewater and gaseous products. Hydrothermal upgrading and dewatering of the peat was carried

out in a batch-type autoclave reactor at temperatures between 150 and 380 °C at a maximum

pressure of 25.1 MPa for 30 min. It was found that the extent of decomposition of organics during

hydrothermal dewatering depended on temperature increase.

Wastewater from hydrothermal dewatering was found to contain organic carbon (TOC) ranging

from 800 ppm at low temperatures, to 7504 ppm at high temperatures. A number of sugars and

Abstract

Abstract

Co-pyrolysis of coal with waste plastic is increasingly being looked upon as a potential technique to

counter the present day challenges in energy and waste management by harnessing the multiple
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benefits associated with the same. In the present work, the kinetics of co-pyrolysis of waste LDPE

carried out with coal of Ledo origin from the coalfields of Assam (India) has been studied. A

thermo-gravimetric (TG) study of the co-pyrolysis has been carried out taking waste LDPE-coal

mixtures in ratios of 3:1, 1:1, and 1:3 by weight and at five varying heating rates from 5 to

25 K min  with a 5 K increment. Experiments were also carried out for the individual components

at all the five heating rates This TG analysis data was used to evaluate the kinetics parameters such

−1

Abstract

Abstract

The effect of ethanol on soot formation has been studied in turbulent spray flames of

gasoline/ethanol and gasoline–surrogate/ethanol mixtures containing 10%, 20% and 30% of

alcohol in volume. A hybrid burner specially designed to stabilize different liquid fuels flames with

identical hydrodynamic conditions has been used. Spatially resolved measurements of soot volume

fraction and of soot precursors concentration have been carried out by coupling Laser-Induced

Incandescence (LII) at 1064 nm and Laser-Induced Fluorescence (LIF) at 532 nm. Significant

reductions of the concentrations of soot and soot precursors have been observed when adding

ethanol to gasoline. A similar behaviour has been obtained with a gasoline–surrogate which has

been found to reproduce well the sooting propensity of the unleaded gasoline used in this work
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Abstract

Abstract

The transesterification of palm oil and dimethyl carbonate (DMC) for preparing biodiesel has been

carried out at the catalysis of immobilized-lipase in solvent-free system. The components were all

confirmed by GC and GC–MS analysis. The fatty acid methyl esters (FAMEs) were analyzed with

internal standard method. The fatty acids glycerol carbonate esters (FAGCs) were characterized as

the intermediates. And, glycerol dicarbonate (GDC) was confirmed as the byproduct by comparing

with the model compound. Moreover, the effects of the reaction conditions (type of lipases, molar

ratio of DMC and palm oil, amount of catalyst, reaction temperature and time) on the yield of

FAMEs were investigated. The yield of FAMEs could reach 90.5% at 55 °C for 24 h with the molar

ratio of DMC to oil 10:1 and the catalyst amount of 20% Novozym 435 (based on the oil weight)

Abstract

Abstract

The present study aims at utilising an inorganic industrial by-product, high calcium fly ash

(HCFA), in an environmental field: oil spill clean up. Properties, such as fine particle size, floating

ability, hydrophobic character and porosity, make this material attractive for such a use. In order to

investigate the oil sorption behaviour of HCFA an oil spill has been simulated, by using artificial

ocean water and three types of oil (heating oil (HO), light cycle oil (LCO) and Iranian light crude oil

(ILCO)). Two HCFA samples, a Ca-rich one (AD) and a Si-rich one (M), have been examined, so as to

investigate the role of HCFA composition in its behaviour. The addition of HCFA to an oil spill

results in the formation of a semi-solid oil–HCFA phase, allowing the quite total removal of oil

from the water surface HCFA’s oil sorption capacity in dry environment after 24 h is 0 7–0 9 g oil/g
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Abstract

Abstract

Hydrodynamics of a continuous cocurrent two-phase upflow reciprocating plate reactor (RPR) for

homogeneously base-catalyzed methanolysis of sunflower oil was studied. Here, methanol

constituted the dispersed phase and sunflower oil was the continuous phase. The measurements

were performed in both the non-reactive (methanol–sunflower oil) and reactive (sunflower oil–

methanol–KOH) systems. The main goal was to define the effects of the vibration intensity and the

important reaction operating conditions on the pressure fluctuation at the reactor bottom, the

power consumption, the dispersed phase holdup, the Sauter-mean drop diameter and the specific

interfacial area. The power consumption under batch, single- and two-phase flow was proved to

depend on the vibration intensity The Sauter-mean drop diameter was found to depend on the

Abstract

Abstract

Single and double chamber microbial fuel cells (MFCs) were tested in batch mode at different

temperatures ranging from 4 to 35 °C; results were analysed in terms of efficiency in soluble

organic matter removal and capability of energy generation. Brewery wastewater diluted in

domestic wastewater (initial soluble chemical oxygen demand of 1200 and 492 mg L  of volatile

suspended solids) was the source of carbon and inoculum for the experiments. Control reactors

(sealed container with support for biofilm formation) as well as baseline reactors (sealed container

