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Abstract

Wings with leading-edge (LE) tubercles have gained increasing attention over the past decade. Despite
their impressive aerodynamic performance, the underlying flow control mechanisms of tubercles remain
controversial. In this thesis, both experimental and theoretical approaches are employed to investigate the
flow patterns of a tubercled wing at pre-stall and post-stall angles of attack (AocAs).

In the experimental study, 2D Particle Image Velocimetry (PIV) was used to measure flow patterns at
cross-flow planes along the chord. At a pre-stall AoA, high-vorticity regions generated by the tubercles
appear in an alternating pattern near the LE. A quantitative comparison was conducted to examine the
similarities between a tubercle and a delta wing. The results show that tubercles cannot be regarded as
small delta wings in terms of vortex generation. The leading-edge vortex (LEV) sheets are convected
downstream, where they interact with laminar separation bubbles (LSBs), creating complex flow patterns
in the downstream regions. At a post-stall AoA, stall cells (SCs) appear along the span, with their formation
dependent on both Reynolds number (Re) and tubercle amplitude. However, the spacing of SCs is relatively
independent of AoA, Re, and amplitude, consistently ranging between 5 to 7 tubercle wavelengths.

In the theoretical study, the lifting line theory (LLT) approach was first used to predict the LEV strength
but proved ineffective due to the absence of thickness effects. A subsequent analysis using the panel
method in xflr5 showed that the Kutta condition should also be applied to the leading edge (LE) rather than
only to the trailing edge (TE). Crow’s model was adapted by taking LEVs into consideration. However, a
global description of the instability was not obtained due to difficulties in representing LEVs and related
mathematical challenges.

This thesis contributes to a further understanding of the tubercle’s role in flow control. The LEVs generated
by the tubercles are identified as key factors influencing flow evolution, yet these effects are not captured
by LLT-based models or a conventional panel method. Future reduced-order models (ROMs) should
account for the influence of LEVs to provide accurate representations of tubercled wing flow dynamics.
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de.y 3DUWLFOH GLDPHWHU YDULDWLR
A 7XEHUFOH DPSOLWXGH GLIIUDFWLRQ HIITHFW

Cob '"GUDJ FRHIIFLHQW d SDUWLFOH GLDPHWHU LQ WKH LPDJ

Cimax 'PDI[LPXP OLIW FRHIIFLHQW d ,PDIJH GLVWDQFH

[



I1RPHQFODWXUH [L

do 2EMHFW GLVWDQFH M ODJQLILFDWLRQ IDFWRU
dp B3BDUWLFOH DFWXDO GLDPHWHNsL{HoLPHQVLRQ RI WKH LQWHUURJDWLR
SL[HO
f JRFDO OHQJWK
T 7THPSRUDO UHVROXWLRQRI 3,9 PHDV
f JRFDO UDWLR t $LUIRLO WKLFNQHVV
H 2ZEMHFW GLPHQVLRQ u 6WUHDPZLVH YHORFLW\
h ,PDIJH GLPHQVLRQ U, ,QIORZ YHORFLW\
L 6& VL]H v 6SDQZLVH YHORFLW\

lsLiho3L[HO SLWFK w ‘DOO QRUPDO YHORFLW\



QWURG XF\

%LRPLPHWLFV LV RIJUHDW LQWHUHVW WR HQJLQHHUV DV ELR LQVSLUHG V\
HQJLQHHULQJ SUREOHPV IURP D SHUVSHFWLYH RI QDWXUH ,Q UHFHQW \HDL
LQFUHDVLQJ DWWHQWLRQ IRUWKHLU HIFHSWLRQDO DHURG\QDPLF SHUIF
FHWDFHDQV DUH XQLTXH IRUWKHLU SHFWRUDO IOLSSHUV ZKRVH OHDGLQ
DUHEHOLHYHG WR HQKDQFH WKH PDQHXYHUDELOLW\ RI WKH ZKDOHV GXUL
UHODWHG IORZ FRQWURO PHFKDQLVPV ZRXOG EH EHQHILFLDO IRU ZLQJ GH
LQWURGXFWLRQ WR WKH KXPSEDFN ZKD ORICZQ RDHEHEALW KI® Q QVB HB VWK Q H |
ELR LQVSLUHG WXEHUFOHG7KIH®J MX 6HFNMMHIQUFK REMHFWLYHVY DQG UHV
H[SODLQHG LQ 6HFWKRQGHQG WKHRXWOLQHRIWKHWKHVLVLVLOOXVWUDV

