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7LWOH SDJH

$QDO\WLV RI 7TKUHH 'LPHQVLRQDO WORWDUHGCRG WXMH. GHHI QVHKRHN RLU
9DOYH

6KXDQJ /XERUQ LQ LV FXUUHQWMPKRR GKR IF DIFEKIGMVED @ \WQ JLQH HQ DIH UHFEGILM H @
KLV EDFKHORWKIMVKDG® 8QRFHUYLW\ &KVQMHVHDUFK LQWHUHVW\RPSRQXQ@MWWYOHFW
7HO ( PDLOWRQJIML HGX FQ

<DR %DR ERQQ LQ LV FXUURAR@JOMLDS §U R HHUMA RUH B8 IYRIDS KLV GBLVEBIEDHHQ LYRP V
-D SDIQ +LV UHVHDUFK LQWHUHVW YV LW A® X03HG HRR-PEBRQRI BWGW D XOLF VHUYR V\
7HO (\RDQOWRQJIML HGX FQ

-LD <DQJ <&PWQ LQ LV FXUUHDR@NL QIQOHEKEDGHIRY DMVD QG +\GUD X LG QIWQRBU L
.H\ /DERUDWRU\ Rl 6FLHQFH DQG 7HMKLKORJIS WY BHAURWEIHBWWRRAF &KLQD
( PDIMLD\DQJ\XDQ # FRP

KHQJ 5RQJIERWRQ LQ LV FXUUHQWDQ B LWH VH-DAKAKWIBHRO@LREZ DI/ +\ G U D XHDIGFG(Q JL Q
$YLDWLRQ .H\ /DERUDWRU\ RI 6 FLHBFW DRFG FKBRQRD® B\ RWY HMH URWBIJUDWLRQ &KL
( PDUGRVU# FRP

&RUUHVSRQGOD®BEXXQWKMRXU/L O( PDL®WRQJIJML HGX FQ
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$QDO\VLV Rl WKUHH GLPHQVLRQDO HORE WIKHHO G HU Q W E
VHUYR YDOYH

6KXDQJ /X<JDR %DRI<IID<DQJtBKHRJI 5RQJ *XR

SHFHLYHG -XQH [] [ UHYLVHG )HEWRO U\ [[ [ [ DFFHSWHG 0D
< &KLQHVH OHFKDQLFDO (QJLQHHULQHBRERQHMWALBEOGBIBWLQJIJHU 9HUODJ %

$EVWUDFWIHQW WZR GLPHQVLRQDO IORZ ILHOG PRGHO KDV VRPH
GHIHFWV LQ GHVFULELQJ WKH SDORW VWOWIR GOREWIHRE® DQG vw
FKDUDFWHULVWLFV RI WKH GHIOXFNMVRWKH HW VHUYR YDOYH '-69 EHFD

WKUHH GLPHQVLRQDO ' MHW RIRWKH UORE |k J A CW-HL JQRUHIGG . 2RUOG ZDU VHL
RYHUFRPH WKH VKRUWFRPLQJV D REX\VQRF IHAKHPREHO G RSVERRE WUDQVPL)
DQG WKH HQHUJ\ WUDQVIHU EWRRERWG R QAN LYIKAR Y VAPV RREMWVAKH UHTXLWHPHQW
PRGHO WKH IORZ ILHOG LV GLXWLHEME W @WMBHRRH ORI PRIQW SHBHEWUR K\GIWD XOLF
IUHH MHW UHJLRQ PL[HG FROOLRQRIQGRPLIRR MIHBSADU\WHUN RWHMDOYH 1)69
SUHVVXUH UHFRYHU\ UHJLRQ (VSIOH®WHOD) YW KYBHEIY GLEHRYHRURU MWKHEX VHUYR
MHW LV DGRSWHG LQ WKH TURHGMMWUUBRHRE R\ WKR MIBWM W Y HOYH KDV EHHI
VWUXFWXUH RI WKH IORZ ILHOG DREUGWHG L\HH RN\ AIRBYE L R RHRYWY R FRRPWURO V-
SURSRVHG LQ SUHVVXUH UHFRYHU\ UHRIARQ WRHGHYE B IXEH \Wikd) GF RYSIPLQIKLIK |
UHODWLRQVKLS EHWZHHQ WKH SUHVVXYHpRHWIKHSRHAR BYYAR JURRK® 1R ERiUVIHRUBY 1Y KD ¢
MHW IORZ ZKLFK KDV QHYHU EHHQ F&QUYIRYPB @ FiH MYE H U KHaY WHRMHF W & Y HUIRC
FKDUDFWHULVWLFV Rl WKH SLORW Mg Ho RYXAMERY Y FYBPREURWRRYU DVSHF
FKDUDFWHULVWLFV SUHVVXUH NRADLUFYRHYL E\WIHRY PREH O R & WKEBIDF®W HPR R QJ W K
REWDLQHG DQG WKH UHODWLRQVKLSU &BWZHHHRWHOW ISRY LW L BE@EH@HNW R L U WY
FRHIILFLHQWYV DQG WKH NH\ VW WXFWXH RS HA WDHPIHWH Y X R4 WKH\VELORM vw U XFV
DQDO\HG 7KH UHVXOWV VKRZ WKDIWKBFWLQ LYW U BWEX V100 XYL BHVRAWHFWLRQ P
DITHFW WKH SUHVVXUH JDLQ LQPEKGH W IPHR $WMIC RV WH A ERLQWBKR -6 D QG J
ZLGWK Rl JXLGH JURRYH RXWOHW 7KK \MKH ZZEW K R W Ot FHPEKRH SLORW VWDJ
WKLFNQHVV RI MHW SDQ KDV RRH @RX WPKIP QL gF PQW L@ KAKHRFHUJI\ WUDQVIHU ¢
7KH IORZ ILHOG VWUXFWXUH D@ WHIUH WABVE W XK UDF WHIY QY WERY POH[ WKHUE
UHVSHFWLYHO\ E\ ILQLWH HOHPHQWORQRRPYWEYs &R OO G VHKITINHPHRWILHG RXW
UHVXOWV DQG WKH UHVXOW WP VW REDDOKDREWHH VPRI Vak RERAVEKIHFH >FD®FX0D
KDV JRRG UHOLDELOLW\ ZKLFK LARBNQRBFILEEPHERRXP SISO\ DQG ®Vd HRGR Q HE KRD W
PHFKDQLVP RI WKH SLORW VWD $BD SDRNWEH Wk E RIVAW WADFK EPN VU DRIFK DEIQLHY HF
RSWLPL]DWLRQ HW DO EXLOW D VLPSOLILHG PRGHO
.H\ZRUGWIOHFWRU MHW VHUYR YDOYHKKiD3bERWY YIWONHFIEDKHGE RQ %HUQRXO
GLPHQVLRQDO MHW ¥ -HW H[SDQ¥VRRQLBHHE®WWMLK AP 2 REWMHWKHVEED RW WWED JH V)
LQWHJUDWLRQ <DQ HW DO HVWDEOLVKHG D WZR GLPH
<DR %DR <LQ
\ \LQ#WRQJML HGX FQ 1DQMLQJ OHFKDWURQLF DQG +\GUDXOH F (QJL
$YLDWLRQ .H\ /DERUDWRU\ RI 6FLHQFH DQG

6FKRRO RI OHFKDQLFDO (QJLQHHKDQJ 7RQJULHFWYRIRNEKD QEKDQJI6\VWHP ,QW HJIGMIDRQ 1
&KLQD
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LQWHUQDO IORZ ILHOG RI SLORGA DWDIAS\BRREQR E WKIHQ G SBKB IJVWHODWL
VWDWH IOXLG IRUFH E\ WKH PRPHQRKDR BBWG FILYOH PHWKRE& DYG SQEN VXU
GLIIHUHQWLDO SUHVVXUH PHWKR G GEDOHE VRRUWKLH SOPXE B WOIW GV \RFEEUMDLH
GDWD % . 6DKD DQG /L UHVHDUFBEG WKKHLGDOYXMDAMHLRQPDLQ VWUXFW X
SKHQRPHQD LQVLGH WKH SLORW VWDU® W&GRNXORZHIBHY LIPHQWDO\|ARZ 7KL
YLVXDOL]DWLRQ DQG QX R\ FID\D WIDFGFKRHAWL 0 BVQ FEPW LY IRU RSWLPL]LQJ
FORXG OLNH FDYLWDWLRQ RU EXE¥EWBJIMKRICWGKB®J-6Y REVHUYHG DQG
LGHQWLILHG WKH VLJQLILFD@W .ORFDWLRQV RI FDYLWDWLRQ