−1
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with no support) were run in parallel to the MFCs at each temperature to assess the differences

between water treatment including electrochemical processes and conventional anaerobic

digestion (in the presence of a biofilm or by planktonic cells) MFCs showed improvements

Abstract

Abstract

The results of numerical and experimental studies of heating and evaporation of monodisperse

acetone, ethanol, 3-pentanone, n-heptane, n-decane and n-dodecane droplets in an ambient air of

fixed temperature and atmospheric pressure are reported. The numerical model took into account

the finite thermal conductivity of droplets and recirculation inside them based on the effective

thermal conductivity model and the analytical solution to the heat conduction equation inside

droplets. The effects of interaction between droplets are taken into account based on the

experimentally determined corrections to Nusselt and Sherwood numbers. It is pointed out that

the interactions between droplets lead to noticeable reduction of their heating in the case of

ethanol 3-pentanone n-heptane n-decane and n-dodecane droplets and reduction of their cooling

2 4
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In this work, various carbon materials were studied as catalysts/microwave receptors for the CO

reforming of the CH  reaction. Carbon materials with a different textural development

(metallurgical coke, activated carbons, re-activated carbon) were selected as catalysts in order to

determine the role of porosity and pore size in dry reforming. Microporosity was found to be

necessary for a good performance of the carbon catalysts. An activated carbon and an oxidized

activated carbon were compared in order to evaluate the influence of oxygen surface groups on the

catalytic activity of carbons for the dry reforming reaction. Oxidized carbons were found to be bad

catalysts especially under microwave heating The importance of CO reactivity for carbon

2
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Abstract

Abstract

Conventional fossil diesel fuel and renewable diesel fuel based on hydrotreated vegetable oils

(HVO) were compared regarding the oxidation characteristics of the generated soot particulate.

The comparison was performed by utilizing a high-temperature oxidation tandem differential

mobility analyser in which monodisperse soot aerosol was first selected and then heated in a high-

temperature furnace. The particle size reduction caused by oxidation during the furnace treatment

was then measured as a function of furnace temperature. The results indicate that soot oxidation is

very similar between the studied fuels. This is supported by the obtained HR-TEM images and

EELS-spectra which were practically indistinguishable between different fuels and engine

conditions The similar oxidation properties and surface structure between fossil and HVO-based
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Abstract

Abstract

Performance and emission characteristics of compression ignition engines depend strongly on

inner nozzle flow and spray behavior. These processes control the fuel air mixing, which in turn is

critical for the combustion process. The differences in the physical properties of petrodiesel and

biodiesel are expected to significantly alter the inner nozzle flow and spray structure and, thus, the

performance and emission characteristics of the engine. In this study, the inner nozzle flow

dynamics of these fuels are characterized by using the mixture-based cavitation model in FLUENT

v6.3. Because of its lower vapor pressure, biodiesel was observed to cavitate less than petrodiesel.

Higher viscosity of biodiesel resulted in loss of flow efficiency and reduction in injection velocity.

Turbulence levels at the nozzle orifice exit were also lower for biodiesel Using the recently

Abstract

Abstract

A novel technology to mitigate the climate changes and improve energy security is Pressurized

Entrained flow High Temperature Black Liquor Gasification (PEHT-BLG) in combination with an

efficient fuel synthesis using the resulting syngas. In order to optimise the technology for use in a

pulp and paper mill based biorefinery, it is of great importance to understand how the operational

parameters of the gasifier affect the product gas composition. The present paper is based on

experiments where gas samples were withdrawn from the hot part of a 3 MW entrained flow

pressurized black liquor gasifier of semi industrial scale using a high temperature gas sampling

system. Specifically, the influence of process conditions on product gas composition (CO , CO, H ,2 2
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Abstract

Abstract

In biodiesel production, to use low cost feedstock such as rendered animal fats may reduce the

biodiesel cost. One of the low cost animal fats is the chicken fat for biodiesel production. It is

extracted from feather meal which is prepared from chicken wastes such as chicken feathers, blood,

offal and trims after rendering process. However, chicken fats often contain significant amounts of

FFA which cannot be converted to biodiesel using an alkaline catalyst due to the formation of soap.

Therefore, the FFA level should be reduced to desired level (below 1%) by using acid catalyst before

transesterification. For this aim, sulfuric, hydrochloric and sulfamic (amidosulfonic) acids were

used for pretreatment reactions and the variables affecting the FFA level including alcohol molar

ratio acid catalyst amount and reaction time were investigated by using the chicken fat with

Abstract

Abstract

This article describes an experimental study on ash deposition during the co-firing of bituminous

coal with pine sawdust and olive stones in a laboratory furnace. The main objective of this study

was to relate the ash deposit rates with the type of biomass burned and its thermal percentage in

https://www.sciencedirect.com/science/article/pii/S0016236110002048
https://www.sciencedirect.com/science/article/pii/S0016236110002048
https://www.sciencedirect.com/science/article/pii/S0016236110001845
https://www.sciencedirect.com/science/article/pii/S0016236110001845