+XPSEDFN ZKOOHOB SWHUD QRYDHDQJOLDH

+XPSEDFN ZKDOHV FDQ EH IRXQG LQ RFHDQV DQG VHDV DURXQG WKH ZRU O
DQG ZHOO VWXGLHG BK Y& H WSDVRY/ZK\ WKLY VSHFLHV LV IDPLOLDU WR KX
DUHDFWLYH QHDU WKH VHD VXUIDFH WKH\FDQ OHDS FOHDU RI WKH VHD D¢
ZKLFK PDNHV WKHP DSSHDOLQJ @& R 7ZRDOHHZKDWHR/HKD/AYH D VSHFLDO KXPS
ZKLEFK LV WKH RULJLQ RI WKHLU QDPH ,Q DGGLWLRQ WKH\IHDWXUH D GL'
ORQJ SHFWRUDO ILQV ZLWK LUUHJXODUO\ ORFDWHG SURWXEHUDQFHV DO/
YLIXUH ,Q IDFW WKH /DWLQ QD P RD M H WS B RIYHNAD@MOLMDWHY GLUHFWO\ L
ZLQJHG 1HZ (QJODQGY ZKLFKFDQEHLQIHUUHG WKDW WKH KXPSEDFN ZKD
DQG LPSUHVVHG WKHQ ZKDOHUV ZL\@K LW NVVOWK M  RAMWERUDLE XIOQWWR LPDJL
SDUWV VKRXOG EH FRPSDWLEOH ZLWK WKH ILQV LQ VL]IH DQ DGXOW KXPSE
LWV IOLSSHUV DUHHYHQ ODUJHU W K@ Y WH R G @ WEIKOXA-BERFOH\K D OH FDQ :

WRQ®>7R PDLQWDLQ VXFK D KXJH ERG\ WKH KXPSEDFN ZKDOH KDV WR
LVDERXW  WLPHRIWKHGD\ IRUDJLQJIRU WRQV RI NULOO DQG RWHK
IHHGLQJ VHDVRQ 7KH\DUH PLJUDWRU\DQLPDOV DQG GR QRA HDW LQ WKH

JLIXUH 3BKRWRJUDSK RI WKH KXPSEDFN ZKDOH EUHDFKLQJ 1RWH WKH WXEH
SHFWRUDO ILQV LPDJH FUBGLW :KLW :HOOHV >

20HLQWULJIJXLQJIHHGLQJ VWUDWHJI\ XVHG E\KXPSEDFN ZKDOHV LV HEXEE



7TXEHUFOHG ZLQJ

UHTXLUHV D JURXS RI KXPSEDFN ZKDOHV WR DFW FRRSHUDWLYHO\ WKH\VZL
VSLUDO ZKLOH H[KDOLQJ DLU RXW RI WKHLU EORZKROHY WR FUHDWH D HEXE
VKRZQ LQ)LIFRILQLQJWKH SUH\LQ D QDUURZ WXEHLQ WKHFHQWHU VR
WKH ERWWRP WR VZDOORZ WKH SUH\HIILFLHQWO\ 7KH QHW VL]@FUHDWH
ZKLFK LV VXUSULVLQJO\VKRUW FRPSDUHG WR WKH ERG\ OHQJWK RI WKH Z}

7TKHDJLOLWARIWKH ZKDOHV VXJJHVWYV WKDW FHUWDLQ VWUXFWXUHV RI WKH
GHVLIJQVLQ YHKLFOHV PRYLQJLQIOXLGYVY ,WLVZLGHO\EHOLHYHG WKDW
WR WKH WXEHUFOHV DORQJ WKH ITGRQWHSUHWHQHRRWRWEE WROEHUFOHYV |
IORZILHOG DURXQG WKH SHFWRUDO ILQV DQG WKXV LQFUHDVH WKHLU K\G
WXEHUFOHG ILQV IDFLOLWDWH WKH KLJKOLIWJHQHUDWLRQDQG KHQFH Sl
VKDUS WXUQL®J$OWKRXIKRWKHU VWUXFWXUHY VXFKDVIOXNHV RI WKFE
WR LPSURYH WKH SHUIRUPDQFH WKH WXEHUFOHV DUHUHJDUGHG DV WKH
SKHQRPHQRQ LV FDOOHG WKH TWXEHUFOH HIITHFWY

JLIXUH 3BKRWRJUDSK RI WKH EXEEOH QHW VSLUDO WKHFLUFOHV RI GLIIH
FUHDWHG E\ GLIITHUHQW ZKDOHV RYHU WLPH LP@®IJH FUHGLW ORVF

