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

/�0*!�1 24353624798$:9; 85< "*�=0>	�?@24A62B; 1 ?
"@C$0D%�E>F'1 2B<$G*"*/�0D%�2BHI2B1 ; 1 8 <�2436J�	K0>��8 :924F@L M�N ��J5?B0 O

P

-��'�Q���K"SR�24F)T>E>; 86352�U$V9V*U

 

 

�

0 8 / 7 , � ' , 6 & , 3 / , 1 $ 5 < � ' ( 6 , * 1 � 2 3 7 , 0 , = $ 7 , 2 1 �

 

* H R UJ H � 6 � � ' X OLN UD Y LF K �

Multidiscipl. Analysis, Inverse Design & 
Optimization 
Department of Mechanical & Aerospace Engineering 
UTA Box 19018, University of Texas at Arlington 
Arlington, Texas 76019, U.S.A. 
Email: gsd@mae.uta.edu  

% ULD Q � + � � ' H Q Q LV �

Department of Quantum Engineering and 
Systems Science, University of Tokyo 
7-3-1 Hongo, Bunko-ku  
Tokyo 113-8656, Japan 
Email: dennis@garlic.q.t.u-
tokyo.ac.jp  

7 K R P D V � - � � 0 D UWLQ �

Turbine Module Center 
Pratt & Whitney Aircraft Company 
400 Main St., MS 169-20 
East Hartford, CT 06108, U.S.A.  
Email: martintj@pweh.com 

, J R U� 1 � � ( J R UR Y �

IOSO Technology Center 
Technopulsar Company 
Milashenkova 10-201 
Moscow 127322, Russia  
Email: optim@orc.ru  

 
 
$ E V WUD F W� � + \ E ULG � � VHP L� VWR F K DVWLF � � DQ G � VWR F K DVWLF � R S WLP L] HUV� DUH� E HF R P LQ J �

S R S X ODU� VLQ F H� WK H\ � F DQ � K DQ G OH� VHY HUDO� R E MHF WLY HV� VLP X OWDQ HR X VO\ � � WK H\ � F DQ �

HQ I R UF H� VHY HUDO� HT X DOLW\ � F R Q VWUDLQ WV� � DY R LG � OR F DO� P LQ LP D� � DQ G � K DQ G OH� D� ODUJ H�

Q X P E HU� R I � G HVLJ Q � Y DULDE OHV� � � ( [ DP S OHV� R I � G HVLJ Q � R S WLP L] DWLR Q � R I � D� P X OWLVWDJ H�

D[ LDO� J DV� WX UE LQ H� � VWHDG \ � DQ G � X Q VWHDG \ � I OR Z � OLQ HDU� DLUI R LO� F DVF DG HV� � D� P DJ Q HWR �

K \ G UR G \ Q DP LF � G LI I X VHU� � DQ G � D� I UHH] LQ J � S UR WR F R O� I R U� R UJ DQ � S UHVHUY DWLR Q � � DUH�

VN HWF K HG � WR � LOOX VWUDWH� WK H� P X OWL� G LVF LS OLQ DU\ � DS S OLF DE LOLW\ � R I � WK HVH� DOJ R ULWK P V� �

�

. H \ � Z R UG V � � P X OWL� G LVF LS OLQ DU\ � G HVLJ Q � R S WLP L] DWLR Q � � J HQ HWLF � DOJ R ULWK P V� � K \ E ULG �

R S WLP L] HUV� � VHP L� VWR F K DVWLF � R S WLP L] HUV� � P X OWL� R E MHF WLY H� R S WLP L] DWLR Q � �

�

� � , 1 7 5 2 ' 8 & 7 , 2 1 � �

' HVLJ Q � R S WLP L] DWLR Q � K DV� WK H� R E MHF WLY H� WR � G HWHUP LQ H� S UR S HU� Y DOX HV� I R U� D� ODUJ H�

Q X P E HU� R I � G HVLJ Q � Y DULDE OHV� WK DW� HLWK HU� P LQ LP L] H � R U� P D[ LP L] H � R Q H� R U� P DQ \ �

J OR E DO� R E MHF WLY HV� Z K LOH� VDWLVI \ LQ J � D� Q X P E HU� R I � X VHU� VS HF LI LHG � HT X DOLW\ � DQ G �

LQ HT X DOLW\ � F R Q VWUDLQ WV� � � , Q � WUDQ VS R UW� S UR F HVVHV� � WK H� P DLQ �G HVLJ Q �R E MHF WLY H�VK R X OG �

E H� WK H� P LQ LP L] DWLR Q � R I � HQ WUR S \ � J HQ HUDWLR Q � F DX VHG � E \ � Y LVF R X V� G LVVLS DWLR Q � � K HDW�

WUDQ VI HU� � LQ WHUQ DO� K HDW� VR X UF HV� � F K HP LF DO� UHDF WLR Q V� � DQ G � HOHF WUR � P DJ Q HWR �

K \ G UR G \ Q DP LF � H I I HF WV� � � ( Q WUR S \ � J HQ HUDWLR Q � P LQ LP L] DWLR Q � F DQ � WK HQ � E H� DF K LHY HG �

E \ � WK H� S UR S HU� Y DULDWLR Q � R I � WK H� G R P DLQ � VL] H � DQ G � VK DS H� � P R Y LQ J � P HG LD� S UR S HUWLHV�
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Multidisciplinary design optimization 

DQ G � R U� E R X Q G DU\ � DQ G � LQ LWLDO� F R Q G LWLR Q V� � � * UDG LHQ W� E DVHG � R S WLP L] DWLR Q �

DOJ R ULWK P V� DUH� N Q R Z Q � I R U� WK HLU� LQ DE LOLW\ � WR � F R S H� Z LWK � P X OWLS OH� P LQ LP D� DQ G � I R U�

WK HLU� LQ HI I LF LHQ F \ � Z K HQ � G HDOLQ J � Z LWK � D� ODUJ H� Q X P E HU� R I � G HVLJ Q � Y DULDE OHV % � � �

* HQ HWLF � DOJ R ULWK P V� DUH� N Q R Z Q � I R U� WK HLU� LQ HI I LF LHQ F \ � HVS HF LDOO\ � Z K HQ � G HDOLQ J �

Z LWK � D� UHODWLY HO\ � VP DOO� Q X P E HU� R I � G HVLJ Q � Y DULDE OHV� � � $ � OR J LF DO� UHP HG \ � LV� D� K \ E ULG �

F R Q VWUDLQ HG � R S WLP L] DWLR Q � S DF N DJ H� Z LWK � DX WR P DWLF � VZ LWF K LQ J � DP R Q J � G LI I HUHQ W�

J UDG LHQ W� E DVHG � DQ G � VHP L� VWR F K DVWLF � R S WLP L] DWLR Q � DOJ R ULWK P V & � �

�

� � � 0 8 / 7 , � ' , 6 & , 3 / , 1 $ 5 < � ( ; $ 0 3 / ( 6 � 2 ) � ' ( 6 , * 1 �
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�

� � � � 2 S WLP L] D WLR Q � R I � D � P X OWL� V WD J H � D [ LD O� I OR Z � J D V � WX UE LQ H �

$ Q � H [ DP S OH� R I � HQ WUR S \ � P LQ LP L] DWLR Q � � H I I LF LHQ F \ � P D[ LP L] DWLR Q � � R S WLP L] HV� K X E �

DQ G � VK UR X G � J HR P HWU\ � DQ G � LQ OHW� DQ G � H [ LW� I OR Z � I LHOG V� I R U� HDF K � E ODG H� UR Z � R I � D�

P X OWL� VWDJ H� D[ LDO� I OR Z � J DV� WX UE LQ H� E \ � X WLOL] LQ J � D� I DVW� F R P S UHVVLE OH� VWHDG \ � VWDWH�

LQ Y LVF LG � D[ L� V\ P P HWULF � � WK UR X J K � I OR Z � � F R G H� Z LWK � K LJ K � I LG HOLW\ � OR VV� DQ G � P L[ LQ J �

P R G HOV� WK DW� DF F R X Q W� I R U� WX UE X OHQ F H� � I OR Z � VHS DUDWLR Q � � HWF � ' � � � 7 K H � R S WLP L] DWLR Q �

Z DV� S HUI R UP HG � X VLQ J � D� K \ E ULG � F R Q VWUDLQ HG � R S WLP L] HU� WK DW� S HUI R UP V� DX WR P DWLF �

VZ LWF K LQ J � DP R Q J � J HQ HWLF � � VLP X ODWHG � DQ Q HDOLQ J � � P R G LI LHG � VLP S OH[ � P HWK R G � �

VHT X HQ WLDO� T X DG UDWLF � � DQ G � ' DY LG R Q � ) OHWF K HU� 5 HHY HV�J UDG LHQ W�VHDUF K �DOJ R ULWK P V & � �

7 K H � F R P S DULVR Q � R I � F R P S X WHG � S HUI R UP DQ F H� R I � LQ LWLDO� DQ G � R S WLP L] HG � G HVLJ Q V�

VK R Z V� VLJ Q LI LF DQ W� LP S UR Y HP HQ W� LQ � WK H� R S WLP L] HG � WZ R � VWDJ H� WX UE LQ H� H I I LF LHQ F \ �

R Y HU� WK H� HQ WLUH� UDQ J H� R I � R S HUDWLQ J � F R Q G LWLR Q V� � ) LJ � � � � � � � 7 K LV� HQ WLUH� R S WLP L] DWLR Q �

S UR F HVV� F R Q VX P HG � OHVV� WK DQ � WZ R � K R X UV� R Q � D� � � � 0 + ] � S UR F HVVR U� � � �

�

�

� �

�

) LJ X UH� � � � � ( QWURS \ � I LHOGV� DQG� WRWDO� HI I LFLHQFLHV� E HI RUH� DQG� DI WHU� RS WLP L] DWLRQ� RI � K X E � DQG� VK URX G� VK DS HV� X VLQJ �

D� K \ E ULG� RS WLP L] HU( � I RU� D� WZ R� VWDJ H� D[ LDO� J DV� WX UE LQH) � �
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Multidisciplinary design optimization �  

 

� � � � 6 LQ J OH � R E MH F WLY H � F R Q V WUD LQ H G � R S WLP L] D WLR Q � R I � F D V F D G H � R I �

D LUI R LO� V K D S H V �

7 K H� VLQ J OH� R E MHF WLY H� Z DV� WR � P LQ LP L] H � WK H� WR WDO� S UHVVX UH� OR VV� DF UR VV� DQ � H [ LVWLQ J �

WZ R � G LP HQ VLR Q DO� F DVF DG H� R I � J DV� WX UE LQ H� DLUI R LOV� K DY LQ J � VX S HUVR Q LF � H [ LW� I OR Z � � � $ �

F R Q VWUDLQ HG � P LF UR � J HQ HWLF � R S WLP L] HU� Z DV� X VHG � I R U� P LQ LP L] DWLR Q � R I � WK LV� VLQ J OH�

R E MHF WLY H� I X Q F WLR Q
�

� � � 7 K H � I R OOR Z LQ J � HT X DOLW\ � F R Q VWUDLQ WV� Z HUH� VS HF LI LHG � DQ G �

LWHUDWLY HO\ � HQ I R UF HG � � DHUR G \ Q DP LF � OLI W� I R UF H� � P DVV� I OR Z � UDWH� � H [ LW� I OR Z � DQ J OH� � DQ G �

DLUI R LO� F UR VV� VHF WLR Q � DUHD� � � , Q � DG G LWLR Q � � D[ LDO� F K R UG � DQ G � J DS � WR � D[ LDO� F K R UG � UDWLR �

Z HUH� N HS W� I L[ HG � � Z K LOH� HQ I R UF LQ J � DQ � LQ HT X DOLW\ � F R Q VWUDLQ W� Z K HUH� WK H� DLUI R LO�

WK LF N Q HVV� Z DV� J UHDWHU� WK DQ � R U� HT X DO� WR � WK H� VS HF LI LHG � P LQ LP X P � DOOR Z DE OH�

WK LF N Q HVV� G LVWULE X WLR Q � � � ) R U� WK H� DQ DO\ VLV� R I � WK H� S HUI R UP DQ F H� R I � LQ WHUP HG LDWH�

F DVF DG H� VK DS HV� � DQ � X Q VWUX F WX UHG � J ULG � F R P S UHVVLE OH� 1 DY LHU� 6 WR N HV� I OR Z � I LHOG �

DQ DO\ VLV� F R G H� Z LWK � D� N � e� WX UE X OHQ F H� P R G HO� Z DV� X VHG � � � 7 K H � DLUI R LO� J HR P HWU\ � Z DV�

S DUDP HWHUL] HG � X VLQ J � Q LQ H� F R Q LF �VHF WLR Q �S DUDP HWHUV�WK DW�J X DUDQ WHH�UHDOLVWLF �DLUI R LO�

VK DS HV� Z LWK R X W� D� S R VVLE LOLW\ � R I � R Y HUODS � R I � WK H� X S S HU� DQ G � OR Z HU� VX UI DF H� R I � WK H�

DLUI R LO� � � ( LJ K W� % � VS OLQ H� F R Q WUR O� S R LQ WV� Z HUH� VX S HULP S R VHG � � WK X V� N HHS LQ J � WK H�

Q X P E HU� R I � J HR P HWULF � G HVLJ Q � Y DULDE OHV� WR � D� P LQ LP X P � Z K LOH� DF K LHY LQ J � D� K LJ K �

G HJ UHH� R I � J HR P HWULF � I OH[ LE LOLW\ � DQ G � UR E X VWQ HVV� � � 7 K H � VHT X HQ WLDO� T X DG UDWLF �

S UR J UDP P LQ J � Z DV� X VHG � I R U� HQ I R UF HP HQ W� R I � WK H� F R P S X WDWLR Q DOO\ � LQ H[ S HQ VLY H�

HT X DOLW\ � F R Q VWUDLQ WV� OLN H� WK H� VS HF LI LHG � DLUI R LO� F UR VV� VHF WLR Q � DUHD� � ) LJ � � � � � �

�

  
) LJ X UH� � � � & RQYHUJ HQFH� K LVWRU\ � RI � WRWDO� S UHVVX UH� ORVV� I RU� E HVW� GHVLJ QV� DQG� YLRODWLRQV� RI � FRQVWUDLQWV� Z K HQ� X VLQJ �

S HQDOW\ � I X QFWLRQ� Z LWK � 6 4 3 � � P LQLP X P � WK LFN QHVV� GLVWULE X WLRQ� FRQVWUDLQW� � DQG� QLQH� FRQLF� VHFWLRQV� Z LWK � HLJ K W�

S RLQW� % � VS OLQH� J HRP HWU\ � S HUWX UE DWLRQ
�

�
 

 

� � � � 5 R WR U� F D V F D G H � R S WLP L] D WLR Q � Z LWK � X Q V WH D G \ � S D V V LQ J � Z D N H V �

$ Q � D[ LDO� WX UE LQ H� UR WR U� F DVF DG H� VK DS H� R S WLP L] DWLR Q � Z LWK � X Q VWHDG \ � S DVVLQ J �Z DN HV�

Z DV� S HUI R UP HG �WR �R E WDLQ �LP S UR Y HG �DHUR G \ Q DP LF �S HUI R UP DQ F H�X VLQ J �DQ �X Q VWHDG \ �

1 DY LHU� 6 WR N HV� I OR Z � I LHOG � DQ DO\ VLV� F R G H
�

� � � 7 K H � R E MHF WLY H� I X Q F WLR Q � Z DV� G HI LQ HG �
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Multidisciplinary design optimization 