6DQJLDK DQGGKHYHBORSHG WKH GHIOHFWRIUNLHUNY B YDQOFHSOH RI WKH '-¢
GULYHQ E\ WKH ELPRUSK UHFWDQJXODU DFWXDWRU DQG WKH JLDQW

PDJQHWRVWULFWLYH *DFWXQ® ROQ NGV EBHEFWLYRRYV WKH VWUXFWXUH DQG
WKH VWDWLF DQG G\QDPLF FEOYBFWY U UWELE ¥ R WKGRWH VW 'H WBRQO\ I
WKH UHVHDUFK WRSLF RI WKH "-6FRWKID 886WAVQH RE W KcHH IDHFURAH ZK L F
VWDJH KDV EHFRPH D KRW UHVHBRP@RRKR U VXD WX ULHE R RYR OHRYWW 7K H U H
5HODWHG PRGHOLQJ PHWKRGYV FDQuikh RAHHQAF VRV W klHH G HUQ W8 YW 7 H H
IROORZLQJ FDWHJRULHYV SODWHV IRUPV WKH SLORW VWDBJIBTV IC

7KH ILUVW W\SH DLPV DW WKH SLORM Y MPHH FERWH B X6 v ¥ B REN WO H\
LV FLUFOH PRGHOLQJ WKH SUHVVWXH | BOMHW bt IRUAWMAGIYWE BYHGFR QH !
D[LVIPPHWULF MHW WKHRU\ DQGFphhYERRXPQls VR WKHRWRURUFKDPEHU
PRPHQWXP WKHRKHHPHFRQG DQG WKH/G& WAwH YRV PWNG WZR UHFHLYLQJ F
WKH SLORW VWDJH ZKRVH JXLGH gHIRR YH dVY RIHE WP QDB Y DEWH  :KHC
VHFRQG PHWKRG LJQRUHV WKH HQ N @FUP BIv WKH BWAERIQHYTW RVRVER Y H
MHW SDQ RQ W&EB FRRA/ LIGHIUS/ WKH JORR YO &HSQAPBAHH MWNAWWzZHOO DQG PDNHV
PRGHOLQJ DQG DQDO\VLV DUH FDYWIFHE YRYW ERYPEHBR S8PRYVMVWHQW

WKHRU\ DQG SDUDPHWHUKHRW KW HB BN KRG\ MKV VXUHY DQG GULYHV WKF
UHFWDQJXODU MHW LV UHJDUGHBG DV D SODQH MHW ZLWK D FHUWDL

WKLFNQHVV ZKLFK LV HTXDO WRQN}
WKLV EDVLV ~ WKH SUHVVXUH Ft
FKDUDFWHULVWLFV DUH PRGHOHG |  moor
WKH WKLUG GLPHQYLRQQLW IDORAR R (
REMHFWV VLQFH W\SLFDO MHWLQR] Firststage
FKDPEHU RI WKH SLORW VWDJH D :
FDOFXODWLRQ PHWKRG EDVHGDREDB

IRU PRVW '-69 DQG KDV QR JHQHUD Deflector

Jet-pan

SHUVSHFWLYH Rl PRGHOLQJ PHWKR Receiving _| K H
WKLUG PRGHOLQJ PHWKRGV IRU WKt ;’;ﬂcg;fjﬁ:; j E 4 DUH
LQ HVVHQFH UHVHDUFKHV RQ WHH umpers | U
GLPHQVLRQDO MHW VWUXFWXUH LQ gigeyave -1 3 2t S)RGHO
VWUXFWXUH )URP WKH UHVXOWYWVRRI o UL

VWXGLHVY RQO\ LQYROYHV WKH SUnvvAuUun FRUUUFWHULVWLEFYV IORZ
FKDUDFWHULVWLFV DQG IORZ |||RZJ#WWlHWMN@Eé#WE/Lv@Bb‘HR'W\N -69
DERXW SUHVVXUH IORZ FKDUDFOWRHZULVWLFV +RZHYHU SUHVV
FKDUDFWHULVWLFV LV D PXFK LIORWH QPSVMB\WB&\MVHFMLPIB%HQ R1 WKF
VWDJH ZKLFK FDQ UHIOHFW WKFHHVWDWLF DQG G\QDPLF SHUIRUPDQ
DQG LWV UHVHDUFK YDOXH LV PRUH PHIPUWUWRQ RI SLORW VWDJIHfV IOR
$LPLQJ DW WKH GHIHFWV RI WKH EXBUBHW WRXBYH PWFQWDUHUZXQGHU
PRGHO EDVHG RQ WKH WKHRU\ RISWREHMVGRP MMFH. ROOBWYXWYEXE HMQNE 1D
MHW DQG WKH PRPHQWXP FRQVHUYWYWIRGOVWRRRUHIPO® LYRELMUHEAER LQW
PRGHO RI WKH SLORW VWDJH ZKIIF® LI Pl UHZIKG FOL O H H IDW KI RVOKHR B M w
VWDWH RI IORZ ILHOG LV HVWDEOLVHXHY/VVKURMEN UHDBVR@DWEH UHJIL
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UHJLRQ EHIRUH VHFWLRQ , & WIKOLVL G HUV. RRR QO M U®/ HRBU RAR DKK 1B VSHHG
VSHHG MHW DQG IORZV RXW RI WXHORFAMVNYQ R]]OWK Hc WILHW QQ E)\] WKE&FDIQ E H
SUHVVXUH GLIIHUHQFH EHWZHHQ RI®DWARRO\LSQURYVVIU MW KH) EKRDOW R V
UHWXUQ SUHVVXUH HQHUJ\ DQG LQIORZ YHORFLW\ BHFDXV
JUHH MHW UHJLRQ WKH UHJLRRX FERIU WX\WM HWHW/K Q R ] YOKIH WRH W KQ-R 1] O H
FRQWDFW ZLWK WKH ZDOO VXUIDFH WKH UHJERG EN ]ZI-M-|Q VHFWLRQ
DQG VHFWLRQ ,Q WKLV UBIHGRQ WKH MHW LVJXQUHVWUD

IUHHO\ H[SDQGV DQG FRQVWDQWO\zRIHGY HIHWK W WRARKLE Is IHSNYUH D\
UHVXOWLQJ LQ WKH H[SDQVLRQ RI Wit MHW JAR&AUDQ 8 KHVWIXQHWLF HQHU.
OL[HG FROOLVLRQ UHJLRQ WKHpEiRRQ I\RRP i AV | bR MR K HR U

ZDOO WR WKH RXWOHW RI WKEHIG&kZIPVREN HL W KL WkdHR R F¥\ oR vV F
VHFWLRQ DQG VHFWLRQ ¥YQ WKLV UHJLRQ 10XL&§ FROOLGH

ZLWK WKH ZDOO RI WKH GHIOHFWRU DQG FDXJ(/H)(/DH/(}HQg\ ORVV

6HFRQGDU\ MHW UHJLRQ WKH B R\ URREW & HoRRAMW Qe B Iy ML R G
JXLGH JURRYH WR WKH SODQH RI WG ¢4 bidhgy ER ¥ IFKARFIW rRWVEHVLVWD
UHJLRQ EHWZHHQ VHFWLRKH 10RDGIRANLRE | v FDOFXODWHG DFFRUGLQ.
IURP WKH RXWOHW RI WKH JXLGH JBRRYH5RQG WKHOsHISRIEGY 'bKBR N U

DIDLGH WR WKH GLITHUHQFH EHWZHHG WKH I REWS HW FR LM KHL & AIK®! E
JURRYH DQG WKH MHW QR]JOH WK@OMﬁXVMb@aéU@WO\HKLV UHJLRQ LV
GLIIHUHQW IURP WKH IUHH MHW UHJL W YL