I XEHUFOHG ZLQJ

SLRQHHULQJ VWXGLHVY RQ WKH pWXEHUFOH HITHFWY KDYH D VWURQJ ELR
UHODWLYHO\TXDOLWDWLYH 7KLVHQFRXUDJHV DFDGHPLD DQG LQGXVWUI
WKH SKHQRPHQRQ ZLWK PRUH TXDQWLWDWLYH DSSURDFKHV VXFK DV W
QXPHULFDO VLPXODWLRQV 7KH SXUSRVHRIWKLY VHFWLRQLV WR SURYLG

SHUIRUPDQFHDQG JHRPHWU\HIIHFW
$OWKRXJK WKH WXEHUFOHG SHFWRUDO ILQV KDG EHHQ EHOLHYHG WR LPSUR
LW ZDV QRW FOHDU ZKHWKHU WKH\ FRXOG RXWSHUIRUP RUGLQDU\ RQHV 7
WXQQHO H[SHULPHQWV RQD 'ILQ PRGHO UHVHPEOLQJ W@& H < WHRUXDGDM V/ C
VKRZHG WKDW SHUIRUPDQFH ZDV LQGHHG HQKD QFkkG L KWHTD[HBXFSOLRW F R
IURP WKH VWDOO $R$ ZDV GHOD\HG E\ DERXW DQ,GZ\® K HU 8 I W\WHGW D O
ZKLFK DUHIDYRUDEOH IRUD ZLQJ Z®UNRQ 3 D WUD WIKIKLSRSUBRYHPHQW ZDV (
EHDSSOLFDEOH WR DQ\DLUIRLO ZLWK /( WXEHUFOHVY 7R HOXFLGDWH WK
ZLQJV ZHUH XVHG LQ ZLQG WXQQHO WHVWV RQH ZDV RIIXO0O VSDQ DQG W
SRVVHVVLQJD VKDSH VLR ODKHWRWKWDIWQRQ ZDV WR H[DPLQH WKH ' DQC
VFHQDULR ,W ZDV IRXQG WKDW WKH 'HIIHFW SOD\HG D VLJQLILFDQW UR
IXOO0 VSDQ L H 'FDVH ZLQJH[SHULHQFHG D SHUIRUPDQFH GHWHULRUD)
ZLWK VWDOO RFFXUULQJ HDUO ICH B BRRPWE H GDIHARFHRLSD H B @W RKWMHK H EDV
VHPL VSDQ ZLQJ LQ FRQWUDVW SHUIRUPHG VLPLODUO\ W&R WKID WQO\S R U
PHULW IRUWKH IX0O0O VSDQ ZLQJ LV D VRIWHU SRVW VWDOO EHKDYLRU LQ ;
UDWKHU WKDQ GURSSLReJHI UDPMWILVF DOUR Z&MROYHG GXH WR WKH YDULDQ!
VSDQ DQG FRQVLGHUHG WR EH D IDFWRU FRQBULEXWLQJ WR WKH GLITHUHC

S$OWKRXIKWKHDSSOLFDWLRQ RIWXEHUFOHV RQDIX0OO0O VSDQ ZLQJ GRHV Q
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PXFKDVIRUWKHVHPL VSDQ RQH WKH VLPSOH JHRPHWU\PDNHV LW LGHDO L
RI XQGHUO\LQJIDFWRUV $ FRPSUHKHQVLYH VWXG\ZDV FRQGXFWHG WR LQ
JHRPHWU\ E\ FKDQJLQJAWKE DHPG QWG H FXUYDWXUH RIWXEHUFOHYVY DORQJ
DLUIRLO ZKLFKLVVLPLODUWR WKH FURYV V@V H®WIDR/QFR IQHOPSEHDGE M
WKHDPSOLWXGH GRPLQDWHY WKH ZLQJ SHUIRUPDQFH RYHU RWKHU IDFW
VWDOO DQG M GXiKH®H D VPDOO DPSOLWXGH DOORZU.MMKBE QG QWRNKRDY HDF K |
VRIWHU VWDOO EHKDYLRUDQG LV WKXV SUWUHIHUH RGWALIPQIDOG UQ R WXBGIW W
> @ ,WKDVEHHQ SRVW XO D VPH GKWKHD[\W\D/D | REVDKIAOWHOH. Q@ DAU KK WH UV
WKHUDWLR EHWZHHQ WKHDPSOLWXGHDQG WKHZDYHOHQJWK KDV EHHQ ¢
SDUDPHWHU IRUWKH HITHFW R@W XEHUR ORHUH AN UWH WKH GRPLQDWLQJ
WKHZDYHOHQJWK VKRXOG DOVR ElRFRQVLGHUHG LQ GHVLJQ >