HLWK HU� DV� P LQ LP L] DWLR Q � R I � WR WDO� S UHVVX UH� OR VV� R U� DV� P D[ LP L] DWLR Q �R I �OLI W� �Z K LOH�WK H�

P DVV� I OR Z � UDWH� Z DV� I L[ HG � G X ULQ J � WK H� R S WLP L] DWLR Q � � � 7 K H � G HVLJ Q � Y DULDE OHV� Z HUH�

J HR P HWULF � S DUDP HWHUV� F K DUDF WHUL] LQ J � DLUI R LO� OHDG LQ J � HG J H� � F DP E HU� �VWDJ J HU�DQ J OH� �

DQ G � LQ WHU� UR Z � D[ LDO� VS DF LQ J � � ) LJ � � � D� � � � 3 HQ DOW\ � WHUP V� Z HUH� LQ WUR G X F HG � I R U�

F R P E LQ LQ J � WK H� F R Q VWUDLQ WV� Z LWK � WK H� R E MHF WLY H� I X Q F WLR Q � � � $ � J HQ HWLF � DOJ R ULWK P �

Z LWK � D� S R S X ODWLR Q � R I � � � � G HVLJ Q V� Z DV� X VHG � DV� WK H� R S WLP L] HU� � � ' X ULQ J � HDF K �

R S WLP L] DWLR Q � LWHUDWLR Q � � WK H� R E MHF WLY H� I X Q F WLR Q V� R I � WK H� � � � Q HZ � S R S X ODWLR Q �

P HP E HUV� Z HUH� F R P S X WHG � VLP X OWDQ HR X VO\ � E \ � X VLQ J � D� � � � S UR F HVVR U� G LVWULE X WHG �

P HP R U\ � S DUDOOHO� F R P S X WHU� � � 7 K H � R S WLP L] DWLR Q � UHVX OWV� LQ G LF DWHG � WK DW� R Q O\ � P LQ R U�

LP S UR Y HP HQ WV� Z HUH� S R VVLE OH� LQ � WK H� X Q VWHDG \ � UR WR U� VWDWR U� DHUR G \ Q DP LF V� E \ �

Y DU\ LQ J � WK HVH� J HR P HWULF � S DUDP HWHUV� � ) LJ � � � E � � �

�

� �

) LJ X UH� � � � � 2 ULJ LQDO� ' ) 9 / 5 � DQG� RS WLP L] HG % � ' ) 9 / 5 � URWRU� OLQHDU� FDVFDGH� DLUI RLO� VK DS HV� � D� � DQG� WLP H�

YDULDWLRQ� RI � OLI W� DQG� WRWDO� S UHVVX UH� ORVV� I RU� WK HVH� WZ R� FDVFDGHV� � E � � �

�

� � � � 0 X OWL� R E MH F WLY H � D H UR G \ Q D P LF � V K D S H � R S WLP L] D WLR Q �

, Q � P X OWL� R E MHF WLY H� R S WLP L] DWLR Q � Z H � VWULY H� WR � I LQ G � D� J UR X S � R I � Q R W� G R P LQ DWHG �

VR OX WLR Q V� � Z K LF K � LV� N Q R Z Q � DV� WK H� 3 DUHWR � R S WLP DO� VHW� � R U� 3 DUHWR � I UR Q W� � � 7 K HVH� DUH�

WK H� I HDVLE OH� VR OX WLR Q V� I R X Q G � G X ULQ J � WK H� R S WLP L] DWLR Q � WK DW� F DQ Q R W� E H� LP S UR Y HG �

I R U� DQ \ � R Q H� R E MHF WLY H� Z LWK R X W� G HJ UDG LQ J � DQ R WK HU�R E MHF WLY H� � � 7 K H�P X OWL� R E MHF WLY H�

F R Q VWUDLQ HG � R S WLP L] DWLR Q � DOJ R ULWK P � WK DW� Z H� X VHG � Z DV� D� P R G LI LHG � Y HUVLR Q � R I � DQ �

LQ G LUHF W� P HWK R G � R I � R S WLP L] DWLR Q � E DVHG � X S R Q � VHOI � R UJ DQ L] DWLR Q � � , 2 6 2 � & � DQ G �

HY R OX WLR Q DU\ � VLP X ODWLR Q � S ULQ F LS OHV� � � ( DF K � LWHUDWLR Q � R I � , 2 6 2 � F R Q VLVWV� R I � WZ R �

VWHS V� � � 7 K H � I LUVW� VWHS � LV� WK H� F UHDWLR Q � R I � DQ � DS S UR [ LP DWLR Q � R I � WK H� R E MHF WLY H�

I X Q F WLR Q V� � � , Q � WK LV� VWHS � � WK H� LQ LWLDO� DS S UR [ LP DWLR Q � I X Q F WLR Q � LV� F R Q VWUX F WHG � I UR P �D�

VHW� R I � VLP S OH� DS S UR [ LP DWLR Q � I X Q F WLR Q V� UHVX OWLQ J �LQ �D� I LQ DO�UHVS R Q VH� I X Q F WLR Q �WK DW�

LV� D� P X OWL� OHY HO� J UDS K � � � 7 K H � VHF R Q G � VWHS � LV� WK H� R S WLP L] DWLR Q � R I � WK LV�

DS S UR [ LP DWLR Q � I X Q F WLR Q � � � 7 K H � G LVWLQ F WLY H� I HDWX UH� R I � WK LV� DS S UR DF K � LV� DQ �

H [ WUHP HO\ � OR Z � Q X P E HU� R I � WULDO� S R LQ WV� WR � E X LOG � WK H� LQ LWLDO� DS S UR [ LP DWLR Q � � � $ �

F R Q VWUDLQ HG � P X OWL� R E MHF WLY H� VK DS H� R S WLP L] DWLR Q � Z DV� S HUI R UP HG � X VLQ J � , 2 6 2 �R Q �
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D� OLQ HDU� F DVF DG H� R I � J DV� WX UE LQ H� DLUI R LOV� � � 7 K H � R E MHF WLY HV� Z HUH� WK HQ � WR �

VLP X OWDQ HR X VO\ � P LQ LP L] H � WK H� WR WDO� S UHVVX UH� OR VV� � P D[ LP L] H � WR WDO� DHUR G \ Q DP LF �

OR DG LQ J � � DQ G � P LQ LP L] H � WK H� Q X P E HU� R I � DLUI R LOV� LQ � WK H� I LQ LWH� F DVF DG H� UR Z
�

� � � 7 K H �

HT X DOLW\ � F R Q VWUDLQ WV� Z HUH� � I L[ HG � P DVV� I OR Z � UDWH� � D[ LDO� F K R UG � � LQ OHW� DQ G � H [ LW� I OR Z �

DQ J OHV� � DQ G � E ODG H� F UR VV� VHF WLR Q � DUHD� � � 7 K H � LQ HT X DOLW\ � F R Q VWUDLQ WV� Z HUH� WK H�

P LQ LP X P � DOOR Z DE OH� DLUI R LO� WK LF N Q HVV� G LVWULE X WLR Q � � P LQ LP X P � DOOR Z DE OH�

DHUR G \ Q DP LF � OLI W� I R UF H� � DQ G � D� P LQ LP X P � DOOR Z DE OH� WUDLOLQ J � HG J H� UDG LX V� � � 7 K LV�

P HDQ V� WK DW� WK H� HQ WLUH� DLUI R LO� F DVF DG H� VK DS H� Z DV� R S WLP L] HG � LQ F OX G LQ J � LWV� VWDJ J HU�

DQ J OH� � WK LF N Q HVV� � F X UY DWX UH� � DQ G � VR OLG LW\ � UHVX OWLQ J � LQ � � � � G HVLJ Q � Y DULDE OHV� � � �

Q R Q OLQ HDU� F R Q VWUDLQ WV� � DQ G � � � R E MHF WLY HV� � � 7 K H � S HUI R UP DQ F HV� R I � WK H� LQ WHUP HG LDWH�

DLUI R LO� F DVF DG H� VK DS HV� Z HUH� DQ DO\ ] HG � Z LWK � DQ � X Q VWUX F WX UHG � J ULG � E DVHG �

F R P S UHVVLE OH� 1 DY LHU� 6 WR N HV� I OR Z � I LHOG � DQ DO\ VLV� F R G H� Z LWK � D� N � e� WX UE X OHQ F H�

P R G HO� � � $ OWK R X J K � WK H� 9 . , � DLUI R LO� Z DV� G HVLJ Q HG � E \ � H [ S HULHQ F HG �DHUR G \ Q DP LF LVWV�

X VLQ J � VR S K LVWLF DWHG � LQ Y HUVH� VK DS H�G HVLJ Q �VR I WZ DUH� �WK H�R S WLP L] HU� I R X Q G �DQ �HQ WLUH�

I DP LO\ � R I � I HDVLE OH� VR OX WLR Q V� WK DW� Z HUH� E HWWHU� WK DQ � WK H� LQ Y HUVHO\ � G HVLJ Q HG � 9 . , �

DLUI R LO� F DVF DG H� I R U� DOO� WK UHH� R E MHF WLY HV� � ) LJ � � � � � � �

�

� �

) LJ X UH� � � � & RP S DULVRQV� RI � WRWDO� ORDGLQJ � S URGX FHG� � WRWDO� S UHVVX UH� ORVV� J HQHUDWHG� � DQG� QX P E HU� RI � DLUI RLOV� I RU�

RS WLP L] HG� I LQLWH� OHQJ WK � FDVFDGHV� DQG� WK H� RULJ LQDO� 9 . , � DLUI RLO� FDVFDGH
�

� �

�

� � � � 0 X OWL� G LV F LS OLQ D U\ � G H V LJ Q � R S WLP L] D WLR Q � D S S OLH G � WR � P D J Q H WR �

K \ G UR G \ Q D P LF V �

0 R VW� UHDOLVWLF � G HVLJ Q � S UR E OHP V� LQ Y R OY H� Q R W� R Q O\ � DHUR G \ Q DP LF V� � E X W� DOVR � R WK HU�

LQ WHUDF WLQ J � G LVF LS OLQ HV� � � 2 Q H� VX F K � P X OWL� G LVF LS OLQ DU\ � G HVLJ Q � R S WLP L] DWLR Q �

H [ DP S OH� LQ Y R OY HV� P DJ Q HWR � K \ G UR G \ Q DP LF V
�

� � � : K HQ � D� Y LVF R X V� OLT X LG � I OR Z V� I UR P �

D� Q DUUR Z � S DVVDJ H� LQ WR � D� VX G G HQ O\ � Z LG HU� S DVVDJ H� � WK HUH� DUH� VLJ Q LI LF DQ W� I OR Z �

VHS DUDWLR Q � ] R Q HV� � ) LJ � � � D� � � � 2 Q H� S R VVLE LOLW\ � WR � UHG X F H� WK H� I OR Z � VHS DUDWLR Q �Z R X OG �

Number of blades

T
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ta
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)

44 45 46
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190000

191000

192000

193000

194000
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Airfoil 3

Total lift (N)
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u
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a
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187500 190000 192500 195000 197500
93000

94000

95000

96000

97000

98000

99000

100000

101000

102000

103000

104000 Optimized (44 blades)
Optimized (45 blades)
Optimized (46 blades)
VKI (45 blades)

Airfoil 6Airfoil 1

Airfoil 3
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E H� WR � S HUI R UP � D� VWUDLJ K WI R UZ DUG � Z DOO� VK DS H� R S WLP L] DWLR Q � � � % X W� � LI � WK H� VK DS H� R I �

WK H� S DVVDJ H� Z DOOV� LV� Q R W� WR � E H� DOWHUHG � I R U� Z K DWHY HU� UHDVR Q � � LW� LV� VWLOO� S R VVLE OH� WR �

DI I HF W� WK H� I OR Z � I LHOG � S DWWHUQ � LI � WK H� I OX LG � LV� HOHF WULF DOO\ � F R Q G X F WLQ J � � , W� LV� Z HOO�

N Q R Z Q � WK DW� HOHF WULF DOO\ � F R Q G X F WLQ J � I OX LG V�UHVS R Q G �WR �H[ WHUQ DOO\ �DS S OLHG �P DJ Q HWLF �

R U� HOHF WULF � I LHOG V� � � , Q � WK LV� VLWX DWLR Q � � WK H� R E MHF WLY H� LV� WR � I LQ G � WK H� S UR S HU�

G LVWULE X WLR Q � DQ G � R ULHQ WDWLR Q � R I � WK H� H [ WHUQ DOO\ � DS S OLHG � P DJ Q HWLF � I LHOG � DOR Q J � WK H�

S DVVDJ H� Z DOOV� VR � WK DW� WK H� I OX LG � I OR Z � VHS DUDWLR Q � LV� P LQ LP L] HG � � � �

8 VLQ J � D� WZ R � G LP HQ VLR Q DO� P DJ Q HWR � K \ G UR G \ Q DP LF V� DQ DO\ VLV� F R G H� E DVHG � R Q � WK H�

OHDVW� VT X DUHV� I LQ LWH� HOHP HQ W� P HWK R G � DQ G � D� S DUDOOHO� P LF UR � J HQ HWLF � R S WLP L] HU� � LW�

Z DV� UHF HQ WO\ � VK R Z Q
�

� WK DW� VX F K � R S WLP L] HG � P DJ Q HWLF � I LHOG V� F DQ � E H� X VHG � WR �

VLJ Q LI LF DQ WO\ � UHG X F H� I OR Z � I LHOG � VHS DUDWLR Q � � ) LJ � � � E � � DQ G � LQ F UHDVH� WK H� VWDWLF �

S UHVVX UH� ULVH� I R U� D� I L[ HG � OHQ J WK � R I � D� G LI I X VHU� �

�

�

D� �

�

E � �

) LJ X UH� � � � � 6 WUHDP OLQHV� I RU� GLI I X VHU� I ORZ � Z LWK RX W� P DJ QHWLF� I LHOG� � D� � DQG� Z LWK � DQ� DS S OLHG� P DJ QHWLF� I LHOG� � E � �

RS WLP L] HG� WR� VX S S UHVV� ODP LQDU� VWHDG\ � LQFRP S UHVVLE OH� I ORZ � VHS DUDWLRQ % � �

�

� � � � 2 S WLP L] D WLR Q � R I � I UH H ] LQ J � S UR WR F R OV � I R U� S UH V H UY D WLR Q � R I � R UJ D Q V �

2 Q H� F R Q F HS W� WK DW� R I I HUV� D� S R VVLE OH� S UDF WLF DO� VR OX WLR Q � WR � I UHH] LQ J �DQ G �WK DZ LQ J �R I �

R UJ DQ V� LV� WR � LP P HUVH� WK HP � LQ � D� F U\ R � S UR WHF WLY H� J HODWLQ � LQ � R UG HU� WR � DVVX UH� WK DW�

WK H� K HDW� WUDQ VI HU� I UR P � WK H� R X WHU� VX UI DF H� R I � WK H� R UJ DQ � WR � WK H� J HODWLQ � R F F X UV� E \ �

S X UH� F R Q G X F WLR Q � � � 7 K H � R S WLP L] DWLR Q � R E MHF WLY H� LV� WK HQ � WR � I LQ G � WK H� S UR S HU� WLP H�

Y DULDWLR Q � R I � WK HUP DO� F R Q G LWLR Q V� R Q � WK H� VX UI DF H� R I � WK H� I UHH] LQ J � F R Q WDLQ HU� VR � WK DW�

WK H� R S WLP DO� OR F DO� F R R OLQ J � UDWHV� DUH� DF K LHY HG � DW� HDF K � LQ VWDQ W� R I � WLP H� DW� HY HU\ �

S R LQ W� LQ VLG H� WK H� K HWHUR J HQ HR X V� R UJ DQ � � � 7 UDQ VLHQ W� WHP S HUDWX UH� G LVWULE X WLR Q � Z DV�
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F R P S X WHG � DW� HY HU\ � S R LQ W� R I � WK H� R UJ DQ � X VLQ J � D� WK UHH� G LP HQ VLR Q DO� OLQ HDU� WK HUP R �

HODVWLF LW\ � I LQ LWH� HOHP HQ W� P HWK R G � DQ DO\ VLV� F R G H� VX E MHF W� WR � LQ LWLDOO\ � J X HVVHG � � � �

S DUDP HWHUV� G HVF ULE LQ J � WHP S HUDWX UH� G LVWULE X WLR Q � R Q � WK H� VS K HULF DO� I UHH] LQ J �

F R Q WDLQ HU� VX UI DF H� � � ) UR P � WK LV� � WK H� DF WX DO� OR F DO� WHP S HUDWX UH� J UDG LHQ WV� DQ G � WK H�

UHVX OWLQ J � WK HUP DO� VWUHVVHV� Z HUH� G HWHUP LQ HG � DW� HDF K � S R LQ W� LQ � WK H� R UJ DQ � � � �

$ � Q R Q OLQ HDU� F R Q VWUDLQ HG � P D[ LP L] DWLR Q � P HWK R G � E DVHG � R Q � D� J HQ HWLF � DOJ R ULWK P
�

�

Z DV� X VHG � DI WHU� HDF K � VS HF LI LHG � WLP H� LQ WHUY DO� WR � R S WLP L] H � WK H� � � � S DUDP HWHUV� DW�

HDF K � R I � WK H� F R Q WUR O� S R LQ WV� R Q � WK H� VS K HULF DO� F R Q WDLQ HU� VX UI DF H� � � 7 K X V� � VX F K � WLP H�

HY R OX WLR Q � R I � WHP S HUDWX UH� G LVWULE X WLR Q � R Q � WK H� I UHH] LQ J � F R Q WDLQ HU� VX UI DF H� Z DV�

G HWHUP LQ HG � WK DW� LW� P D[ LP L] HV� WK H� OR F DO� F R R OLQ J � UDWHV� LQ � WK H� R UJ DQ � Z K LOH� N HHS LQ J �

WK H� OR F DO� WK HUP DO� VWUHVVHV� LQ � WK H� R UJ DQ � E HOR Z � WK H� X VHU� VS HF LI LHG � P D[ LP X P �

DOOR Z DE OH� Y DOX HV� � � 7 K H � UHVX OWLQ J � WK HUP DO� VWUHVVHV� DUH� Q R Q � X Q LI R UP � E HF DX VH� R I �

G LI I HUHQ W� S K \ VLF DO� S UR S HUWLHV� R I � WK H� R UJ DQ · V� WLVVX HV� � ) LJ � � � D� � � �

7 K H � N LG Q H\ � Z DV� OR F DWHG � LQ � WK H� UHJ LR Q � ² � � � � � � [ � � � � � � � � ) LJ � � � E � � �

�

�
�

) LJ X UH� � � � � YRQ� 0 LVHV� VWUHVV� � D� � DQG� WHP S HUDWX UH� � E � � WLP H� HYROX WLRQV� DORQJ � WK H� LQWHUVHFWLRQV� RI � [ � \ � S ODQH� DW� ] �

 � � � DQG� [ � ] � S ODQH� DW� \ �  � � � X VLQJ � S HULRGLF� RS WLP L] DWLRQ� RI � D� VS K HULFDO� FRQWDLQHU� Z DOO� WHP S HUDWX UH�

GLVWULE X WLRQ� GX ULQJ � RS WLP L] HG� I UHH] LQJ � RI � D� GRJ � N LGQH\
�

� �

�

� � 6 8 0 0 $ 5 < � $ 1 ' � 5 ( & 2 0 0 ( 1 ' $ 7 , 2 1 6 �

�

0 X OWL� G LVF LS OLQ DU\ � G HVLJ Q � P HWK R G R OR J LHV %

�

�DUH�H[ S HULHQ F LQ J �D�J HQ HUDO�WUHQ G �DZ D\ �

I UR P � LQ Y HUVH� G HVLJ Q � DQ G � J UDG LHQ W� E DVHG � R S WLP L] DWLR Q � P HWK R G V� DQ G � WR Z DUG V�

P X OWL� R E MHF WLY H� � P X OWL� G LVF LS OLQ DU\ � � VHP L� VWR F K DVWLF � DQ G � VWR F K DVWLF � F R Q VWUDLQ HG �

R S WLP L] DWLR Q � � � 7 K LV� WUHQ G � LV� I DF LOLWDWHG � E \ � WK H� DY DLODE LOLW\ � R I � LQ H[ S HQ VLY H� S DUDOOHO�

F R P S X WHUV� E DVHG � R Q � F R P P R G LW\ � 3 & � F R P S R Q HQ WV� � � 0 X OWLG LVF LS OLQ DU\ �G HVLJ Q �DQ G �

R S WLP L] DWLR Q � WHF K Q R OR J \ � Z LOO� OLN HO\ � UHVX OW� LQ � D� G HF UHDVHG � Q HHG � I R U� K LJ K O\ �

HG X F DWHG � � H [ S HULHQ F HG � � DQ G � H [ S HQ VLY H� G HVLJ Q HUV� �

�

Time (seconds)

M
ax

im
u

m
S

tr
es

s
(P

a)

0 2500 5000 7500 10000

1E+06

2E+06

3E+06

4E+06

5E+06

6E+06

Pelvis
Cortex
Medula
Fat

X

S
tr

es
s

(P
a)

-0.025 0 0.025

250000

500000

750000

1E+06

1.25E+06

1.5E+06

1.75E+06

2E+06
1740 sec
5340 sec
7140 sec
9480 sec
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� � 5 ( ) ( 5 ( 1 & ( 6 �

>� @� � � * � 6 � � ' X OLN UDY LF K � � � ' HVLJ Q � DQ G � R S WLP L] DWLR Q � WR R OV� G HY HOR S P HQ Wµ � �& K DS WHUV�

Q R � � � � � � � � LQ � 1 HZ � ' HVLJ Q � & R Q F HS WV� I R U� + LJ K � 6 S HHG � $ LU� 7 UDQ VS R UW� � � HG � � + � �

6 R E LHF ] N \ � � � 6 S ULQ J HU� � : LHQ � 1 HZ � < R UN � � S S � � � � � � � � � � � � � � � � � �

>� @� � � * � 6 � � ' X OLN UDY LF K � � 7 � - � � 0 DUWLQ � � % � + � � ' HQ Q LV� DQ G � 1 � ) � � ) R VWHU� �

´ 0 X OWLG LVF LS OLQ DU\ � K \ E ULG � F R Q VWUDLQ HG � * $ � R S WLP L] DWLR Q µ � � & K DS WHU� � � � LQ �

( 8 5 2 * ( 1 · � � � � � ( Y R OX WLR Q DU\ � $ OJ R ULWK P V� LQ � ( Q J LQ HHULQ J � DQ G � & R P S X WHU�

6 F LHQ F H� � 5 HF HQ W� $ G Y DQ F HV� DQ G � , Q G X VWULDO�$ S S OLF DWLR Q V� � � HG V� � . � � 0 LHWWLQ HQ � �0 � 0 � �

0 DN HOD� � 3 � � 1 HLWWDDQ P DN L� DQ G � - � � 3 HULDX [ � � � - R K Q � : LOH\ � 	 � 6 R Q V� � / WG � � � - \ Y DVN \ OD� �

) LQ ODQ G � � 0 D\ � � � � � � - X Q H� � � � � � � � � � S S � � � � � � � � � � � � � � � � � �

>� @� � � 0 � 9 � � 3 HWUR Y LF � � * � 6 � � ' X OLN UDY LF K � DQ G � 7 � - � � 0 DUWLQ � � � ´ 0 D[ LP L] LQ J � P X OWLVWDJ H�

WX UE LQ H� H I I LF LHQ F \ � E \ � R S WLP L] LQ J � K X E � DQ G � VK UR X G � VK DS HV� DQ G � LQ OHW� DQ G � H [ LW�

F R Q G LWLR Q V� R I � HDF K � E ODG H� UR Z µ � � , QWHUQDWLRQDO� - RX UQDO�RI �7 X UE R� 	 � - HW� ( QJLQHV� �Y R O� � � � � �

S S � � � � � � � � � � � � � � � � � �

>� @� � � % � + � � ' HQ Q LV� � * � 6 � � ' X OLN UDY LF K � � DQ G � = � � ; � � + DQ � � ´ & R Q VWUDLQ HG � R S WLP L] DWLR Q �

R I � WX UE R P DF K LQ HU\ � DLUI R LO� F DVF DG H� VK DS HV� X VLQ J � D� 1 DY LHU� 6 WR N HV� VR OY HU� DQ G � D�

J HQ HWLF � 6 4 3 � DOJ R ULWK P µ � � $ , $ $ � - � � RI � 3 URS X OVLRQ� DQG� 3 RZ HU� � 9 R O� � � � � � 1 R � � � � � � � � � � � �

>� @� � � ( � � 6 � � / HH � � * � 6 � � ' X OLN UDY LF K � DQ G � % � + � � ' HQ Q LV� � ´ 5 R WR U� F DVF DG H� VK DS H�

R S WLP L] DWLR Q � Z LWK � X Q VWHDG \ � S DVVLQ J � Z DN HV� X VLQ J � LP S OLF LW�G X DO�WLP H�VWHS S LQ J �DQ G �

J HQ HWLF � DOJ R ULWK P µ � � 3 UR F HHG LQ J V� R I � WK H� � WK � , Q WHUQ DWLR Q DO� 6 \ P S R VLX P � R Q �

7 UDQ VS R UW� 3 K HQ R P HQ D� DQ G � ' \ Q DP LF V� R I � 5 R WDWLQ J � 0 DF K LQ HU\ � � , 6 5 2 0 $ & � � � � �

+ R Q R OX OX � � + , � � ) HE UX DU\ � � � � � � � � � � � � � � � �

>� @� � � , � 1 � � ( J R UR Y � � � , Q G LUHF W� R S WLP L] DWLR Q � P HWK R G � R Q � WK H� E DVLV� R I � VHOI �

R UJ DQ L] DWLR Q µ � � & X UWLQ � 8 Q LY HUVLW\ � R I � 7 HF K Q R OR J \ � � 3 HUWK � �$ X VWUDOLD� �2 S WLP L] DWLR Q �

7 HF K Q LT X HV� DQ G � $ S S OLF DWLR Q V� � , & 2 7 $ · � � � � � Y R O� � � � S S � � � � � � � � � � � � � � � � � �

>� @� � � % � + � � ' HQ Q LV� � = � � ; � � + DQ � � , � 1 � � ( J R UR Y � � * � 6 � � ' X OLN UDY LF K � DQ G � & � � 3 R OR Q L� �

´ 0 X OWL� R E MHF WLY H� R S WLP L] DWLR Q � R I � WX UE R P DF K LQ HU\ � F DVF DG HV� I R U� P LQ LP X P �OR VVµ � �

P D[ LP X P � OR DG LQ J � � DQ G � P D[ LP X P � J DS � WR � F K R UG � UDWLR µ � � , QWHUQDWLRQDO� - RX UQDO� RI �

7 X UE R� 	 � - HW� ( QJ LQHV� � I DOO� � � � � � � � �

>� @� � � % � + � � ' HQ Q LV� DQ G � * � 6 � � ' X OLN UDY LF K � � ´ 2 S WLP L] DWLR Q � R I � P DJ Q HWR �

K \ G UR G \ Q DP LF � F R Q WUR O� R I � G LI I X VHU� I OR Z V� X VLQ J � P LF UR � J HQ HWLF �DOJ R ULWK P �DQ G �OHDVW�

VT X DUHV� I LQ LWH� HOHP HQ WVµ � � - � � RI � ) LQLWH� ( OHP HQWV� LQ� $ QDO\ VLV� DQG� ' HVLJ Q� � Y R O� � � � � � Q R � � � � �

S S � � � � � � � � � � � � � � � � � �

>� @� � � % � + � � ' HQ Q LV� � * � 6 � � ' X OLN UDY LF K � DQ G � < � � 5 DE LQ � � ´ 2 S WLP L] DWLR Q � R I � R UJ DQ �

I UHH] LQ J � S UR WR F R OV� Z LWK � VS HF LI LHG � DOOR Z DE OH� WK HUP DO� VWUHVV� OHY HOVµ � � $ 6 0 ( �

, 0 ( & ( � � � � � � � 2 UODQ G R � � ) / � � 1 R Y HP E HU� � � � � � � � � � � � � + 7 ' � 9 R O� � � � � � % ( ' � 9 R O� �

� � � � S S � � � � � � � � � � � � � � � �

>� � @� � � 7 � - � � 0 DUWLQ � DQ G � * � 6 � � ' X OLN UDY LF K � � ´ $ HUR � WK HUP R � HODVWLF �F R Q F X UUHQ W�G HVLJ Q �

R S WLP L] DWLR Q � R I � LQ WHUQ DOO\ � F R R OHG � WX UE LQ H� E ODG HVµ � � & K DS WHU� � � LQ � & RX S OHG� ) LHOG�
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