3UHVVXUH UHFRYHUXKJ—I—LDPHH\QHVWHIGD\MH—HUL/R5Q‘|—P 5
WKH UHFHLYLQJ FKDPEHUV DQG IORZV RXW RI WKH UHFHLYLQJ

FKDPEHUV UHJLRQ DIWHU VHFWLREKHUBE WK G\RPELEQ \gwwwwmm,
UHFHLYLQJ FKDPEHUV IOXLG GULYﬁh/GW%HD\Q&LéHL\JMWYR'WIﬂRMW%\@B]]OI

PDLQWDLQV SUHVVXUH LQ WKH UHFW Bk WKDpH HYy DWW ORRIKWD YV v D
5H\QROGV QXPEHU LV IDU KLJKHH WKDQ
_ MHWZKLFK LV D IXOO\ GHYHORSHG WXU
Ps pressure jet region
HQHUJ\ ORVV FRHIILFLHQW LV LQ IRUP
$FFRUGLQJ WR WKH DERYH PRGHO W

FDQ EH REWDLQHG

free jet|region

JUHH MHW UHJLRQ

7KH MHW IURP WKH QR]]JOH LQWR WKH
VDPH IOXLG LV FDOOHG |UHH MMHWF K$W ||
IRFXV RQ D[LV\PPHWULF IUHH MHW DQG
DVSHFW UDWLR RI WKH MHWOG RB]MDKIUIH\H
GLPHQVLRQDO MHW ZKLFK FDQ EH GL)Y
7KH\ DUH SRWHQWLDO FRUH UBURRQ Ft
DQOSLV\PPHWULF W\SH GHFD\ UHJLRQ

LIXUH)ORZ ILHOG SDUWLWLR GLDJUDP
) ) Q 6LQFH WKH GLVWDQFH IURP WKH MHW

$FFRUGLQJ WR WKH DERYH SDU RV é"WWh%'Wﬁ'UVWﬁ" UHJLRQ
FKDUDFWHULVWLFV RI WKH UHlJleRgf*%Eﬁ PO KREBW L ED & 2R P \E‘V RQH
vk R Y bW\ HFRQV

mixturg collision region

va(x.y)/ | ——————— secondary jet region
B /

1’4(}{,_}') Pressurc recovery region

Pr

ILHOG RI HDFK UHJLRQ ZDV HVWDK I|__| F8 L%\ UD II-_l| \0(/§¢|1|-|YO§V(\)/ H v
HQWLUH SLORW VWDJHfV IORZ ILHCS;C?%RE\%hHO\OV QLRDI\—NI-‘< W K'H

GLVSODFHPHQW LV JHQHUDOO\ YHlS:‘\
IRU WKH SLORW VWDJHYV IORZ IL
GLVSODFHPHQW

}Q’EH"&,'E% t % %VDUD'

v YHOF

WLYH PDWKHPDWLFDO H[SUHVVLR
UFXODU MHW WKH YHORFLWEKH@WUL

3UHVVXUH MHW UHJLRQ WHQVLYHO\ VWXGLHG DQG WRKUH DU

F
H
,Q WKLV UHJLRQ WKH KLJK SUHV(F\;/FE(\?J dﬂNHEﬁV@P&f%@&QU?\L\QWWWLR‘

LEXWLCRQ PR DQG FRVLQH IX
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IDFLOLWDWH FDOFXODWLRQ DQG VROXWL)?QWDVQKB FRWODLQH IXQFWLRQ
YHORFLW\ GLVWULEXWLRQ RI FLUFXODU MHW LV X\viiee WR VLPXODWH WKU'

GLPHQVLRQDO MHW DV VKRZQ LQ_)}LIXUH  7KH IORZ YWDWH LV o )
VLPSOLILHG DQG DVVXPHG DV IRO HV WKH KDOI DQJOH RI WKGEILY VKD S

Q IUHH MHW UHJLRQ WK ZMRYHIRVKET VR BYY BH W RGGERY PEVPWRRY 1U
GLUHFWLRQ LV UHFWDQJXODU szgcgﬁ/\]/WWM%H FWR LRGN RGN R I XL

GLUHFWLRQ FD® EH LJQRUHG
7KH YHORFLW\ LQ WKH FRQVWDQW YHORFLW\ UHJLRQ LV HTXDO WR

WKH MHW QR]JJOH YHORFLW\ WWXKHDHOR Q WKH
OD\HU FRQIRUPV WR WKH FRVL®H IXQF obz 7
VKHDU OD\HU ERXRGDUNPWIRRXY MVKHT X

FLUFXODU MHW ERXQGDU\ ZDVDK WHKH Z

GLDPHWHU WKH VKHDU O\DGH U HEFRRXIORID

HTXDO WR WKH FLUFXODU MHWJKRWX QG OH KHL

EDV WKH GLDPHWHU
$FFRUGLQJ WR WKH DERYH DVVXPSWL
7KH LQQHU DQG RXWHU ERXQGDULHYV
GLUHBWL.@RDUH

G D I

G D /
7KH LOQQHU DQG RXWHU ERXQGDULHYV
GLUHBWDL@GRDUH

G E / b
G E /
,Q WKH VKHDU OD\HU WKH YH®RF L\ peflector [ 1" | VK
OD\HW2 LV wall B — _
:—ﬁ + : : —Potential core
- R& [ s N L4 /
= v? & I
© | | % N
o - ,‘4‘#7,*,, i
v o€ IM | DG o | e [
T 11 1
o 5 al |\ g/ N D({; 1 nozzle i — Tl
—Y FP\C‘?} - s l2dal |
o °® G G ¢ 1 P —L*Shcar layer
o ¢ 2da_7 i
e N o
N & €
G G JLIXUH6FKHPDWLF GLDJUDP RI WKH IUHH MH
ZKHUHVY WKH OHQJWK Rl WKH IUHH MHW | FH IURP
VHFWLRQ WR WKH VHFWLRQ@ DQ&V V =7
VWUXFWXUH SDUDPHWHUV KDYH WK N ;“\ “JLF

UHODWLRQVKLS —‘\ /AR R /7
T il \
I 1 LFR i 1 2

ZKHUHV WKH OHQJWK RI WKH IUHH MH\ “
JHUR SRVLWLRQ DQG WKHUH LV

G B, ' G,
WD Q —m

LV DW

6R ,
JLIXUH6WUXFWXUDO SDUDPHWHUV RI WKH M
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ERG\ ZKLFK LV VKRZQ LQ )LJXUH ,

OL[HG FROOLVLRQ UHJLRQ GLUHFWLRQ NQRZQ E\ WKH ODXPRI FRQ

,Q WKLV UHJLRQ WKH MHW 10RZWRH FREPHOQUPAR EE | BH USROETHY BHHONZHHUIHLQD .
JURRWHH FROOLVLRQ EHWZHHQ I@HKEYLIORAIVRR GROMHURSLERIG\ LV HTXDC

JURRYH UHVXOWV LQ PRPHQWXP D Q¥ HHROEOIORWRG B HWYHWBQW KR WOKH. G I
GHVWUXFW LR@QHRMMMKH WXUH LQ WHKHFHOKWILRQ 7KH

FRQVWDQW YHORFLW\ UHJLRQ RV MHW QR ORQJH.U H[LVWV )RU WK

UHJLRQ WKH YHORFLW\ GLVWULGE IHR% E L%S LY wk
JURRYH LV FRQFHUQHG 7KHUHIR G\xl %%I:E 95 E\ LQ
DVVXPSWLRQV LQ WKLV UHJLRQ 1-Q b2l

JLIXUH FRQWUROJ BQG\DUH W K H PRPHQWXP OR
FROOLVLRQ EHWZHHQ WKH IOXLG DQG
UHVSHFWLYHO\

$V VKRZQ LQ )LIXUH WULDQJOH ]RG
UHVSHFWLYHO\ WDNHQ DV WKH BRQWUR
ERG\ IRU H[DPSOH DIWHU WKH MHW HQ'
VHFWLRQ LW IORZV GRUBFIQRQJRW
GHIOHFWRU ZDOO DQG [W®&HUHXHF®R RIQNN\DE
JHUR 7KH PRPHQWXP WKHREW PR LW KMV