9/13/2020 Fuel | Vol 89, Issue 12, Pages 3613-4062 (December 2010) | ScienceDirect.com by Elsevier

https://www.sciencedirect.com/journal/fuel/vol/89/issue/12#article-1 34/36

Short Communications

Short communication Abstract only

Bagasse from the mezcal industry as an alternative renewable energy produced in arid
lands
L. Chávez-Guerrero, M. Hinojosa
Pages 4049-4052

Purchase PDF Article preview

Short communication Abstract only

Drag coefficient of Solid Recovered Fuels (SRF)
Gregory Dunnu, Jörg Maier, Uwe Schnell, Günter Scheffknecht
Pages 4053-4057

the blend. The thermal percentage of biomass in the blend was varied between 10% and 50% for

both sawdust and olive stones. For comparison purposes, tests have also been performed using

only coal or only biomass. During the tests, deposits were collected with the aid of an air-cooled

deposition probe placed far from the flame region, where the mean gas temperature was around

640 °C. A number of deposit samples were subsequently analyzed on a scanning electron

Abstract

Abstract

In the mezcal industry, the xerophyte Agave salmiana is used to produce mezcal, and neither the

plant nor its residues have been studied before as an alternative source of fuel. Bagasse and wasted

fibers samples from alcoholic beverage production were collected in order to find out their

properties as fuel. Another sample consists in pyrolyzed bagasse at 450 °C to produce carbon. DSC

results revealed differences in the heat of combustion values, where pyrolyzed bagasse (19.36 MJ/kg)

had a higher value than bagasse (9.55 MJ/kg) or the fiber (8.4 MJ/kg). SEM images showed the

morphological changes in the fibers after their processing. TGA analysis showed the presence of

different alcohols impregnated on the bagasse, which allows for an increase in heat of combustion.

With these preliminary results it can be seen that it is possible to use the byproducts generated by
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The results of numerical and experimental studies of heating and evaporation of monodisperse acetone,
ethanol, 3-pentanone, n-heptane, n-decane and n-dodecane droplets in an ambient air of fixed tempera-
ture and atmospheric pressure are reported. The numerical model took into account the finite thermal
conductivity of droplets and recirculation inside them based on the effective thermal conductivity model
and the analytical solution to the heat conduction equation inside droplets. The effects of interaction
between droplets are taken into account based on the experimentally determined corrections to Nusselt
and Sherwood numbers. It is pointed out that the interactions between droplets lead to noticeable reduc-
tion of their heating in the case of ethanol, 3-pentanone, n-heptane, n-decane and n-dodecane droplets,
and reduction of their cooling in the case of acetone. Although the trends of experimentally observed
droplet temperatures and radii are the same as predicted by the model taking into account the interaction
between droplets, the actual values of the predicted droplet temperatures can differ from the observed
ones by up to about 8 K, and the actual values of the predicted droplet radii can differ from the observed
ones by up to about 2%. It is concluded that the effective thermal conductivity model, based on the ana-
lytical solution to the heat conduction equation inside droplets, can predict the observed average temper-
ature of droplets with possible errors not exceeding several K, and observed droplet radii with possible
errors not exceeding 2% in most cases. These results allow us to recommend the implementation of this
model into CFD codes and to use it for multidimensional modelling of spray heating and evaporation
based on these codes.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The practical importance of accurate and computer efficient
modelling of fuel droplet heating and evaporation in engineering
applications is universally recognised (e.g. [1–3]). In most compu-
tational fluid dynamics (CFD) codes, this heating has been mod-
elled assuming that there is no temperature gradient inside
droplets (e.g. [4]). This assumption contradicts direct measure-
ments of the temperature distribution inside droplets [5,6]. Bertoli
and na Migliaccio [7] were perhaps the first to draw attention to
the fact that taking into account the temperature gradient inside
droplets can considerably increase the accuracy of the CFD model-
ling of combustion processes in Diesel engines. The analysis by
these authors was based on the numerical solution of the heat con-
duction equation inside droplets. An alternative approach was sug-
gested and developed in [8–13]. In these papers both finite liquid
thermal conductivity and recirculation inside droplets (via the
010 Published by Elsevier Ltd. All r

: +44 1273 642301.
in).
effective thermal conductivity (ETC) model [14]) were taken into
account by incorporating the analytical solution to the heat con-
duction equation inside the droplet into the numerical scheme.
This approach was shown to be considerably more efficient (from
the points of view of both accuracy and computer efficiency) than
the one used in [7].

The preliminary validation of the model developed in [8–12]
against published experimental data was reported in [9]. This val-
idation, however, was limited to the comparison of predicted and
calculated droplet diameters or global characteristics such as the
ignition delay. A more direct validation of the model, based on
the comparison of the predictions of the model and the results of
simultaneous measurement of average temperatures and diame-
ters of monodisperse monocomponent droplets, was reported in
[6]. The latter comparison, however, was limited to just two sub-
stances: ethanol and acetone in two different experimental condi-
tions. The aim of this paper is to perform a comparison between
the predictions of the model and experimental data, similar to
the one reported in [6] but for a wider range of substances and dif-
ferent experimental conditions. The substances to be considered
ights reserved.

http://dx.doi.org/10.1016/j.fuel.2010.06.017
mailto:S.Sazhin@brighton.ac.uk
http://dx.doi.org/10.1016/j.fuel.2010.06.017
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
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are: acetone, ethanol, 3-pentanone, n-heptane, n-decane and n-
dodecane. The experimental data used in our analysis are the same
as earlier reported in [15]. These data were used in [15] for valida-
tion of the model different from the one developed in [8–12] (see
[16,17]). Hence, this paper is complementary to both earlier pub-
lished papers [6,15].