(QJLQHHULQJDSSOLFDWLRQV
6LQFH LWV HIIHFWLYHQHVY ZDVYDOLGDWHG WKHWXEHUFOHG ZLQJ KDV HPI
WKHHIILFLHQF\RIDUWLILFLDO GHYLFHVLQ YDULRXVLQGXVWULHY ,QVWHD
RIWKHILQV HQJLQHHUY FKRRVH WR PRGLI\WKHHGJHLQWR D VLPSOH VL
PDQXIDFWXULQJ &XUUHQWO\ WXEHUFOHG ZLQJV DUH SULPDULO\ XVHG LQ
HOQHUJ\FRQYHUVLRQHIILFLHQF\

5HQHZDEOH HQHUJ\FRYHUV D ZLGH UDQJHRIHQHUJ\ VRXUFHV WKDW FDQ
WLPHVFDOH FRPSDUHG WR WEH KKIPVE PALLRWURHAXVHY HIFOXVLYHO\ RQ 7
HQHUJ\ DQG QXFOHDU HQHUJ\ DV WKH WXEHUFOHG ZLQJFDQ EH XWLOL]JHG |
HPSOR\HG LQ WKHVH WKUHH LQGXVWULHYV 2QHRIWKHFRPSOH[LWLHV RI E
WKHEODGHY QRUPDOO\ZRUN XQGHU LQIORZ FRQGLWLRQV ZKHUH DQ H[WUD
VKRXOG EHFRQVLGHUHG 7KLV H[WUD YHORFLW\ YDULHV UDGLDOO\ ZKLF
WRDQDO\|H 7KHVWURQJ XQVWHDGLQHVVDQG LQWHUDFWLRQ RI WKH ZD
RSHUDWLRQ

JLIXUH 3KRWRJUDSK RIWKH ZLQG WXUELQH ZLWK D PRGLILHG WUDLOLQJHG
WXEHUFOHG ILQV LQD ELRPLPLFU\H[KLELWLRQ DW WKH9LHQQD O0XVH>

,Q WKHZLQG HQHUJ\ VHFWRU WKH WXEHUFOHG ZLQJ KDV DOUHDG\ VKR ZC
WHVW RQ WKH EODGH WXUELQH ZLWK WXEHUFOHG EODGHYVY GHVLJQHG E\
HOHFWULFDO RXWSXW RXWSHUIRUPHG @& KPWZDIWDIR X Q 8 RAGKLD MHVG RAHXZULEY @& ¥
WKH/(WXEHUFOHYVY KDVDQ LQFUHDVHG OLIW WR GUDJUDWLR RUDHURG



7TXEHUFOHG ZLQJ

ZKLFK FDQ FRPSHQVDWH IRU WKH QHJDWLYH LQIOXH® F 56 Rl WKRQDO@IDG H\
ORDG IOXFWXDWLRQ FDXVHG E\ WKH YRUWH[VKHGGLQJ ZDV UHGXFHG ZKLI
RXWSX@W YKH /(WXEHUFOHV FDQ DOVR UHGXFH WKH K\WWHUHVLV HITHFW RI
FRQWULEXWH WR WKH FRQW UR® RQ DHUER.GQP® MFROFRROGL P\ LQJ WKH /( WKHU
RI SODFLQJWXEHUFOHV DORQJ WKH 7KDV RREGEZIQEQWILRQEDYV UHSRUWHG WF
ZLQG WXUELQHV RSHUDWLQJLQ D WXUEXOHQW LQIORZFRQGLWLRQ 7KH UH
WKH 7( DQG VWDELOL]HDQG LPSURYH WKH ZLQG WX@ELQH RXWSXW LQ WKt

6LPLODU FRQFOXVLRQV RIHQKDQFHG FRQYHUVLRQ SHUIRUPDQFH DUH RI
HOQHUJ\VHFWRUV 7LGDO WXUELQHV ZLWK /(WXEHUFOHG EODGHYV ZHUH UH
WKH WLS VSHHG UDWLR @63 KIlVI GBRZ ¥ GHILQHG DV WKH UDWLR EHWZHHQ
DQG WKHD[LDOVSHHG IHOW DW D VSHFLILF UDGLDO ORFDWLRQ DORQJ Wi
ORFDO $R$ VKRXOG EH 7KHUHIRUH WLGDO WXUELQH EODGHYV ZLWK WXE'!
UHIJLRQV ZKHQ WKH LQIORZ $R$ LV KLIJK 7KH RXWSXW SRZHU RI D QXFOHDU V
UDWH ZzDV DOVR LPSURYHG E\DGRSWLQJ WKH ZDY\/(EODGHV ZKLFK DJDLQ
WXEHUFOHG@EODGH >