) - VU

ZKHUKWY WKH PRPHQWXP HQWHUYLQJ WKF
LV WKH IORZ IRUFH JHQHUDWHG E\ WKH
JXLGH JURRYH

- 3wy [\

ZKHYHLY WKH SURMHFWHG DUHD RI WK!
)LIXUHBFKHPDWLF GLDJUDP RI PL[HG MHMMJ@HILRQ
7KHUHIRUH LW FDQ EH REWDLQHG WK

7KH RXWHU ERXQGD G\L R H@W MRIIHMWE DOV LRQ E\ WKH FROOLVLRQ LV
FRQIRUPV WR WKH OLQHDU H[SDQVLRQ ODZ RhWiH Nal¥y EXW WKH LQQHU

ERXQGDU\ GRHVQ W H[LVW EHFDXVH WKH FRQVWDQWS$YHORFLW\ UHJLRQ

GLVDSSHDUYV 6LPLODUO\ LW FDQ EH REWDLQHG WKI
7KH YHORFLW\ GLVWGLBKWWRREODD®ROWKHRHE\ WKH FROOLVLRQ LQ WKH

RXWOHW RI WKH JXLGH JURRYH VDWLV,HY "W PZ/B‘QLMQH[\IXQFWLRQ

GLVWULEXWLRQ DQG WKH YHO[RF \ VWULEXW. J K

G LUHFWLRO LV FROVLVWHOW i%fu&‘v Rh éup%Mﬁ?FvR}ﬁéQDuMVD R Wk
,JORUH WKH YHORFLW\ LQ WKHS L\<LJ E< WO

%DVHG RQ DERYH DVVXPSWLRQV ._Iw/ L{_FIXE% 5 R .
WKH MHW DW WKH RXWOHW RI WK G%{NEULE];;J [E ?Q & Rk

IROORZYV

WKURXJK HTXDWLRQ

Y [\—V‘§ FR%L\SA LT
© Gy ’ \ ,:___,9_77 /
a G o B Ay
Gy « E % //x ,:,\
= Ya 2 FL‘
ZKHYHYVY WKH PD[LPXP YHORFLW\ DW }"‘ : y
JURRYH ZKLFK FDQ EH REWDLQHG \,\
FRQVHUYDWLRQ WKHRUHP DV IROORZ :
7TDNH VHFWLRQ VHFWLRQ WLZR uGid FR HEWRYE 2ROV RRIVWKHHG MHW U

JXLGH JURRYH DQG WKH RXWHU ERXQGDU\ RI WKH MHW DV WKH FRQWURO
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BHFRQGDU\ MHW UHJLRQ ZKHUHW QGDUH IORZ UDWH LQWR WZR FKD

,Q WKH VHFRQGDU\ MHW UHJLRQ P/ WXKPH. (BJU W XIDRWK W IPHR GIHHOW. € R X QAEEHUN | | H
VWLOO FRQIRUPV WR WKH ODZ R OH BHIDYWL Q1] FIKOWPIERQ BRQ WHKRIZIQHBQ IOR Z

JLIXUH WKH LQQHU DQG[ BXWHEMWAERXQY GLIU LHRMD ORKH SUHVVXUH LGOVR/KH
DQGuDQG WKH RXWHU BRXOGDPRIRY ORIGFW WKH VWDWH Rl WKH MAKWH@RZ

VKHDU OD\HU FDQ EH REWDLQHG DWHKROSREWY XUH LV KLIKHU WKHVBHQJW
a © G o IORZ LQWR WKH UHFHLYLQJ FKDPEHU

Gy « DO é SUHVVXUH LV ORZHU WKH OHQJWK RI W

A ! LV ODUJHU 7KH MHW IORZ DQG WKH S|

a ' (o]
G, « D, G % PXWXDOO\ FRXSOHG ,Q RUGHU WR VLPES
- Ya UDWH LQWR WKH FKDPEHU LV GLYLGHG
G, E / IORZ UHFHLYHG T W Qe WHHWRW&®HU SDU)

7KH YHORFLW\ GLVWULEXWLRQ RIMRVEWA RRQAHRW, 0§ WaKo o RYHFWLRQ EHF
MHW H[SDQVLRQ

o e s
Y [\ ‘(’@[l Q)U [ [| G‘Ju
T e NE G
‘® Gy Gpy
g_[l Gbu [ [I GRUI[, Gy [ [,

JLIXUH6FKHPDWLF GLDJUDP RI MHW HQWUDL

6WXG\ KDV VKRZQ WKDW WKH HQWUDL
WKUHH SDUDPHWHUY QDPHO\ RWKIHV MH\
DW JHUR SRVLWLRQ WKH MHW IB®RZ DQC
UHFHLYLQJ FKDPEHU 6SHFLILEDOWKHWK
KLIJKHU WKH MHW IORZ DW VHFWLRQ
SUHVVXUH LV WKH KLJKHU WIkKkHDAEQ@WUD
TRDUH IORZ UDWH RXW RI WKHWKDUWPHE HU
%\ QXPHULFDO LQWHJUDWLRQ DQG %HU

=

T ot ¥ %3 oy
© /EI.$L
JLIXUH6FKHPDWLF GLDJUDP RI VHFRQGDU\ MHW UgJLRQ DQg
SUHVVXUH UHFRYHU\ UHJLRQ T, T, T, © 3 Y [

© S $ /UE$L
3UHVVXUH UHFRYHU\ UHJLRQ
$V VKRZQ LQ )LSIHMOHARKHU\ UHJLRQ RI WKHr &
SLORW VWDJH LV FRQQHFWHG WRKBRWK HQGV RI W
'-69 7KH KLIJK YHORFLW\ IOXLG UWRP WKH VHFRRQE§ \ MHW HQWH
WKH UHFHLYLQJ FKDPEHU RQHTSDUW LV FRQYHUWHG YQWR IORZ
SXVKLQJ WKH PRYHPHQW RI WKRZWQIKGHEMN B BB O UMK M RV KIHHUF B DWW IOUH V V X
RXW RI WKH UHFHLYLQJ FKDPEHU WBBHILY MOKIHFIKMD RIEKMU R Q\WUBYQRHBOW FR}
GLIIHUHQFH EHWZHHQ WKH LQWLQ@GIH D® 6 HRKRQALIGGH BH GV BN D HRHIWWDQW S

H YDOYH RI

FKDPEHU Rl WKH MHW SDBVVX$H ¥ RQMNDBW DUH
JRU WZR UHFHLYLQJ FKDPEHUV WKKKWHSHVOHFWRU LY. DWG BUR SR\HL WQ R3
T kO DUHD RI WKH V$zZP G& DRIEIHWKH RXWIORZ

T T 1 WKH WZR FKDPEHUV $FFRUGLQJ WR )LJ
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g g
$ G, [, H 6XSSO\ SGHYYXUH
$ G, I E 5HWXUQ SUBY¥N XUH
L U |
IORZ FRH&LFLHQW
$. /E ¢
2L0 GHQWL\
$. I E 9 2L0 G\QDPLF YRNRARVLW\

ZKHHHYW WKH ZLGWK/ RUMIWWKKIHZHIGGWK RI WKH WKURDW
Rl WKH UHFHLYLQJ FKDPEHU 6WDWLF FKRUDFRHHELORWFYWYWDJH

3UHVVXUH IORZ FKDUDFWHULVWLFV
3UHVVXUH IORZ FKDUDFWHULVWLFV U
¥ EHWZHHQ WKH ORDG SUHVVXUH GLIIH
i FKDPEHUV DQG WKH ORDG IORZ WKURXJ
N WKH GHIOHFWRU LV LQ GLIIHUHQW SR
LN FKDUDFWHULVWLFVY FXUYH FDQ UHIOHF\
- e 4 | ™ RI  WKH SLORW VWDJH EXW DOVR WK
N FKDUDFWHULVWLFVY DQG QR GRBGOIOR Z
Xrtdy VWDJH ZKLFK LV WKH PRVW LRSRIUWD QG
2 WKH SLORW VWDJH $FFRUGLQJ WR (TX
' UHODWLRQVKLS EHWZHHQ WKH RRDG IC
LQIORZ DQG RXWIORZ RI WKH UHFHLYLQ
JLIXUH6WUXFWXUH GLDJUDP RI UHFHLYLQJ DUHDT TR TR TL 1
!

