
Shaker  Verlag
Aachen  2004

Berichte aus der Akustik

Daniel Dreyer

Efficient Infinite Elements
for Exterior Acoustics

.



Bibliographic information published by Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data is available in
the internet at http://dnb.ddb.de.

Zugl.: Hamburg-Harburg, Techn. Univ., Diss., 2004

Copyright  Shaker  Verlag  2004
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.

Printed in Germany.

ISBN 3-8322-3500-0
ISSN 1611-1303

Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   eMail: info@shaker.de

.



��� �����	��
����������
��������	� �	��
������! "��#$
��% &���! ('���*)+�,
����%�

-/.10�2436587:9;0�<�7=.>7?<

@;ACBED?FHG$B�IKJMLONQPSRCITBOUCJVL�WXJVYZD!YQ[H\?JV]CIXN^WKJMYZDH_O`aBO_TR>B�LOJbN^PMPVcdYQ[HWKACBENQJMI,YQI�e�N^WKBOI�_KFCITIKYZFCDHUCJMDCfg_TWKIKFCL�h
WXFHIKBO_	PVJMiQBj\QBOACJVLOPVBO_O`4_TACJMRC_�`k_KFC]HGlNQITJMDCB�_O`CYQIgG$NQLmACJVDCBO_;JVD+fZBODCB�IXNQP,JV_;YQ[&JMDCL�IKBnN^_KJMDHfoJVG$R�YZIpWmNQDCL�BQq
rsDCUCFH_TWXITJMB�_*N^_tUHJV\ZB�IK_TB$N^_!WKACB�LOYQDC_TWKIKFCL�WXJMYQDu`�NQFHWXYQG$YQWKJV\QBQ`u_TACJMR:hv]CFCJVPMUCJVDCfwYZIxYQy>_KAHYZIKB�JVDCUCFC_pWXITc
BOGoRCPVYaczD?FHG$B�IKJMLONQP4G$B�WXACY?UC_{WXAkN�W�RCITBOUCJVL�W|_KFCLmA$\:JV]CIXN�WXJMYQDC_}[8YZIEWKACBgUCB�\QBOPMYQRCG$B�DSW%YQ[/DCB�e�RCITY:U?h
FCL�WX_OqE~}_KR�BOL�JbNQPVPVc�JVDwWXACBjPVY�e�B�Iph{N^DCU�G$JVU:hv[8ITBO�=FCB�DCL�c$IXNQDHfZBd[8YZI|B��?WXB�IKJMYQI;NQLOYQFC_TWKJMLO_�_KJMG�FCPbN^WKJMYZDH_O`
WXAHBj_KY^hvLnNQPVPMB�Ul��YQFCDCUkNQIpcw~}PVBOGoBODSW	��B�WXACY?U����%~E���|JM_�NQPMITBnNQU:c$JVDlFC_TBQq{@;ACJV_�GoB�WXAHY:UwJV_|i=DCY�e	D
WXY�YQy/B�I�ACJVfZA�N^LOLOFHIXNQL�cZ`�e	ACJVPMB�WXACBw_pWmNQ]HJMPMJ�Wsc�[8YZI!WXIKNQDC_KJVBODSWzRHACBODCYQG$B�DkN�NQDCU�WKACBlY�\QBOIXN^PMPEB���h
LOJVBODCL�czJV_6DCYQW6WXIKFHPVc*_XN^WKJM_T[�c?JVDCfCq&~{_TR>B�LOJMNQPMP�ctWKACB%UCB��kLOJVBODCL�JMB�_}YQ[kWXACB;GoB�WKACY?UzJMD�WKACB%WXJVG$BEUCYZG$NQJVD
JM_�cZB�W!GoYZITB�RCITYZDCYZFCDHLOBOU/`�_TJMDCL�B�WXAHB�_KJMG�FCPbN^WKJMYZD�YQ[EDCYZDHPMJMDHBnNQI�B�y>BOL�WK_xJM_j_pWXITYZDCfZP�c�fSN^JMDCJVDCflJVG�h
R�YZITWXNQDCLOB^q{�kYZI|B��HNQG$RHPMBQ`=WXAHBj_KJVGzFCPbN�WXJMYQDoY^[�DCYZDCPVJMDCBONQIKJ�WXJMB�_}FC_KJVDCf�WKACBx�6JVDCJVWKB�~}PVBOGoBODSW	��B�WXACY?U
���6~|����JM_&NQPVIKBnN^UHctNge	JVUCBOP�c�N^UCYZRHWKBOU�NQRHRCIKYSN^LmAzJMDtWXY?UkNnc>��_6UHBO_KJVfZDzN^DCUzUCB�\ZBOPVYZRCGoBODSW�RHIKY?LOBO_T_KB�_Oq
��FHW*NQPV_KY�WXAHBoL�BOIpWmNQJVDCPVc�WXJMGoB�hvLOYZDH_KFCGoJMDCfl_KYZPVFHWXJVYZD�YQ[|UCBODC_TB$_pc?_TWXB�G$_tYQ[|BO�=FkN^WKJMYZDH_*N^IKJM_TJMDCf�JVD
WXAHB*��~|��JM_;AHJMDCUCB�IKJVDCf�WXACBxe	JMUHBO_KRHIKBnN^U�NQUHYZRHWXJVYZD+YQ[�WXACJV_;G$B�WXACY?Uuq