JORZ FRQWURO PHFKDQLVPV
'"HVSLWH WKH FRQWLQXRXVO\JURZLQJDSSOLFDWLRQ RI WXEHUFOHG ZLQJ
RI/(WXEHUFOHV UHPDLQ XQFOHDU DQG D FRQVHQVXV LV IDUIURP EHLQJ L
WKHRU\ LV WKDW WKH WXEHUFOHV DUHDQDORJRXV WR YRUWH[JHQHUDWF
DORQJWKH VSDQ> @ )UHHVWUHDP PRPHQWXP LV LQWURGXFHG WRZDL
WKH WXUEXOHQW PL[LQJHIIHFW ZKLFK UH HQHUJL]HV WKHIORZDQG WKX
ZDV REWDLQHG EXW RQO\ IRU WXEHUF @H V KILWHKRPFIOOXY DR Q & RW ® G HEVH >M X \
DUJXPHQW WKDW WXEHUFOHY FDQQRW EH PRGHOHG DV YRUWH[ JHQHUDWR
ODUJHU WKDQ WKH ER X Q@ D, Q\WW-LFG QMKN EQGXFHG $R$ DW HDFK ZLQJ V¢t
E\WKH H[LVWHQFH RI VWUHDPZLVH YRUWLFHV ZKLFK WKH GO DL\®IBVVHSD L
ZLWK WXEHUFOHV RI ODUJH DPSOLWXGH ZHUH DVVXPHG W@ | XRQERMKLRI)QV L P
JHQHUDWH KLJK OLIW DW KLJK $R$ RQ WIGH PKHUWIR UYR WW H [XC0LGW WHONH B |
PHFKDQLVPV PLIJKW EH GHSHQGHQW RQ @& K HVERBHUIF[SHH U RABWDO>D Q G
UHVXOWV WKH VWDOO ZDV IRXQG WR RFFXU ILUVW DW WXEHUFOH WURXJ
%DVHG RQ WKLV REVHUYDWLRQ DPHFKDQLVPLQYROYLQJVHFRQGDU\IORZ
ZDV SURSRVHG 7KH FRXQWHU URWDWLQJ YRUWH[SDLU DULVLQJDW D YI
RIWKH IORZ EHKLQG W@ H Y®ROOKN Y WKHRU\ FRQFHSWXDOL]HG WKH WXEH!
FRPSDUWPHQWDOL]DWLRQ HITHFW UHVXOWLQJIURP WKH DWWDFKHG IORZ E
ZLQJIHQFH ZKLFKFDQLQKLELW WKH VSDQZLVH H)W$HMY DR @ RR SORR QN T
DUHEDVHG RQ WKH SUHVHQFH RI VWUHDPZLVH FRXQWHU URWDWLQJ YRUWL
WKH RSLQLRQV GLVFXV\NGWERYWWXGLHY RQ WKH SDWWHUQ DQG HYROXWL
DUH QHHGHG WR EHWWHU XQGHUVWDQG WKH XQGHUO\LQJ FRQWURO PHFKI

6LPLODULW\WR D GHOWD ZLQJ

$PRQJWKHDERYHPHFKDQLVPY DFRPSHWLWLYHDUJXPHQW LY WDNLQJD
WKHIORZILHOGV DURXQG ERWK VWUXFWXUHV DUH VKRVO/LB ZED BK \WD BDE}
LOQVWUXPHQWDO LQ XQGHUVWDQGLQJ WKH WXEHUFOH HITHFW IURP WKH S
YRUWH[IRUPDWLRQ PHFKDQLVP DORQJWKH /( %YRWK WXEHUFOHV DQG GHO
RYHURQ WKHVXFWLRQ VLGH UHVXOWLQJLQD YRUWH[ 7KHYRUWH[DFFX
FDOFXODWHG RQD VWUHDPZLVH SODQHDW WKH 7( ORFDWLRQ ZRXOG EH KL.
HYDOXDWH WKH YRUWLFLW\RID GHOWD ZLQJDW WKH 7( ORFDWLRQ DQG F
VWUHDPZLVH SODQH

+HPVFKDQG /XFNULQJ SURSRVHD VHPL HPSLULFDO PRGHO RI YRO@WH[ VWU
7KHPRGHO JLYHV WKHDFFXPXODWHG FLUFXODWLRQRQD SODQH DW WKH 7(
7TKHIRUPXOD RIQRQ GLPHQVLRQDOL]HG FLUFXODWLRQLVJLYHQ EHORZ