— A

b
|

X~ dar

$FFRUGLQJ WR WKH DERYH PRGHO; WHH7BhQRWLROVK kS \EBY A G WR
WKH SUHVVXUH DQG WKH IORZ RV oY o W 4Ry ¥ S Hi i QY1 BBRLRD wias EHY
XQGHU GLITHUHQW GHIOHFWRU SR\(k M} RRY &Rty i FERHRHH D QG WK

PRGHOLQJ RI WKH IORZ ILHOG RI WKH SLORW VWDJE FRPSOHWHG
T
'LVFXVVLRQ RQ 7TKHRUHWLEDO ORGHO
ZKHGHYV WKH GLDPHWHU RI WKH WKLQ Z
$FFRUGLQJ WR IORZ ILHOG PRIG\HO)L\R/)I% WD\(/\%LR:Z}éKVB %Iﬁ/y LY X\Ht| IORZ
VXFK DV SUHVVXUH IORZ FKDBbIO—W LV\\é |_I|: Q{Q-I\FV Q'(EHWKDW
FKDUDFWHULVWLFV DQG IORZGFK/‘DP&I—gII—:| \</ F ,—,2;) DU UH
NH\ VWUXFWXUH SDUDPHWHUL/VI-WLI-H: W
DQDO\HG 7KH PDLQ VWUXFWX\U\/D[O) IQ HLYJQ H KH&LW% ORDG SU
LQYROYHG DQG WKH D|RUHPHQWLh(éFf-|ZG '?4% LLFU%IQ 5 (EH@/Q/ v Pripu
VKRZQ LQ 7DEOH VLWL LQFU IO\RI—ZVSUHV
VOLJKWO\ EXW WKH FKDQJH LV QRW RE
7DEOBWUXFWXUH SDUDPHWHUV Rl SLORV  ° e =00 min
a5 = — — = x~0.02mm
3DUDPHWHUV 9D|7_ oy — - — x~0.03mm
.LGWK Rl MBIRPQR]]OH B oM Ny e T %=0.04mm
7KLFNQHVV RRMMHW SDQ %
'LVWDQFH IURP MHW QR]JOHPWR UHFHLYLQJ %
7TKLFNQHVYV RI WKMH GHIOHFWRU gﬁ
:LGWK RI JXLGH BWPPPRYH RXWOHW f i
+DOI DQJOH RI JXLGH JURRYH g
/HQIJWK RI UHFHLYRRJ FKDPEHU s Lo T

:LGWK RI WKRAPZHGJH 0 5 4 6 8 10 12 14
/IRFDO ORVV BRHIILFLHQW

&DYLWDWLRQ ORVV FRHIILFLHQW
(QWUDLQPHQW FRHIILFLHQW JLIXUH 3UHVVXUH IORZ FKDUDFWHULVWLFV

B3UHVVXUHSFRMVWDQW GLIITIHUHQW SRVLWLRQV

Load pressure pr/MPa
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&XW RIl ORDG SUHVVXUH FKDUDFWBDUDWHWHUVY LQIOXHQFH RQ VWDW
,Q J)LIXUH ZKHQ WKH ORDG IORA GRIREWUWRR DQORBRB\IHRWEH GHIOHFW
SUHVVXUH DW WKLY SRLQW LV WKHLRXXRQFHRBQ@ AKH YHUR § RWLARHRYD FK
WZR FKDPEHUV 7KH FXW RIl ORBE® UDPUWPHHWWHEKWWH VX A KOBWF WW\KWHWALLNY W IKF R IQ M
PD[LPXP ORDG FDSDFLW\ WKDWDREHBQVEH $NEVK IS @ H Q@Y KW KS RO R W MHAMY 1IGQ Y W,
,W FDQ EH VHHQ IURP WKH )LJXUHIURPKMMWZQWRHK OMKW R. Q WKHIDWKHQRF INF®& B P ¥
WKH GHIOHFWRU SRVLWLRQ WKH GGHJIRBWYWFWRH RIL GWKKH RK L XHRS M A RZRIGHV R X
FKDPEHU LQFUHDVHYV PRUH REYWKXNROM ZHIEQ@HH WHKH ISNOIVY @ U @HRR | VIHXQ &HWIH
ORZ SUHVVXUH FKDPEHU GHFUHDVHIMNDQ&G WWHH) G WMR LEH 7IDEMH N 7 RBFK HV K H
SUHVVXUH GLIITHUHQFH EHWZHHQVWVWKKH WWUR SBHKIDFPHHVUNUVLY¥KDQJH IURP
DSSUR[LPDWHO\ OLQHDU ZLWK WKH @B I@GFDIFWRYBRVHLWLRQ
1R ORDG IORZ FKDUDFWHULVWLEKNHQ WKH DERYH SDUDPHWHUYV DUH F
,Q )LIXUH ZKHQ WKH ORDG SHHIMWXAJ) A KBHJBUFNDAMHW W RF\H BRD @D EW VK
ORDG IORZ DW WKLV SRLQW LVZRKHR QRGO RDKD WO RY KEHEHW DOHEBROHWEKH W1 GL|
FKDPEHUV 1R ORDG IORZ FDQ UMIOGHBYLWIKD QWUSRQMH UHID/R FMKHD R {JPWIH L
WKH SLORW VWDJH 7KH KLJKH UNWHKH IQORO OFRDDXG/ HOWR K H. % U WYKWXIWDH/ \WAHRJZ F KD |
UHVSRQVH VSHHG RI WKH SLORW WWRDWHKH WKSSH U LNQJKMW IRRQGEAQBBEAEDVH W
JLIXUH WKDW ZLWK WKH LQFUHDGQR R RCHI OB RW RDUNSWY HWL.IRRH QR.FOH 7 KH
IORZ LQFUHDVHV JUDGXDOO\ EXW KWKHD IPRRZH JFOELYQL RXM GRDMXHQFH RQ
GHFUHDVHYV KDUGO\ FKDQJHV WKH FXW RIlI ORDG SU
% — = 06 &RQWUDU\ WR WKH L @ CXHIIMHK RR | SLDHH
FKDPEHKDYH REYLRXV LQIOXHQFH RQ
SUHVVXUH ZKLOH WKH LQIOXHQFH RQ
,QFUHDVLQJ WKH ZLGWKDRDQ&LGHGNFRR)
WKH ZLGWK RIHWBEG@® BP8RHLQFUHDVH F
SUHVVXUH VLIJQLILFDQWO\ DVDNRHURNKH
ZLGWK RI ZLGWK RI JXLGH JURRIWDRMNKW
ILUVW DQG WKHQ GHFUHDVH DOWXM/KH
ZHGJH ZLOO PDNH LW GHFUHDVID QW VW
E e ,QFUHDVLQJ WKH GLVWDQFH IURHPUMHW
0 - 0 0.02 0.04 ' RU UHGXFLQJ WKH WKLERRQ®O® L @F UKD
Deflector displacement xp /mm WKH FXW RIl ORDG SUHVVXUH EXW GHFL
JOH RI_ JXKIGWH OU\RW‘OHH LQIOXH