The model used in our analysis is briefly summarised in Section 2.
The formulae derived earlier will be simplified, where possible, and
presented in the format actually used in the numerical code. The
experimental setup is briefly described in Section 3. In Section 4
the predictions of the model are compared with experimental data.
The main results of the paper are summarised in Section 5.

2. Model

In the case when the convection heat transfer coefficient
hðtÞ ¼ h ¼ const, the solution of the transient heat conduction
equation with Rd ¼ const and the corresponding boundary and ini-
tial conditions, applied to a small time step Dt ¼ t1 � t0 gives the
following value of temperature at the end of the time step t1 [8]:

TðR; t1Þ ¼
Rd

R

X1
n¼1

Kn sinðknR=RdÞ þ Teffðt1Þ; ð1Þ

where:

Kn ¼ qn �
l0ðt0Þ sin kn

kvnk2k2
n

" #
exp �j0k

2
nt1
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kl
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0
rT0ðr RdÞ sinðr knÞdr;

a set of positive eigenvalues kn numbered in ascending order
(n ¼ 1;2; . . .) is found from the solution of the following equation
k cos kþ h0 sin k ¼ 0: If T0ðRÞ is twice continuously differentiable,
then the series in (1) converges absolutely and uniformly for all
t P 0 and R 2 ½0;Rd�. When deriving (2) we assumed that the
changes of dl0ðtÞ

dt during the time step can be ignored. Ten terms in
the series (1) were used in calculations. The effective thermal con-
ductivity model was used in the case when the internal recircula-
tion inside droplets is accounted [14]. The actual change of
droplet radius is calculated as:

_Rd ¼ _RdT þ _RdE; ð3Þ

where _RdT is the change of droplet radius due to thermal expansion.
The value of _RdE is controlled by fuel vapour diffusion from the drop-
let surface. It can be found from equation [11]:

_md ¼ 4pR2
d

_RdEql ¼ �2p�qgDFaRdSh0 lnð1þ BMÞ; ð4Þ

where �qg is the average gas density (the contribution of fuel vapour
to �qg has been ignored), DFa is the binary diffusion coefficient of fuel
vapour in air (see [12]), Sh0 � 2hmRd=DFa is the Sherwood number of
non-evaporating droplets, hm is the mass transfer coefficient.
BM ¼ ðYfs � Y1Þ=ð1� YfsÞ is the Spalding mass transfer number, Yfs

and Yf1 are the mass fractions of vapour near the droplet surface
and at large distances from the droplet respectively. They are calcu-
lated from the Clausius–Clapeyron equation [19].
The Abramzon and Sirignano [14] model for the Sherwood and
Nusselt numbers has been used. The values of the transport coeffi-
cients were taken for air at the temperature [11,18]: Tref ¼
Tg þ ðTg � TsÞ=3. The contribution of fuel vapour to the transport
properties of air and the effects of droplets on air were ignored.
3. Experimental setup

Droplet diameters and average temperatures were measured
using the experimental setup at the University of Nancy, which is
described in a number of papers and theses, including [15–17].
This will be only briefly summarised below.

Linear monodisperse droplet streams are generated by Rayleigh
disintegration of a liquid jet undergoing vibrations generated in a
piezoelectric ceramic. The fuel is pre-heated in the injector by
means of externally heated circulating water. The temperature of
the fuel is measured exactly at the injection point with a K type
thermocouple situated within the injector body. For specific fre-
quencies of forced mechanical vibration, the liquid jet breaks up
into equally spaced and monosized droplets. By adjusting the li-
quid flow rate and the piezoceramic frequency, it is possible to in-
crease the droplet spacing up to about six times the droplet
diameter. This, however, is accompanied by a modification of drop-
let sizes. The droplets are then injected into an enclosure fed with
hot air coming from an electrical heater. In order to limit the ther-
mal losses, a resistive electrical wire is inserted within the enclo-
sure wall so that the wall temperature can be regulated to match
that of the entering air. A temperature of up to 673 K could be
reached. Destabilization of the droplet stream by the air motion
can be a critical issue in this experiment. The air velocity is there-
fore maintained at between 0.1 and 0.3 m/s and the air flow is qui-
etened by forcing it to go through a drilled wall and metallic foam.
The problem of vapour saturation must be considered carefully due
to the moderate movement of the air and the finite dimension of
the chamber which has an inner diameter of 10 cm and a height
of 14 cm. An estimate of the diffusion length Ld can be obtained
considering diffusivity DFa is of the order of 10�5 m2=s and maximal
diffusion duration t is equal to 25 ms. The latter corresponds to the
time required for a droplet to be transported through the enclo-
sure. Based on these data we have Ld ¼