� P�WXBOITDkN^WKJV\ZBtLOYQDCLOB�RHWX_gWXYo_KJMG�FCPbN^WKB!FCD=]>YZFHDCUCBOU�UCYZG$NQJMDC_�`k]kNQ_TBOU�YZD+WXAHBz��~E��`�NQITB*UkN�WXJMDHf
]kNQLmi$WXYzWXAHBx]>B�fZJMDCDHJMDCfzY^[�WKACBx_KB�\ZB�D=WKJMB�_Oq��:FCLmA�LOYZDCL�BORHWK_gNQIKBxL�YZG$GoYZDCP�c�UCBODHYQWXB�U�JVDH�kDCJ�WXBdB�PMB�h
GoBODSWX_�q��ENQIKJVYZFC_�[8YZITGzFCPbN�WXJMYQDC_�YQ[/_KFCLmAwB�PMB�G$B�D=WK_{AkNn\ZBd]�BOB�DlUCB�\ZB�PMYZR�BOUu`?YQ[>e	ACJMLmAoWXACBg_KY^hvLnNQPVPMB�U
� _pWXPVB�cSh��,BOJV_t[8YQIKGzFCPMN^WXJVYZD NQRCR�BnNQIT_*WKY�]>BoWXACB$G$YQ_TW*RCIKYZGoJM_TJMDCf+YZDHBQq�¡�AHJMPMB�WKACJM_![8YZIKG�FCPbN^WKJMYZD
NQPVIKBnN^UHcwYQy>BOIT_	_KB�\QBOIKNQP6N^UH\^NQDSWmNQfZB�_	Ya\QBOIgJVWK_;LOYZGoR>B�WXJ�WXYZIT_O`H_pWXJVPMPuL�BOITWXNQJMD+UCB��kLOJVBODCL�JMB�_gJVD�WXACB![8YZIph
GzFCPMN^WXJVYZD�NQITB�NQRCRkN^IKBODSWO`�DCNQG$B�PVc�WXACB�_pWmNQ]HJMPMJ�Wsc�Y^[EWKIXNQDH_KJMB�DSW!_KJMG�FCPbN^WKJMYZDH_O`uN^DCU WKACB�D=FCGoBOIKJVLnNQP
B��oL�JMBODHL�c�N^WgNQPVP¢q