_92A FRV) WHQ)
Ui wiQ) ’
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JLJXUH 6 FKHPDWLFV RIITORZ SDWWHUQV RYHU D DGHOWD ZLQJ@LPDJH FU
E /(WXEHUFOHYV LPDJH  FUHGL®W :HLHWDO >

ZKHBHLY WKH DPSOLWXGH QRQ GLPHQVLRQD Ot ] D@ B\ WK K HP 5IR$ LFK B D G LADHY
WDRLV GHILQBG DA 7KH LV DQ HPSLULFDO YDOXH HVWLPDW@&G IURP (
7UDXE SXWV IRUZDUG DQRWKHU HPSLULFDO PRGHO WR SUHGLFW WKH /(9
XWWD -RXNRZVNL@V KHRWHSDEYZLVH YDULDWLRQ RI OLIW LV UHSUHVHQW
GRZQVWUHDP 7KH VWUHQJWK RIDFFXPXODWHG VWUHDPZLVH VKHG YRUWL
/(9 FLUFXODWLRQ DQG LV PRGHOHG DV

2214 VL(Q
oUi  w®Q)

ZKLFK KDV D VLPLODUIRUP WR WKDW RI +HPVFKDQG /XFNULQJ

$OWKRXIJIKWXEHUFOHV DQG GHOWD ZLQJV KDYH VLPLODU IORZ SDWWHUQV
DGHOWD ZLQJ 7KH YRUWH[OLIW HIIHFW LV D VLIJQLILFDQW IHDWXUH RI V
WR D WXEHUFOHG ZLQJ LV SUREOHPDWLF DV WKH WXEHUFOH RSHUDWH"
I[URP WKRVHRID GWOWRKRHYQUWLFHY JHQHUDWHG DORQJ WKH VZHSW /( ZR
XSZDVK HIIHFWVY DW WKH QHLJKERULQJ ORFDWLRQV ZKLOH RQO\WKH IRUPH
ZLQJ DV WKHUH DUH QR RWKHU GHOWD ZLQJVY QHDUE\ 7KHUHIRUH HYHQ
RYHUDOO SHUIRUPDQFH HQKDQFHPHQW FDQQRW EH DWWULEXWHG WR LW
SHUIRUPDQFH GHWHULRUDWLRQ DW RWKHU ORFDWLRQV PDNLQJWKH QHW

JORZ SDWWHUQ RYHU WKH VXFWLRQ VLGH
$ORQJIVLGH LQYHVWLIJDWLRQV RI WKH JHQHUDO JRYHUQLQJ PHFKDQLVP
SDUWLFXODU DWWHQWLRQ KDV EHHQ SXWRQ WKHFRPSOLFDWHG IORZ SKH(
SRVW VWDOO $R$V

3UH VWDOO FDVH

,QVWREWDQJIJHZKHUH WKH WXEHUFOHG ZLQJQRUPDOO\RSHUDWHY DODPLQDU
REVHUYHG 7KH/65LV DIORZVWUXFWXUH WKDW FDQ EH IRXQG RQ WKH V
SUH VWDOO $R$ ,WV IRUPDWLRQ DQG EXUVWLQJJUHDWO\FKDQJH WKH SUH\
SHUIRUPDQFH RIWKH ZLQJ 7KH IRUPDWLRQ RI| Rd ®RIO/VEKH PLULRL G B MRIRK
LH SUHVVXUH GLVWUREXWRRGQHUBWE WKH DW WKH RU GIPU>R@P D JQLW>
DQG WKH SUHVVXUH JUDGLHQW LV QRW VWURQJ D ORFDO VHSDUDWLRQ
DLUIRLO DV VKRZQ LYH)IRXHWMWKH VHSDUDWLRQ SRLQW WKH ERXQGDU\ OC
VHSDUDWLRQ SRLQW WKHUHLVDQLQIOHFWLRQ SRLQW LQ WKH ORFDO YHC
HYROYHVY GRZQVWUHDP DQG WULJJHUV WUDQVLWLRQ +RZHYHU WKH WUDC
LV QHDU WKH ZDOO $IWHU VHSDUDWLRQ WKH %/ UHPDLQV ODPLQDU IRU VF
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JLIXUH 3UH VWDOO IORZ SDWWHUQ RIDWXEHUFOHG Z&QJ LPDJH FUH