ffiffiffiffiffiffiffiffiffi
DFat
p

� 0:5 mm which is
negligible compared to the inner radius of the enclosure. This en-
sures non-saturated conditions. Additionally, glass windows have
been mounted in the wall to provide optical access. The two-colour
laser-induced thermometry [20] is used to characterize the droplet
temperature. The method involves the seeding of the liquid fuel
with a small quantity of a fluorescent tracer, pyromethene 597-
C8. The ratio of the fluorescence intensity detected on two spectral
bands is a function of the temperature regardless of laser intensity,
time-dependent tracer concentration, and measurement volume
[21]. The velocity of the droplets is measured by Laser Doppler
Velocimetry using the same laser light source as for the fluores-
cence excitation. The droplet size reduction is determined using
the light scattering in the forward direction, where a stationary
interference pattern is created. The measurement of the angular
interfringe provides an accurate measurement of the droplet
diameter.

Six liquid fuels were tested: acetone, ethanol, 3-pentanone,
n-heptane, n-decane and n-dodecane. The approximations for the
binary diffusion coefficients for each are given and discussed in
Appendix A. Other physical properties of n-heptane and n-
dodecane were assumed to be the same as in [12] (most of these
properties were approximated using data from [22,23]). The phys-
ical properties of n-decane were taken to be the same as in [24],
while the properties of acetone, ethanol and 3-pentanone were
taken from [17,22,25].
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An investigation of a number of droplet streams was performed.
The temperature, velocity and diameter of the droplets were mea-
sured simultaneously at each measurement point. The periodicity
of the droplets in the chain and the steady-state nature of their
stream allowed us to convert the droplet distance from the injector
into time. In our analysis, we focused on the evolution of droplets’
temperatures and radii, starting from the moment when the first
droplet was observed near the entrance to the enclosure. By plac-
ing a thermocouple at different locations it was established that air
temperature Ta did not vary inside the chamber. Hence, it was con-
sidered to be constant during each experiment in our modelling.
The droplet absolute velocities were approximated as linear func-
tions of time (measured from the moment of injection):

vd ¼ v1 � v2t; ð5Þ

where constants v1 and v2 were determined for each experiment,
alongside the ratios Nun ¼ Nu=Nuiso and Shn ¼ Sh=Shiso, describing
the effects of interaction between droplets in the stream, where
the subscript iso refers to isolated droplets. The error of determina-
tion of vd is comparable with the ambient air velocities up to 0.3 m/
s. This justifies our assumption that the absolute droplet velocities,
estimated by Eq. (5), are equal to droplet velocities relative to ambi-
ent air. These velocities are used for the estimation of the Nusselt
and Sherwood numbers for isolated droplets.

The values of the Nusselt and Sherwood numbers were esti-
mated based on simultaneous measurements of droplet sizes and
mean temperatures. These measurements allowed us to evaluate
heat fluxes responsible for droplet heating and evaporation rates.
These rates, alongside the measured time evolution of droplet
mean temperatures, were used for the estimate of the convective
heat flux, responsible for droplet heating, and mass flux of fuel va-
pour leaving the droplet. The main difficulty in converting these
estimates into the estimates of the Nusselt and Sherwood numbers
relates to the fact that the surface droplet temperatures Ts were
not directly measured and had to be estimated. This issue is ad-
dressed in [15,17], where an iterative approach based on a simpli-
fied analysis of the energy balance of evaporation was used. After
the droplet surface temperatures were estimated, the values of
Table 1
The values of Ta , C, Dd0, Nun , Shn , v1 and v2 for three experiments with acetone, ethanol, 3-
3-pen, n-hep, n-dec and n-dod). The droplet velocities in m/s are approximated as vd ¼ v1 �
not estimated experimentally, but assumed to be equal to Nun .

Case Parameter Acet Ethan

Tb ðKÞ 329.22 351.80
Tc ðKÞ 508.10 513.92

1 Ta ðKÞ 640 643
1 C 4.5 4.3
1 Dd0 ðlmÞ 122.6 119.6
1 Nun 0.42 0.26
1 Shn 0.43 0.38
1 v1 ðm=sÞ 11.16 9.869
1 v2 ðm=ðs �msÞ 0.198 0.214

2 Ta ðKÞ 645 643
2 C 5.5 6.1
2 Dd0 ðlmÞ 132.2 130.28
2 Nun 0.43 0.42
2 Shn 0.42 0.82
2 v1 ðm=sÞ 14.12 12.64
2 v2 ðm=ðs �msÞ 0.276 0.268

3 Ta ðKÞ 647 644
3 C 3.3 3.1
3 Dd0 ðlmÞ 107.2 112.4
3 Nun 0.35 0.36
3 Shn 0.26 0.38
3 v1 ðm=sÞ 7.122 6.889
3 v2 ðm=ðs �msÞ 0.113 0.123
the Nusselt and Sherwood numbers were derived from the esti-
mated heat and mass fluxes. Using the values of these numbers
for isolated droplets, calculated from the Abramzon and Sirignano
[14] model, the values of Nun and Shn, presented in Table 1, were
calculated.