�%NQ_TBOUlYQDoWKACB � _TWKPMB�c=hs�,BOJM_}[8YZITGzFCPMN^WXJVYZDu`QJVG$RHIKY�\ZB�U$JVDH�kDCJ�WXB;BOPVBOGoBODSWX_{AkNn\QB�]�BOB�DlUCB�\ZBOPVYZR�BOU
JMD�WXAHB$L�YZFCIK_TBlYQ[|WXACJV_tWKACBO_TJM_�q�@;ACB$B�PMB�G$B�D=WK_te|BOITBwGoY:UCJ��kBOU/`�_TY�WKAkN^W!WXACB�c JMGoRCIKY�\ZB�YZItB�\QBOD
BODCNQ]CPMB{WXAHB%NQRCRHPMJMLONQ]CJVPMJVWscQ`�B��oLOJVBODCL�czN^DCUzIKYQ]CFC_TWKDCBO_T_�YQ[kGoY?UCBOITD�JVWKBOIKN^WXJ�\ZBE_KYZPVFHWXJVYZD*GoB�WKACY?UC_Oq �
GzFCP�WXJ�WXFCUCBEYQ[�D=FCGoBOIKJVLnNQP?B��HNQGoRCPVBO_�AkNn\QBg]�BOB�D�R>B�IT[8YZITG$B�Uu`Qe	ACJVLmA�\ZBOITJV[�ctWXACB;B��?WXIKB�G$B�B��oLOJVBODCL�c
YQ[%WKACBlJVG$RHIKY�\ZB�U�JMD:�kDCJVWKB�BOPMB�G$B�DSWX_Oq+@;ACITYZFCfZA�WXACBoDCB�e£B�PMBOGoBODSWK_O`&WKACBl_TJMGzFHPbN^WKJMYZD�YQ[%ACJMfZAHPVc
LOYQG$RCPVB���IXNQUCJMN^WXJVDCfw_pWXIKFHL�WXFHIKBO_tG$N�c�DCY�e¤]�B�R>B�IT[8YZITG$B�U�e	J�WXA�_KJVfZDCJ��kLnNQDSW!R�BOIp[8YZIKG$NQDCL�B�fSNQJMDH_
NQDCU IKB�GlN^IKi�NQ]CPVB�_KLnN^PMJMDHfC`,BO_TR>B�LOJbN^PMPVc�YZD UCJM_pWXIKJV]CFHWKBOU LOYZGoRCFHWKBo_TBOIp\ZBOIT_Oq��|FHW*NQPM_TY�_TGlN^PMP�hv_KLONQPMB
D=FCGoBOIKJVLnNQP/_KJMG�FCPbN^WKJMYZDH_�G$N�cl]>B!R�BOIp[8YZIKGoBOU�e	JVWKA+LOBOIpWmNQJVDCPVclACJMfQA�B��oLOJMB�DCL�cQq

@;ACB%JVG$RCITY�\ZBOU�JMDH�kDHJVWXBEBOPVBOGoBODSWX_&AkNn\ZB;]�BOB�DzLOYZDSWKIKJM]HFHWXB�UzWXYjN^DzYZR�BODz_TYZFCIKL�B;��~E�_KY^[�Wse%NQITB
PMJV]CIXN^ITcZ`,_TY�WKAkN^W!WXACB�DCB�e¥LOYQDCLOB�RHWzJV_xRCFC]CPVJMLOP�c�Nn\^NQJMPMNQ]CPVBQ`,NQDHU�G$N�c�]>B�_KL�IKFHWKJMDCJV¦OB�U�JMD�UCB�WmNQJVP¢q
§dJVIKBOL�W%L�YZG$RCNQIKJV_KYZDC_{YQ[/Wsc:RHJMLnN^P>_TJMGzFCPMN^WXJVYZDC_�e	J�WXAwNtLOYZGoGoBOIKL�JbNQP4��~|�¨_KYQ[�Wse�NQIKBdIKB�\QBnNQP�Y�\ZB�IXNQPVP
WXJVG$JVDCfZ_{WXAkN�W	NQIKBdIKBOUHFCLOB�U�]Sc�Nt[�NQL�WKYZI%YQ[�Wse|Y�WKY�[8YZFCI�FC_KJVDCfzWXACBdJMGoRCIKY�\ZB�Uw[8YZIKG�FCPbN^WKJMYZD/q&@;ACJV_
R�BOIT[8YQIKG$NQDCLOBxfZNQJMD�JV_;PMJMi^BOP�clWXY�fZITY�e©B�\QBOD�[8FCITWKACBOI;e	JVWKA+JMDCL�IKBnN^_KJMDHf�RCIKYZ]HPMBOG_KJM¦�BQq