JLIXUH 3UHVVXUH FKDUDFWHULVWLFV %a/ﬁv(ali ﬁKI%LHDfV'\_lRBlUVEY\{:L\ﬁM MI‘:'FV

SLORW VWDJH DW GLIITHUHQW SRVLWLR

04

—
<

wn

|
N

0.2

Pressure characteristic p/MPa
[}
Flow characteristic ¢/L-min”"

|
<

0.4

0.25 0.25
0.20 0.20
0.15 0.15

0.10

Load flow g/L-min”'
Load flow g /L-min™

0.05 0.05

0.00 ot —| 0.00

Load pressure pp/MPa Load pressure p /MPa

D 7KH ZLGWK Rl MHW QR]]OH E 7KHELGWK RI MHW QR]]C
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025 — 0.25
- 020 0.8L: ~ 020
E =
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2 015 o 015
e &
Z 010 Z 010
= =
2 &
Z 005 S 005
0.00 0.00
0 1 2 3 4 5 6 0 2 3 4 3
Load pressure p, /MPa Load pressure p;/MPa
F 7KH OHQJWK Rl UHFHLYLQJ FKIPEHKKWH ZLGWK RRIXLGH JURRYH R
025 025
B —a— (8 r
- 020 - — - — - 020
; Py — Aa— . |2 g
S 03 A o 015
& >
2 010 Z 010
= =
E =
5 005 5 005
0.00 — 0.00 '
v} I 2 3 4 5 4
Load pressure p/MPa Load pressure pi/MPa
H 7KH ZLGWK Rl WKH ZHGJH I 7KH WKLBNQHVV RI WKH GF
0.25 025 —
—a— 08D B —a— 0380
%, 0.20 N % 0.20|
E i —a— 12D ‘g i
2 0.13 < 0.15
3 i
Z 010 S E 010
&= =
Z ~ 2
5 005 B 5 005
a_
0.00 | 1 | 1 1> | 1 | 0.00 |
0 I 2 3 4 5 0 2 3 4
Load pressure pr/MPa Load pressure p, /MPa
J 7KH GLVWDQFH IURP MHW QR]]OH WR UHKFHIKHL QUGWBRFREHWHW QR]]OH

JLIXUH ,QIOXHQFH RI GLITHUHQW SDUDPHWHUWREG® SUBRWXUWOOHRZ FKDUDFWHULVW

,Q WKH VWDWLF FKDUDFWHULVWHEW\ CGHDW®&H | FXQG RV K DRXYIK ARPKRDULVI
SRVLWLRQ FKDUDFWHULVWLFV DUH Y HW\ VKPRERY WD QW XAKL F D L QB PXIGDIV L C
WKUHH YDOYH FRHIILFLHQWYV JOH QIURR YHHUR XSWMOH W L R BQFHY VX BR MHW Q|
N JHUR SRVLWINRQQGRDRDLSUHVVXAKDPEHW KFLBIQAW K RD GG W HERIFQBJ WKF
N JLIXUH D E DQG F UHVSHFW LRIHWOH PHLR Z QWIORKE@NERHAHZQ FIGHVIR DR GWMK IKIHZ F
SDUDPHWHUYV RQ WKH YDOYH B R/HI NRHHQMVD Y V\Q FRIBHFHDH) A R ISSOHRAY@IR W K H JH U |
FRPSDULVRQ RI WKH UHODWLYH LQUXIH BD LYD ULFRRXQ/] WK BIRF I G V& R |
SDUDPHWHUV RQ WKH YDOYH F ROHIQUMLK QW U HNFKH DIQEEL FJHEWEBRH WK H 2

FRRUGLQDWH DGRSWV WKK ®IORGH QWIDRMOWK M FRROVAV REYLRXV LQIOXHQFH 7
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RI WKH BHG FRUH OLQHDU WKH BWKLFNMAHVY BIMKL Mow enn

- g —e— ) —A&— () —w— D
~ i —— g, —W— g —€— L,

DQG KDOI DQJOH RIKDXHGELWMEHM HL (
SUHVVXUH JDLQ

$V VKRZQ LQ )LIXUH E ,QFUHI
QR]IDMWKH WKLFNQHEVWR HVE HY WD\ T,
QR]]JOH WR UHFHLE QGJURK®PRELHQW WKH"
WKH GHGEBPRWMARPSURYH WKH JHUR SRV
ZLGWK Rl JXLGHLDRRBYW KRIX WIOGHWWK R -
HKDYH QRQOLQHDU LQIOXHQFH RQ |

038

034

gy /m

0.30 I~

gain

z RI
JXLGH JURRYZH.RQRW®D®HW IORZ JDLQ L(& 026

WKHQ GHFUHDVH 5HGXFLQJ MEKGVERL i

LQFUHDVHY WKH IORZ JDLQ EXwW w ont—t——»~1 A1 1 1y
VDWXUDWHG ZKHQ WKH ZLGWK RW RN K e e Wl e

RI UHFHLYLQJ F@OPENW DQJOH RI J: DDy

KDYH VPDOOHU LQIOXHQFH RQ WKH IORZ JDLQ _,
7KH JHUR SRVLWLRQ IORZ SUHVVXUH FRHIILF
FDOFXODWHG E\ GLYLGLQJ WKHHHU| _
JHUR SRVLWLRQ SUHVVXUH JDLQ s\ '00[
,QFUHDVLQJ WKH OHQJIW/K RIKBIHFIHGW . 4,
WKH ZHGNKH WKLFNQHWEY VRK HV YWH LMFIIV - -
WKH GHECODKPBNVRHWGXFLQJ WKH GLVWDC(S 1207
UHFHLYLQJ MKDPBHKWH ZLGWK RI BXLG I
FDQ LPSURYH WKH IORZ6%QHYV XQUFH HF
WKH ZLGWK RD MHWMW QRPI$ORYH WKH
SUHVVXUH DQG QR ORDG IORZ DW WK I
FRHIILFLHQW LV EDVLFDOO\ XQFKDQ

R SRVLWLRQ IORZ JDLQ
LHOQW FDQ “EH

/K

S

a

m

10.0 —

K /10
T

8.0 —

6.0 —

JXLGH JURIRWKLWWOH LQIOXHQFH RC( 0.8 0.9 1.0 11 1.2
DQG QR ORDG IORZ VR LW KDV OLV DifDyo ORZ
SUHVVXUH FRHIILFLHQW WRR

%5

Pressure gain kp‘./I(]”Pa-m"

._
Ln

F =HUR SRVLWLRQ IORZ SUHVVXUH F

—— gy cile b e ) s )

—— - ay —»— ¢ —— L, JLIXUH 6WUXFWXUDO SDUDPHWHUVY LQIOXH

7KH SLORW VWDJH ZLWK EHWWHU VW
REWDLQHG WKURXJK UHDVR QEK®H LS\D U
LV ZRUWK QRWLQJ WKDW WKHFWWW KRAW
RWKHU SHUIRUPDQFH RI WKH SLORW \
LQFUHDVH RI ZLGWK RI MHW QRDI®H DQ
FDQ DOVR FDXVH WKH LQFUHDVRMRI WKFE
ORZ ZLGWK RI WKH ZHGJH ZLOO QRW
L o FKDUDFWHULVWLFV REYLRXVO\ EXW L\
s e 0 1 o ZHDU LQ@WIIBEWLRQ WKH GHIOHFWRU |
. WR SURFHVV WKDQ WKH MHW SDQ VR
RSWLPL]DWLRQ KDV WR WDNH WKH SHUI

D =HUR SRVLWLRQ SUHVVXUHQWYRQFRQVLGHUDWLRQ WDUJHWHG WR

1XPHULFDO 6WXG\ RI 3LORW 6\

7KH IORZ ILHOG RI WKH SLORWWMDJH
HOHPHQW VLPXODWLRQ 7KH VWQXFWXLU
7TDEOH 'LITHUHQW ORDGY DUHLWIHPXOD)
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ZLWK GLDPHWHUV RI PP PP DW WRPRDRBLOQWYR DQG % LQ WKMH\ILIXU
EHWZHHQ WKH WZR UHFHLYLQJ FKBBHMUXUH KR WXS5 WMZRUHKIYXBEHUY DQC
DQG UHWXUQ SUHVVXUH RI WKHQI® EHA WMAHHE DUKIHVWWRD SRLQWDY LV WDNHQ
03D UHVSHFWLYHO\ $YLDWLRQ INFHQORR/MHE HOIRVZ XACHG BDH RAEWADCRQLVMGPPH. VB LQ W H
PHGLANR WXUEXOHQFH PRGHO LV VWBRHRWHGWRMH RORXLHHNOG

PRGHO 7KH KH[DKHGUDO PHVK LV XVHG IRU PHVK JHQHUDWLRQ

7KH PRGHO ZLWK GHIOHFWRU GLVSOD velocity e 26

RULILFHV GLDPHWHU VHW DV  HRPWLV (1“’;;16

YHULILFDWLRQ 7KH YHULILFDWLRQ UJH ° OH
ZKHQ WKH QXPEHU RI QRGHV LQFUHDV[ | 00 .