Three experiments were performed with each fuel, except 3-
pentanone, for which only two experiments were performed. The
values of Ta, distance parameter C (ratio of the distance between
droplets and their diameters), initial droplet diameters Dd0 (mea-
sured directly when the first droplets near the entrance to the
enclosure were observed), Nun, Shn, v1 and v2 for each experiment
are presented in Table 1, alongside boiling and critical tempera-
tures (Tb and Tc) for each substance [22]. The values of C are shown
to indicate the closeness of droplets in our experiments. In contrast
to [6] they were not used to estimate Nusselt and Sherwood
numbers.

The uncertainties in the measurement of the droplet diameters
are expected to be about ±0.5 lm in most cases and the uncertain-
ties in the temperature measurements are expected to be about
±1 K. Depending on the fuel and the experimental conditions, the
uncertainties in the estimates of Shn and Nun are expected to be
between 2% and 25% [15]. However, in the case of n-decane and
n-dodecane, which have particularly low volatility, the mass loss
due to evaporation was so low that it was not possible to deter-
mine accurately a value for Shn. Therefore, for these cases, the val-
ues of Shn were not estimated experimentally and we assumed
them to be equal to Nun.
4. Results

The plots of temperature versus time for Case 1 for acetone and
n-heptane, calculated using our model and obtained in the exper-
iment are shown in Figs. 1 and 2. The values of parameters shown
in Table 1 were used in calculations. The calculations were per-
formed ignoring the interactions between droplets (indicated by
subscript iso) and taking them into account, based on the values
of Shn and Nun given in Table 1. Time in all figures is measured
from the moment of injection.
pentanone, n-heptane, n-decane and n-dodecane droplets (abbreviated as acet, ethan,
v2t, where t is in ms. In the case of n-decane and n-dodecane, the values of Shn were

3-Pen n-Hep n-Dec n-Dod

375.14 371.57 477.30 489.48
561.50 540.20 617.70 658.00

634 644 643 643
4.9 4.4 3.7 4.6
118.2 131.1 121.5 110.0
0.23 0.38 0.18 0.19
0.53 0.57 0.18 0.19
10.86 12.8 9.59 9.246
0.254 0.329 0.220 0.281

645 645 645 644
4.0 5.3 4.4 6.9
123.3 134.2 128.37 129.0
0.22 0.35 0.24 0.22
0.33 0.84 0.24 0.22
9.454 15.44 11.88 13.14
0.224 0.446 0.329 0.573

n/a 647 647 643
n/a 3.8 5.4 3.0
n/a 122.8 124.8 98.99
n/a 0.28 0.18 0.22
n/a 0.50 0.18 0.22
n/a 10.56 13.55 6.091
n/a 0.244 0.307 0.218



Fig. 1. Plots of the time evolution of the experimentally observed temperatures of
acetone droplets for Case 1, and temperatures at the surface of these droplets (Ts),
average temperatures in the droplets (Tav) and the temperatures at the centre of the
droplets (Tc), predicted by the models ignoring the interactions between droplets
(indicated by the subscript iso), and taking into account these interactions. The input
parameters of the models were taken from Table 1.

Fig. 2. The same as Fig. 1 but for n-heptane droplets.

Fig. 3. Plots of the time evolution of the experimentally observed and modelled
normalised droplet radii Rd=Rd0 for acetone, ethanol and 3-pentanone droplets for
Case 1. Models ignoring the interactions between droplets (indicated by the
subscript iso), and taking into account these interactions, were used. The input
parameters of the models were taken from Table 1.

Fig. 4. The same as Fig. 3 but for n-heptane, n-decane and n-dodecane droplets.
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The calculations started at the time when the droplets were first
observed near the entrance to the chamber. The observed temper-
atures and radii of these droplets were used as the initial temper-
atures and radii in the model. It was assumed that initially there
was no temperature gradient inside droplets.

As follows from Figs. 1 and 2, the plots referring to interacting
and non-interacting (isolated) droplets are noticeably different
for both substances. Similarly, the plots referring to the tempera-
tures at the centres of the droplets, average temperatures, and
the temperatures at the surfaces of the droplets are well separated.
This result is similar to the one reported in [6], and it shows the
limitation of the assumption, which is widely used in CFD codes,
that the gradient of temperature inside droplets can be ignored.

The observed temperatures of acetone droplets, shown in Fig. 1,
look rather different from the ones predicted by the model. Note,
however, that the difference between the average temperature,
predicted by the model, taking into account the interaction be-
tween droplets (Tav), and the experimentally observed tempera-
tures is always less than 1 K, and can be naturally attributed to
the uncertainty of the measurements, and uncertainties of the in-
put parameters used in calculations.

In the case of n-heptane and n-dodecane droplets, the closeness
between the experimentally observed temperatures and Tav was
the most visible, compared with other droplets. The best matching
between the experimentally observed temperatures and Tav can be
seen for n-heptane, as shown in Fig. 2. However, even in this case,
the actual deviation between these temperatures sometimes ex-
ceeds 1 K. This means that the model cannot predict the observed
average droplet temperatures with errors less than about 1 K. For
both these substances, the experimentally observed temperatures
always lie between the temperatures Ts and Tc , predicted by the
model, taking into account the interaction between droplets.