� UCUCJ�WXJMYQDkNQP;JMGoRCITYa\QBOGoBODSWX_�YQ[dWXACB � _pWXPMB�cSh��,BOJV_�[8YQIKGzFCPMN^WXJVYZDªAkNn\ZB�]>B�BOD«UCB�\QBOPMYQR>B�Uu`%WXAkN�W
_TWXNQ]CJVPMJM¦�BjWXACB*_KJVGzFCPbN�WXJMYQD�YQ[�WXIKNQDC_TJMBODSW�RCACB�DCYZGoBODkNH`4YZIgG$N�c+B�\ZB�D�BODkNQ]HPMBt_KFCLmA�_TJMGzFHPbN^WKJMYZDC_	N�W
NQPVP¢q,¡�JVWKA�Nj_KJMGoJMPMNQI�NQRCRCITYSNQLmAu`=N^PM_KYjWKACB	NQL�LOFCIKNQL�c�YQ[4WXACB;JVDH�kDCJ�WXB%B�PMBOGoBODSWK_�LOYZFHPMU�]�B;JMDCL�IKBnN^_KBOU/q
��YQWKA�YQ[4WXACB�_KB	G$Y?UCJ��kLnN^WKJMYZDH_&G$NnczUCJVIKBOL�WXP�c�]�B%LOYQGz]CJMDHBOU�e	JVWKAzWXACB;JVG$RCITY�\ZBOU�JVDH�kDCJ�WXB�B�PMB�G$B�D=WK_
UCB�_KLOITJM]�BOU�]�B�[8YZITBQ`S_KYjWKAkN^W�WKACB;_TWXNQ]CJVPMJVWscx[8YQI6WXIKNQDC_KJVBODSW{_KJVGzFCPMN^WXJVYZDC_�NQDCU�WXAHB%JMDCL�IKBONQ_KB�U$N^LOLOFHIXNQL�c
G$N�cl]>B!L�YZGz]CJVDCBOU�e	JVWKA�WXACB!B��oL�JMBODHL�c+YQ[�WXACB!JVG$RCITY�\ZBOU+[8YZITGzFCPbN�WXJMYQDuq
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���CI|UCJMB�~}D=Wse	JVLmi=PMFCDCf�FCDCU�UCB�D�~}D=Wse	FHIT[�\ZYZD���NQ_KLmAHJMDCB�Du`C�4NQACIT¦OB�FCfZBOD�FHDCU��%NQF:WXBODlJM_TW|UCJVB
�:LmASe	JMDHfZFCDCfZ_p\ZYZITACBOIT_XNQfQBQ`QfQBOIXN^UCB�N^FCLmA*[��CI�UCJVBEFHG$fZB�]>B�DCUCB|�,FH[�W�]C¦�e!q�UkNQ_�FCGofZBO]�BODHUCBE¡�NQ_T_KBOI�`
\ZYQDªfZIKY��QBOIz�|BOUCB�FHWXFCDHfCq6�{BOIT_KLmACJVBOUCB�DC_TWKB+rsDCUCFC_pWXIKJVBODu`�e	JMBw¦^q��dq�UkNQ_z�%NQFSe�B�_KB�Du`}UCJMBw��BOB�IKB�_ph