WKH VLPXODWLRQ UHVXOWV RI ORDG Ny { . Z GRQTW
FKDQJH VLJIQLILFDQWO\ ZLWK WKH L¢| | o | - W RI
QRGHV ,Q RUGHU WR EDODQFKWARKQ V| | .. )~ =0
DFFXUDF\ WKH QXPEHU RI QRGHV LV || “° ~ P
VLPXODWLRQ JULG UHILQHPHQW LV D[ . Pon JLRQ R
MHW IORZ WKH PHVK JHQHUDWLRQ UH/[ |, H

7TDEOHULG QRGHV LQGHSHQGHQW YHULILFDI 2316

1XPEHU RI QRG$V¥3D T/ PLQ 0 I mm
D 9HORFLW\ FRQWRXU

pressure
(Pa)

2.099¢7
! 1.846¢7

1.593¢
1.340¢’
1.087¢’
8.345¢°
5.815¢"
3.285¢°

7.553¢°
I —1.775¢°
—4.304¢°

JLIXUH 6LPXODWLRQ UHVXOWYV RI SLORW VW
JLIXUH VKRZV WKH ILQLWH HO

UHVXOWY +HUHLQDIWHU UHIHUUHG WR I
IORZ FKDUDFWHULVWLFV RI WKH SLOI
AOPHHE/WIBUJ GLVSODFHPHQWYV &RPSDI
VXOWV KHUHLQDIWHU UHIHUURH®G WR
KUHH GLPHQVLRQDO IORZEILHHOG

I mm

E 3UHVVXUH FRQWRXU

thin-walled orifices

JLIXUH 7KH UHVXOW RI WKH SLORW VW@E|

G DW WKH PRGHO UHVXOW DQG
3 YW%&WEHR%% RM SUHV
ROl i e Exu
g AL B

JLIXUH D DQG E VKRZ WKH IO%%LJ
DQRG SUHVVXUH FRQWRXU REWBIX(Q)I%%<
WKDW WKH KLJK VSHHG MHW IBRX

W K H

BUHVVXUH IORZ FKDUDFWHULVY\H_*:g
REPV

GLVSHUVHVY DW WKH ZHGJH GXWW‘E%%"&)B

K
FKDPEHU IORZV LQWR WKH OHIW UHFHLYLQJ FKDPEHU



$QDO\WLV RI 7KUHH 'LPHQVLRQDO )ORWKHH'GIEO M. B H WAKH 6HIDRRVIOW B BIH R

g9 9

OLQHDULW\ EHWZHHQ WKH ORD&GIORZ D®B8FWKH ORDG SUHVVXUH

7K

IORZ SUHVVXUH FRHIILFLHQW LV EDVLFDOO\ WKH VDPH DV WKH PRGHO

UHVXOW

+RZHYHU ZKHQ WKH ORDG SUHVVXUH LQFUHDVHYV

IXUWKHU

WKH ORDG IORZ GURSY UDSLGO\GQUHVXOwLywJ LQ D VPDOOHU FXW RII ORD

SUHVVXUH WKDQ WKH PRGHO UHVXOW

A

JLIXUH 9HORFLW\ YHFWRU GLDJUDP RI VHFW

YHORFLW\
PV
JLIXUH 3UHVVXRKDIUDRFANHULVWLFV RI S' " RW VWQJH HPPSDUHG \
EHWZHHQ )($ UHVXOW DQG PRGHO UHVXOW, \|R_U I-R‘
7KUHH GLPHQVLRQDO MHW LQ iuvnifl MH HL o D [
YLIXUH LV WKH YHORFLW\ YHF\' ) GLDJUDHA T ' [VHFWLRQ
ZKHQ WKH GHIOHFWRU LV DW JRWWR KIRVILWLRQ W FNQ EH IRXQG \*'*'D
MHW H[SDQG V| IGQ LEERRAVKL R\QGHD QIEF WKRIQ| , Q ,
DGGLWLRQ WKH YHORFLW\ GLVWULeEXKWLRQ RI| fwnl[H VKHDU]OD\HU LV
DSSUR[LPDWH WR WKH FKDQJH WR{C | U-—FRVEQH I - FW-ERE—0 WKH
SODQH WKH YHORFLW\ LQ WKH PAGGOH'"'[ "B H IORZ ' " "ppLV VOLIKW

ORZHU ZKLOH WKH YHORFLW\ RHJ ERWK VLGHV DUHS$WHIVKOWO\ KLJIK

ZKLFK LV VLPLODU WR VDGGOH WKu o JXUWKHL - JH WKH YHORFL
GLVWULEXWLRQ LQ WKH VWUHDRE "' GLUHFWHE ™~ IDw VHFwWLREIRW!
GHIOHFWRU DW JHUR DQG PP LV FRPSDUHG |FPVHG RQ ) (4

UHVXOW DQG PRGHO UHVXOW DV VKRzQ LQ )LhxuhH LV Q~w
GLIILFXOW WR ILQG WKDW WKH RH o odf RI WKH Uvn JHORFLW\]OLC™ LQ W
IORZ ILHOG LV FORVH WR WKHRPKKE™ "|RI MU“' “Kw V'EQ_P. ZK
VLPLODU WR WKH VKDSH RI WKH UHFWDQJXODU IJVRYHORFLW\ ~LQH
SURSRVHG LQ WKLV SDSHU 7KH KLJKHU WKH YHORFELW\ LV WKH . QUH
REYLRXV WKH UHFWDQJOH IHDWDWh.' | WKH LVR]: [, JRFLW\ OLIQH

WKH RIIVHW RI WKH GHIOHFWRORFWN™{" UDQJH RI"t" 'y FRQVWDRhwW ..,
UHJLRQ H[SDQGV DQG WKH ZLGWX RI|WKH VKHDU QD\HU GHAUHD
7KHVH FKDUDFWHULVWLFY DUHQRRQN i 7~ — i1 "EXO

PRGHO SURSRVHG LQ WKLV SDSHU ZKLFI\['rr\\g|LUPV W diq uuWLRQDOLW\
ORGHO UHVXO

JLIXUH 9HORFLW\ GLVWGLENRW RRIOW RRJ

Rl WKH PRGHO LQ WKLV SDSHU

W FDQ EH IRXQG IURP )LJXUH

VWLOO IRUP HQWUDLQPHQW GXWHWR P

-HW HQWUDLQPHQW LQ SUHVVXUH U

WKDW

HOQOWHULQJ WKH UHFHLYLQJ FKDHPEMU $\
V\PPHWULFDO WKH ULJKW UHFKLYLQJ
HI[DPSOH IRU DQDO\VLV
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,Q JLIXUH D WKH GHIOHFWRU SRVWWHRIHEMLYLQRPFEKEQBEWKH 7KHUHIRUI
GLDPHWHU RI WKH GIDWPSLQIPRUQEGL FRPPOLQIJ UHODWLRQVKLS EHWRHEHQ UH
UHVSHFWLYHO\ WKH UHFRYHU\ SUMHY® XNRH JRIWWPKRH KU LDIAKRAX ULDHAF I LLYHL\QXIO W
FKDPEHU LV 03D DQG 03D UHNMSHXWDLWHOW KNV HOPWUDBH QP HRIW SOR Z L
IRXQG WKDW DOWKRXJK WKH GHIOHPBWRUY VIRWL W KRIQS UW FUD/MHH F DANOKERK QMDHWL |
OHQJWK LV DIIHFWHG E\ WKH UHGRYWHD\YHUNVWRASBO R] SWKRHEOHPHIZXLFK ZL(
FKDPEHU WKH LQFUHDVH RI SURYWXKH IWXEW WR WKH VKRUWHQLQJ
MHW OHQJWK DQG WKH UHGXFWLRQ RI HQWUDLQPHQW IORZ