In the case of ethanol droplets the experimentally observed
temperatures were closer to the ones predicted by the model, tak-
ing into account the interaction between droplets, than the one
ignoring this interaction. However, the deviation between the
experimental points and Tav for these droplets (up to about 3 K)
was larger than in the case of acetone, n-heptane and n-dodecane
droplets. The temperatures for 3-pentanone and n-decane were
generally similar to those for ethanol, with the maximal deviation
between the experimental points and Tav about 3 K for 3-penta-
none and about 6 K for n-decane.

The plots of normalised droplet radii Rd=Rd0 versus time for Case
1 for all six substances, calculated using our model and obtained in
the experiment, are shown in Figs. 3 and 4. The initial values of
droplet radii were taken to be equal to those for the droplets for
which the first measurements of droplet temperature were taken.

When calculating the time evolution of Rd, both droplet evapo-
ration and thermal expansion were taken into account based on Eq.



Fig. 6. The same as Fig. 5 but for Rd=Rd0.
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(3). The values of parameters used for these calculations are given
in Table 1. As follows from these figures, the plots referring to
interacting and non-interacting droplets are noticeably different
for all substances, as for the temperature plots shown in Figs. 1
and 2. Note that in contrast to [15] we presented the plots of the
ratios of radii rather than the ratios of radii squared. The latter
would have been justified if the analysis had been focused on drop-
let evaporation beyond the heat-up period, when the d2-law is va-
lid. In our case, however, the focus is on the heat-up period itself
(cf. [26]).

As follows from Figs. 3 and 4, the effects of interaction between
droplets lead to a decrease in the rate of reduction of their radii in
the case of acetone, ethanol, 3-pentanone and n-heptane, but to a
slowing down of the increase of these radii in the case of n-decane
and n-dodecane. In the latter case, the effect of the thermal expan-
sion of droplets dominates over the effects of evaporation. In the
case of ethanol, 3-pentanone, n-heptane and n-decane the agree-
ment between experimental plots and predictions of the model,
taking into account the interaction between droplets, looks almost
ideal. However, for acetone and n-dodecane the experimental data
lie between the predictions of the models ignoring the interaction
between droplets and taking them into account. Even in the case of
these two substances, the deviation between the experimental re-
sults and the predictions of the model, taking into account the
interaction between droplets, does not exceed about 2%.

For the results referring to Cases 2 and 3 we restricted our anal-
ysis to comparison of the experimental data with the average tem-
peratures and Rd=Rd0 predicted by the model taking into account
the interaction between droplets, as was done in [15]. Instead of
the actual droplet average temperatures T, studied for Case 1, the
analysis for Cases 2 and 3 is focused on the difference between
these temperatures and the initial droplet temperatures T0. The
corresponding plots for T � T0 versus time for Case 2 for all six sub-
stances are shown in Fig. 5. As follows from this figure, although
the trends predicted by the model are similar to the ones observed
experimentally, there are noticeable deviations between the actual
values of predicted and observed average droplet temperatures.
The maximal deviation between them is seen for n-decane and
n-dodecane droplets. The minimal deviation between them is seen
for 3-pentanone droplets.

The plots of Rd=Rd0 versus time for Case 2 for the same sub-
stances as in Fig. 5, are shown in Fig. 6. As one can see from this
figure, the trends predicted by the model are similar to the ones
Fig. 5. Plots of the time evolution of the experimentally observed droplet
temperatures T � T0, where T0 are the initial droplet temperatures, and the average
temperatures of droplets, predicted by the model taking into account the
interaction between droplets. The results for acetone, ethanol, 3-pentanone, n-
heptane, n-decane and n-dodecane droplets for Case 2 are shown. The input
parameters of the models were taken from Table 1.
observed experimentally, but there are noticeable deviations be-
tween the observed and predicted values of this ratio, as in the case
of Fig. 5. The maximal deviation between these ratios (up to almost
2%) is seen for acetone droplets. The minimal deviation between
these ratios is seen for 3-pentanone droplets. Hence, for Case 2
the best agreement between experimental and modelled results
for both temperatures and radii is observed for 3-pentanone
droplets.

The plots for T � T0 versus time for Case 3 for acetone, ethanol, n-
heptane, n-decane and n-dodecane (there is no data for 3-pentanone
for Case 3) are shown in Fig. 7. As one can see from this figure, the
agreement between experimental and modelled results is very good
for acetone, while the deviation between the experimentally
observed temperatures and those predicted by the model could
reach more than about 5 K for ethanol and n-dodecane (although
the observed and predicted trends for both substances are the
same). The plots of Rd=Rd0 versus time for Case 3 for the same
substances as in Fig. 7, are shown in Fig. 8. As can be seen from this
figure, the best agreement between experimental and modelled re-
sults can be seen for n-decane and n-heptane, and the worst for ace-
tone and n-dodecane. However, even in the case of acetone and n-
dodecane, both experimental and modelled results show the same
trends and the deviation between them does not exceed 2%.