WKH uGHDG ZDWHU ]JRQHT ORFDWHG DW WKH IURQW SDUW RI WKH EXEEOH
7KHUHFLUFXODWLQJ PRWLRQ DWWKHUHDU SDUW RI WKH EXEEOH LV FDXV
ZKLFK LY WKH UHVXOW RI WKHLQIOHFWLRQ SRLQW HYROYLQJ GRZQVWULF
HQRXJK DZD\IURP WKH ZDOODQG SURPRWHYV WUDQVLWLRQ 7KHPHFKDQLV
LVDVFULEHG WR WKH .HOYLQ +HOPRKRW]LQVWDELOLW\ ZKLFK LV LQKH!
GLIIHUHQFHLQ YHORFLW\RIWKHWZRDGMDFHQW OD\HUV RIIORZ $W WKH S
%/ EHFRPHVY WXUEXOHQW DOORZLQJLWWRJDLQPRUHPRPHQWXPIURP WKH
WKH %/fVDELOLW\WR ZLWKVWDQG D VWURQJHUDGYHUVH VWUHDPZLVH S
ZDOO EHFDXVH WKH SUHVVXUH UHTXLUHPHQW IRUEHLQJDQ DWWDFKHG IO
> @ 6LQFHD WXUEXOHQW %/LV GHYHORSHG DIWHU UHDWWDFKPHQW ZKLO
FRXOG EHUHJDUGHG DV D SURFHYV V@ R6ILDPALOCOLWWD. WW KWHAU B @ \FIDWQLIR@VR EH L
DPRGLILFDWLRQ RI WKH DLUIRLO WR SUHYHQW IORZ VHSDUDWLRQ ZKHQ
([FHSWIRUWKHEORFNDJHHIIHFW WKH H[LVWHQFH RI WKH /6% FRPSOLFDW
JHQHUDWHG LQVLGHDQ /6% DQG WUDYHO GRZQVWUHDP OLNH WUDLOLQJ YR
DSUHYLRXV VWXG\ XVLQJ WKH '16 WHFKQLTXHDQG WKHUHVXOWY DUH JLY|

7KHDOWHUQDWLQJUHJLRQV RIXSZDVKDQG GRZQZDVKDORQJWKH ZLQJTV V
ZLQJ 7KLV IHDWXUH JUHDWO\ FKDQJHVY ORFDO $R$V DQG WKXV DIIHFWV W
YRUWLFHV /(9V JHQHUDWHG DW WKH /( WXEHUFOHV LQWHUDFW ZLWK WKH
IORZ SDWWHUQ RQ WKH VXFWLRQ VLGHPWHNQ BB NBIBIW LLRQ DX WHKH /( /(9V
IRUP RI WKLQ VKHHWV DQG FORVH WR WKH ZLQJ VXUIDFH $V WKH\ WUDYHO ¢
UHJLRQVDQG GHIRUPLQWR DURXQGHG VKDSH 6HFRQGDU\YRUWLFLW\LV Jt
UHJLRQ DQG KDV DQ RSSRVLWH VLJQ WR WKH SULPDU\RQH DV VHHQ LQ WKH
ORFDWLRQV GXH WR KLJK ORFDO $R$V DQG WKHQ H{[WHQG WR WKH GRZQVW
IRXQG WR RFFXU IRUERWK WURXJK DQG SHDN ORFDWLRQV EXW WKH IOR:
IRUPV D ODUJH VHSDUDWLRQ DUHD 7KHIORZ DW SHDN ORFDWLRQV LQ FRC

8QOLNH D VWUDLJKW ZLQJ ZKHUH WKH VSDQZLVH SUHVVXUH GLVWULEXW
/6% RQ DWXEHUFOHG ZLQJ LV QRW VSDQZLVH FRQVWDQW 7KLV SKHQRPH:
WKH VWUHDPZLVH SUHVVXUH JUDGLHQW H[SHULHQFHG E\IOXLG HOHPHQW
DORQJWKH VSDQ )RUH[DPSOH WKH GLVWDQFH EHWZHHQ WKH ORFDWLR
WURXJK ORFDWLRQ ZRXOG EH VKRUWHU WKDQ WKDW DW D SHDN ORFDWLRQ
%HVLGHYV WKHLQGXFHG YHORFLW\DW WURXJK ORFDWLRQV LV XSZDUG DQ
VWUHQJWKHQV WKH SUHVVXUH SHDN 7KHUHIRUH WKH /6% EXEEOH HPHUJF
ODWHU QHDU WKH SHDN ORFDWLRQV DORQJ WKH FKRUG

'HSHQGLQJRQ WKHLQIORZFRQGLWLRQDQG WXEHUFOH JHRPHWU\ WKH /6
WLQXRXV>@ 7KHSDWWHUQ FDQ EH FRPSOH[ DW FRRZEHIFRQAGNEHG WK |
WXEHUFOH JHRPHW B ODW D VLIJQLILFDQW SDUW @Q S\LIKQH HOWR K 15 D(W W\H G QW H>
DIIHFWHG E\WKH WXEHUFOH JHRPHWU\ UHVHDUFK RQ WKHLQWHUDFWLRQ E