WXB�LmACDCJVi�`HUCBOI � FHWXYQG$YZ]HJMP�hX`?�%NQACD:h�FCDCU���YQWKYZIKB�D=]kNQF+_TW��HWX¦�BOD+_KJVLmA+NQFH[�UCJMBdD?FHG$B�IKJM_TLmACBj�{YZITACBOI�h
_XN^fZB�NQi=FC_TWKJM_TLmACBOI��}A��QDCYQG$B�DCB�]>B�J6UCB�I!~}D=Wse	JVLmi=PMFCDCf�DCB�FCBOI��}IKY?UCFCiSWKBQq,rsDC_T]>B�_KYZDCUHBOIKB�[��CIxUHBOD
FCDSWXB�IKB�D�]CJV_xG$J�WKWKPMBOITBOD��kITBO�=FCBODH¦O]�BOIKB�JMLmA e�B�IKUCB�D�]�BOIKB�JVWK_x_KBOJ�W!P��QDHfZBOITBOI��/B�JVWxUCJVB�_KYZfQBODkNQDHD=WKBOD
�gNQDCUCB�PMBOGoBODSWKBOGoB�WXAHY:UCB�D©���%~E����BOIT[8YQPMfZITBOJMLmA BOJVDCfZB�_KB�WK¦�WOq{¡ �^ACIKB�DCU UCJVB"!!B�DkNQFCJVfZiQB�JVW�UCJVBO_KB�I
��B�WXACY?UCBt_KBOAHIdACY?LmA�JV_TWn`kP#���QW	UCJVB�~��o¦OJVBODC¦tJMG � PMPVfZBOGoBOJVDCBOD/`CFCDCU�UCJMB��	YZ]CFC_pWXACB�JVW�]>B�J�WKIXNQDH_KJ�h
BODSWKBOD$�}A��^DCYZGoBODCB�DlACJVDCfZBOfQBODo_KBOAHI|¦�Foe%�CDH_KLmACB�D�C]CIKJVfCqS§jN^_E�{B�IK_XN^fZBOD$JMG&�/B�JVWK]>B�IKBOJVLmA$JV_TW{FCG
_KYxfQIXNn\?JMBOITBODCUHBOIO`QNQPM_&UkNQ_T_}ACBOFHWKJMfZB%�:JMG�FCPbN^WKJMYZDH_KGoB�WXAHY:UCB�D*JVG$GoBOI�_TW'�QIKi^BOI{NQFHLmA�¦OFCI6�{YQIKACB�IK_XN^fZB
BOITACBO]HPMJMLmA�DCJMLmASWXPVJMDCBONQIKB�IO`�FCDCU�UkNQGoJVW*fZBO¦�e	FCDCfZB�DCBOITGlN��QBODª¦OB�JVWXNQ]CA��QDHfZJMfZB�Ix�{YZIKf(�^DCfZBlfQBOD=FHWX¦�W
e|BOIKUHBODuq � ]�BOItNQFHLmA�fZB�IXNQUHBoUHJMB)�QF*�QBOIK_pWt¦OBOJ�WXJVD=WKBODC_TJV\QB$�,+Z_TFCDCf�\ZYQPMPM]�BO_TB�WK¦�WXB�I���NQDHUCBOPVBOGoBODSWXB�h
!xPMBOJVLmA=FCDCfZ_T_Tc?_TWKBOGoB*]�BOACJVDCUCB�ITW	UCJVB � DSe�B�DCUC]kN^IKiQB�JVWdUCJMB�_KBOI���B�WXACY?UCB!BOITACBO]HPMJMLmA/q