Several factors are expected to contribute to the difference be-
tween the modelled results presented in this paper and ones re-
ported in [15,17]. Some approximations for transport coefficients
used in this paper are different from those used in [15,17]. We used
the time-averaged values of Nun and Shn, while both these param-
eters varied with time.
Fig. 7. The same as Fig. 5 but for Case 3, except without the results for n-pentanone.



Fig. 8. The same as Fig. 7 but for Rd=Rd0.
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5. Conclusions

Heating and evaporation of monodisperse acetone, ethanol, 3-
pentanone, n-heptane, n-decane and n-dodecane droplets in ambi-
ent air at fixed temperature and atmospheric pressure have been
studied numerically and experimentally. Droplet initial diameters
varied from 99 to 135 lm, while ambient air temperatures varied
from 634 to 647 K. The numerical model took into account the fi-
nite thermal conductivity of droplets and recirculation inside them
based on the effective thermal conductivity model and the analyt-
ical solution to the heat conduction equation inside droplets. The
initial values of droplet temperatures and radii were assumed to
be equal to those observed experimentally for the first recorded
droplet. It was assumed that initially there was no temperature
gradient inside droplets.

It is pointed out that the interactions between droplets lead to
noticeable reduction of their heating in the case of ethanol, 3-
pentanone, n-heptane, n-decane and n-dodecane droplets, and
enhancement of their cooling in the case of acetone. The interac-
tion between droplets leads to a decrease in the rate of reduction
of their radii in the case of acetone, ethanol, 3-pentanone and n-
heptane, but to a slowing down of the increase of these radii in
the case of n-decane and n-dodecane. In the latter case, the effect
of the thermal expansion of droplets dominates over the effects
of evaporation.

Although the trends of experimentally observed droplet tem-
peratures and radii are the same as predicted by the model taking
into account the interaction between droplets, the values of the
predicted droplet temperatures can differ from the observed ones
by up to about 8 K, and the actual values of the predicted droplet
radii can differ from the observed ones by up to about 2%.

Combining the above results and those reported previously in
[6] we can conclude that the effective thermal conductivity model,
Table A1
The values of rF , �F=kB and molar masses for acetone, ethanol, n-heptane, 3-pen

Fuel Reference Formula rF in

Acetone [22] C3H6O 4.600
Ethanol [22] C2H6O 4.530
n-Heptane [28,22] C7H16 5.949
n-Heptane [27] C7H16 6.663
n-Heptane [29,22] C7H16 6.498
3-Pentanone [28,22] C5H10O 4.22
n-Dodecane [28,22] C12H26 9.37
n-Dodecane [29,22] C12H26 6.597

Data indicated by * in the �F=kB column were used in our analysis.
based on the analytical solution to the heat conduction equation
inside droplets, can predict the observed average temperature of
droplets with possible errors not exceeding several K, and observed
droplet radii with possible errors not exceeding 2% in most cases.
These results confirm our previous conclusion (see [9,10,12]) that
this model can be recommended for implementation in CFD codes
and used for multidimensional modelling of spray heating and
evaporation based on these codes.
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Appendix A. Binary diffusion coefficient for fuel vapour

The binary diffusion coefficient for all fuels was estimated using
the following equation [27]:

DFa ¼ 1:8583� 10�7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T3 1

MF
þ 1

Ma

� 	s
1

pr2
FaXFaðT�Þ

; ðA1Þ

where DFa is in m2=s, p is in atm (1 atm = 0.101 MPa), T is in K,
rFa ¼ 0:5ðrF þ raÞ is the minimal distance between molecules in
Angström, XFa is the collision integral, the value of which depends
on the normalised temperature T� ¼ TkB=�, kB is the Boltzmann con-
stant, � ¼

ffiffiffiffiffiffiffiffiffi
�F�a
p

; the subscript a indicates air. Note that the formula
for the binary diffusion coefficient used in [22] differs from the one
presented above in terms of the value of the coefficient (they used
1.8623 instead of 1.8583). The difference between the values of this
coefficient predicted by two formulae (0.2%) can be safely ignored
in most practical applications. Note that there is a typo in Eq. (B5)
of [12]. ra ¼ 3:617 Angström, �a=kB ¼ 97:0 K (Table E.1 in [27]).
The values of these parameters and molar masses for acetone, eth-
anol, n-heptane, 3-pentanone and n-dodecane are given in Table A1.

There is some controversy regarding the values of rF and �F=kB

for n-heptane and n-dodecane. We used the data leading to the
best fit with experimental data. These are indicated by * in the
�F=kB column.

Once the value of T� had been found, the collision integral XFa

could be obtained from Table E.2 [27]. However, we found it more
convenient to use the analytical approximation of XFa given by Eq.
(E.2-2) of [27]).

For the binary diffusion coefficient of n-decane (C10H22) we used
the following approximation [24]:

DFa ¼ 5:46� 10�6 1
1:01p

T
300

� 	
; ðA2Þ

where p is in atm, as in Eq. (A1).
tanone and n-dodecane, as inferred from various sources.

Angström �F=kB in K Molar mass in kg/kmole

560.2 58.080
362.6 46.069
399.3* 100.204
352 100.20
455.04 46.069
351.562 86.134
245.0 170.338

2 454.6768* 170.338
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