7TXEHUFOHG ZLQJ

JLIXUH 7KH VLGH YLHZ RI D ODPLQDU VHSDUDWLRQ EXEEOHDY LPDJH FUHC

JLIXUH '16 UHVXOWV RID YRUWH[ILODPHQW JHQHUDWHG LQVLGHDQ /6%
UHYHUVHIORZ UHJLRQ LQVLGHDQ /6% LPDJH FUBGLW +RVVHLQYH

LOQVLIKWIXO LQIRUPDWLRQ RQ SUH VWDOO IORZFRQGLWLRQV

3RVW VWDOO FDVH
7KHIORZ SDWWHUQ LQ D KLJK $R$ UHJLRQ LV EHOLHYHG WR EHUHOHYDQW
WXEHUFOH®ZLQJ >

JORZHYROXWLRQ KDVEHHQLQYHVWLIJDWHG LQ SUHYLRXV VWXGLHV WR SL
IORZVWUXFWXUHYV 7KHVWUHDPZLVH YRUWLFLW\LVY XVHGDVDQLQGLFDWRI
WKHUHVXOWDW VHYHUDO FURVY IORZ SODQHV LV GHPRQVWUDWHG $O0OWK
WR WKH zDOO DIWHU JHQHUDWLRQ 7KHQ WKH/(9V ORFDWHG DW VHSDUDWH
VKHDU OD\HUV 7KHVH OD\HUV ZLOO LQGXFH VXEOD\HUV XQGHUQHDWK D¢
WKHIRUPDWLRQ RIDVWURQJUROOHG XS YRUWH[FRUH QH[W WR D VHSDU
JUDGXDOO\GHFD\V IXUWKHU GRZQVWUHDP 7KHIORZ VWUXFWXUHY ORFDW
LQ)LIXUH&RPSOLFDWHG YRUWLFLW\ SDWWHUQV FDQ EH REVHUYHG DW VW
LVUHSUHVHQWHG RQ VHYHUDO FURVYVY IORZSODQHYV ,WLVIRXQG WKDW V
LOQGXFHG VHFRQGDU\ YRUWLFHV LVLPSRUWDQW LQ WKHHYROXWLRQ 7K
XVLQIJ WKH WXUEXOHQW NLQHWLF HQHUJ\ ZKLFK UHSUHVHWOQWR QUKHKHIDOR |
OD\HUV DUH FDSWXUHG GXHWR WKHLU KLIK XQVWHDGLQHVYV

$ QRWDEOHIORZ SDWWHUQRILQWHUHVW LV WKHVWDOO FHOO 6& ZKLFK RF
> @ 7KHVWDOO FHOOV DUH fPXVKURRP OI@ HKR AR Q@ UMRZHOW H X A\E X\WUR
UHVXOW RILPSLQJHPHQW RI VHSDUDWHG 7 ( @R UQV)LFIIKWE Q WK H H ¥ @ O X WU IFOF |
7(YRUWH[ SDLUV DQG WKH IRUPDWLRQRID 6&LVLOOXVWUDWHG 7ZR YRUWI
RWKHU UHVXOWLQJLQDZDY\GHIRUPDWLRQ RI WKH YRUWH[ILODPHQWYV
ZLQJVXUIDFH RQFH WKH GLVWXUEDQFH LV ODUJHHQRXJK DQG 6&V IRUP 7K
WKH VXUIDFH VKHDU VWUHVV GLVWULEXWLRQ WKH 6& SDWWHUQV FDQ EH
WHFKQLTXH 7KHRLO SDLQWHG RQ WKH ZLQJLV IOXRUHVFHQW DQG DFFXP X



7TXEHUFOHG ZLQJ

JLIXUH 6 FKHPDWLFV RIITORZ SDWWHUQV RQ WXEHUFOHG ZLQJV DW D SUH \
> @

JLIXUH (YROXWLRQ RI VWUHDPZLVH YRUWLFLW\DW GLIIHUHQW FURVYV SOI
3pUH] 7TRUUY DQG .L@ >



7TXEHUFOHG ZLQJ

JLIXUH 6OLFHV FRORUHG E\WLPH DYHUDJHG VWUHDPZLVH YRUWLFLW\ LP

JLIXUH (YROXWLRQ RIWXUEXOHQW NLQHWLF HQHUJ\DW GLIIHUHQW FUR
FUHGLW 3pUH] 7RUUY D@G .LP >
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