��BOITBOJ�WX_z_TBOJVW � DH[�N^DCf�UCBOI*_KJVBO]C¦�JMfZB�I)-ZNQACITB$e	JMITU�\ZB�IK_TFCLmASWn`ENQPVWKBOITDkN^WXJ�\ZBl��B�WKACY?UCBOD ¦OFHI��:J�h
GzFCPMN^WXJVYZDl\QYZD � F*�ZB�DCIXNQFHGlNQi=FC_pWXJVi�`k]CNQ_KJVBOIKB�DCU�NQFH[&UCBOI	]�BOi�NQDCDSWXB�D��&JMDCJ�WXBx~}PMB�G$B�DSWXB*��B�WKACY?UCB
���6~|����`S¦OF$BODSWse	JMLmi^BOPVDuqS�{YZD$UHJMBO_TBOD$_KYZfZB�DkNQDCDSWKBODlACNQPM]CFHDCBODCUHPMJMLmAHBOD$�6JMDCJ�WXB�D�~{PVBOGoBODSWXB�D$¦�BOJVLmA:h
DCB�Wj_KJVLmA�JMDH_K]�BO_KYQDCUCBOITBzUCJVB � _pWXPVB�cSh��,BOJV_d�kYZITGzFCPVJMBOITFCDCf$NQPM_	\?JMB�PV\ZB�IK_TRCIKB�LmACBODCUHBOI�.!NQDCUCJVUkN^WdNQFC_�q
¡ �QACITBODCUªUHJMBO_TB+~}PMBOGoBODSWKBl¦�e�NQI�]�BOITBOJVWK_�B�JMDCJVfZB$�{YZIpWXB�JMPMBofZB�fZBOD/�C]�BOI�NQDHUCBOITBOD � DH_'�^WK¦OBOD NQF:[bh
e|BOJM_TBOD�i0+ZDCDCB�Du`u_KYlJM_TWdNQ]�BOI�UCJMBz�?WmNQ]HJMPMJ�W1�^W	]�BOJ�WXIKNQDC_TJMBODSWKBOD��:JVGzFCPMN^WXJVYZDCBOD/`kFCDCU�JVDC_K]�BO_TYZDCUCB�IKB
UCJVBx~��$¦�JMB�DC¦xUCBOI	~}PVBOGoBODSWXBj]�BOJ>e�B�JVWXB�GDCY?LmA�DCJVLmA=W	¦�FH[8IKJVBOUCB�DC_TWKBOPVPMBODHUuq � FH[8]kNQFCB�DCU�NQFH[�UCJVBO_KB�I
�kYZIKG�FCPMJVBOIKFHDCfje	FCIKUHBODlJVG �{B�IKPbN^FH[/UHJMBO_TBOI|§dJM_T_KB�ITWmN�WXJMYQD�\QBOIT]>B�_K_KB�ITWKBjAkNQPV]CFCDCB�DCUCPMJVLmACB	~}PMB�G$B�D=WKB
BODSWse	JVLmiQBOP�Wnq&§dJMB�_KB$~}PMBOGoBODSWKBoe	FCITUCBOD�UCBOIKNQITW*GoY:UCJ��k¦OJVBOIpWn`/UCNQ_K_t_KJVB$UCJVB � DSe�B�DCUC]kN^IKiQB�JVWO`6~���h
¦OJVBODC¦�FHDCU2�gYZ]HFC_TWKACBOJ�WxG$Y?UCB�IKDCB�IjJVWKBOIXN�WXJV\QBOId�3+Q_KFCDCfQ_T\ZB�IT[�NQAHIKBOD�BOITACBO]CPVJMLmA�FCDSWKBOIK_pW'�HWK¦OB�D�]C¦�e!q
BOIT_TWdBOIKG4+ZfZPVJMLmACB�Duq�5gGo[�NQDHfZIKB�JMLmACB*�:JVGzFCPbN�WXJMYQDCBOD�e	FCITUCBOD�UHFCIKLmACfQB�[��CACIpWn`4e�B�PMLmACB*UCJMB!ACB�IT\QYZIKIKN�h
fZB�DCUCB!~��o¦OJMB�DC¦xUCB�I;DCBOFCB�D�~{PVBOGoBODSWXBdDkNQLmASe�B�JM_TBODuq>�:Y�B�IKG4+ZfZPMJVLmASW�UCJVBjDCB�FCB!�kYZIKGzFHPMJMB�IKFCDHf�UCJVB
�:JVGzFCPbN�WXJMYQD�NQi=FC_TWKJM_KLmAHBOI � F*�ZBODHIXNQFCGoRCA��^DCYZGoBODCBofZIKY��ZBOI��?WXITFCiSWXFCITBODªGoJVWtACYZAHBOG6.�YZGoRCPVB��:J�h
W1��WX_KfQIXNQU+NQFHLmA�N^FH[�\ZBOIpWXB�JMPVWKBOD��	BOLmACDHBOIKD�GoJVW%fQIKY��ZB�I%~��o¦OJVBODC¦!FCDCU��?i^N^PMJMB�IK]kN^IKiQB�JVWOq � ]>B�I	NQFCLmA
i=PMB�JMDCB!��B�IKB�LmACD=FCDCfZB�D�e�B�IKUCB�D�GoJVW%�^F*�ZBOIT_TWgfZB�IKJMDHfZBOG7�/BOJVWXNQFH[�e�NQDCU+_KJVGzFCPVJMBOIpWnq

§dJMB*\ZBOIT]>B�_K_TBOITWKBOD�~}PMBOGoBODSWKB*e	FCITUCBOD�JMD�BOJVDCB�[8IKB�JMB��:YQ[�Wse�NQIKB�h���JV]CPMJVYQWXAHBOi�JMDSWKBOfZITJMBOIpWn`4UkNQGoJVW
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