JLIXUH E VKRZV WKH IORZ ILHOG (E&§H®Q LWKHHQ QHD@HBWRYILFDWLRQ
SRVLWLRQ LV PP DQG PP DQG WKH GLDPHWHU RI WKH

GDPSLQJ RRUIMMLFHPP $W WKLV WLP MVK&Lé)JﬁI\K/RVWLb\JH EXW RIIl ORDG Sl

SUHVVXUH RI WKH ULIKW URFHLY Qg SROPERGVEY) b 928 PREbu LG Rxw

03D UHVSHFWLYHO\ ,W FDQ EH IRXQ WlﬁQWH OV%K XY‘].'&WIKFEIQUF‘-F\R/YJE{?UDW

SUHVVXUH LV VPDOOHU ZKHQ WKM IQ Eéﬁ/ H h\é UR (8ﬁFW5RPHFKDQL

OHQIJWK LV VKRUWHU GXH WR HMHL gRH WNR&XQ%/\%UA'%\HBD%@WN WV RI

KROH DW WKH  VHFWLRQ 7KHUHIRPH WKk GT7 2RWE L ONI Wi | xp
R

UHFHLYLQJ FKDPEHU LV DQRWKHUW%PP%mL{JV%%\MHI W .LA Qh?lPNVUﬁV\)/y(%Q :
0

HQWUDLQPHQW IORZ UDWH VXSSO\ SHHVV 3B 3D DQG 03D UHV
JLIXUH  VKRZV WKH H[SHULPHQWDO S
ERDUG LV DWWDFKHG WR WKH DUPDWXL
RI WKH DUPDWXUH GLVSODFHPHQW 7KF
PHDVXUHG E\ WKH ODVHU GLVSODFHPHC
+  BHULHV ZKRVH PHDVXUHPHQW UHYV
DQG WKHQ WKH GHIOHFWRU GLVSODFHF
FDOFXODWLRQ 7KH UHFRYHU\ SUHVVX
SUHVVXUH JDXJH 'XH WR WKH LQHY
LOQVWDOODWLRQ RI WKH GH I OW PWWRLD HQ X
'KHQ WKH GHIOHFWRU GLVSODFHPHQW
SUHVVXUH LV QRW DQG WKH QXO0O EL
SUHVVXUH NQRZQ DV VXSSO\ SUHVVXU?#

D 9HORFLW\ FRQWRXU XQGHU GLIIBYIRQ\E QOAS LI BXHIQEMVRI QXO0O0 ELDV L
GHIOHEFWRU GLVSODFHPHQW E\ VXEWUTL
SOXV WKH QXOO ELDV YDOXH ZKLFK
GLVSODFHPHQW ZKHQ WKH FXW RII OF
PHDVXUHPHQW WKH QXOO ELDV YDOXH
03D DUH P P DQG P UHVSHF
(ISHULPHQWDO GDWD XQGHU GLIIHUHQ\
VKRZQ LQ 7DEOH
7TDEOBXW RIl ORDK&GSGHHWIXUHUIHQW RLO VXS

D &XW RIIl ORDG SUHVVXUH/H[BEHULPHQWDO
OHDVXUHG GHHIBDHWRRU GLV&SXOW P IORD G
GLVSODFHPHOMWWMU FRUUHBWHRQXPH 03D

E 9HORFLW\ FRQWRXU XQGHU GLIIHUHQW GHIOHFWRU SRVLWLRQV
JLIXUH -HW HQWUDLQPHQW LQ UHFHLYLQJ FKDPEHU

,Q DGGLWLRQ MHW HQWUDLQBHQW LV DOVR UHODWHG WR WKH MHW D
ZKHQ WKH GHIOHFWRU LV DWQIMH@RWSRVLWLRQ 7KH MHW HQWUDL
PDNHV WKH IORZ WKDW HQWHUV WKH UHEHLYLQJ EKDPEHU PRUH VR

LJIQRULQJ MHW HQWUDLQPHQW ALO Q4P & \WERB B UM WHARRSH Bdos YD o
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OHDVXUHG GHIHHIOHWRRU GLV&OW P DORW G
GLVSODFHPHOMWMU FRUUHBWHRQXPH 03D

F &XW RIIl ORDG SUHVVXUHSH[9BODLPHQWDO GDWD ZK3HKRWRJIUDSK RI MHW SDQ
OHDVXUHG GH'HDBHW®R R U GLV&X)WFFHPH)@\@@JXUH ([SHULPHQWDO VHWXS
GLVSODFHPHQMWWMU FRUUHBWHR®QXW®H 03D

JLIXUH VKRZV WKH FRPSDULWRQ Rl WKH PRGHO UHVXOWV ZLW
WKH H[SHULPHQWDO UHVXOWV IRU GLPHQVLRQOHVV FXW RIl ORDG
SUHVVXUH FKDUDFWHULVWLFV ,W FDQ EH IRXQG IURP H[SHULPHQWDO
GDWD WKDW ZKHQ WKH GHIOHFMVRU GLVSODFHPHQW LV VPDOO WK
GLPHQVLRQOHVYV SUHVVXUH XQGHU GLIIHUHQW RLO VXSSO\ SUHVVXUHYV
DUH FORVH WR HDFK RWKHU ZKLOH ZKHQ WKH GHIOHFWRU
GLVSODFHPHQW LV ODUJH WKHUHQFUHDVH RI RLO VXSSO\ SUHVVX
PDNHV WKH GLPHQVLRQOHY® \&HH VKGO KRN H GLDJUDP RI H[SHULPHQW
FDOFXODWLRQ DOVR VKRZV WK®WHKWKHUH LV OLWWOH GLIIHUHQFH
GLPHQVLRQOHVYV SUHVVXUH FKDUDFWHULVWLFV XQGHU GLIIHUHQW
VXSSO\ SUHVVXUHV 7KH PRGHO UHVXOWY DUH LQ JRRG DJUHHPHQW
ZLWK WKH H[SHULPHQWDO UHNEDWMW\ZKLFK LQGLFDWHY WKH UHOL
RI WKH PDWKHPDWLFDO PRGHO RI WKH SLORW VWDJH

JLIXUH 'LPHQVLRQDO FXW RIl ORDG SUHVVX

&RQFOXVLRQV

7KH WKUHH GLPHQVLRQDO IORZ OD

IORZ ILHOG RI WKH '-69 LV UHYHDOH(

UHODWLRQVKLS EHWZHHQ WKH BHWVV X

D 3LORW VWDJH SUHVVXUH FKD@&@\/M@M’?WW%@% LY IRXQG RXW $ QH
SLORW VWDJH RI WKH "-69 LV HHMWDEOL

PRGHO LV SURSRVHG LQ WKH IUHH MHW

PRGHO LV SURSRVHG LQ WKH SKHVVXU

ILUVW WLPH 7KH VWDWLF FKIDUORWHUIL

ILHOG PRGHO HVWDEOLVKHG LLQIHIGQE® L Q

)($3 WKH FRUUHFWQHVV RI WKH ' MH)
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H[SDQVLRQ PRGHO LV IXUWKHU YHU I® *HERP BQXKG NWKH U BIVRX DIMURPDW K B - - XP|
GLPHQVLRQOHVV FXW RIlI ORDGFRRIE VV¥HRCEKYRHDTE WAL VAW LE VDL W H@YSLSH H

V RI' WKH ,QVWLWXWBRQWRI, OHF
DJUHHPHQW ZLWK WKH H[SHULPHQWD%;Hg yglﬁ 6\VWHPV DQG &ROWURO (QJLQHHU

7KH SUHVVXUH IORZ FKDUDFWEYLVWIRY ¢ .SURY 68U iR mpmso Ul
FKDUDFWHULVWLFV DQG IORZ W&DHUDFRWWWWWLWRAMFR'RWMF&M@R*WSWMF Y,
XQGHU GLIIHUHQW GHIOHFWRU GLV SHRD FHRMEWNQDLOHHGHQULYHG 7KH

PDLQ VWUXFWXUDO SDUDPHWHUV W&XDW- BHXRRW ' WKH ORPHRLOR VR AHFRRP \VL
SUHVVXUH JDLQ LQFOXGH WKH OHQJIWKYRPAYERERBRVHGRXERBP BHU FPRKFDO (

ZLGWK RI JXLGH JURRYH RXWOHW DQG& WKH ZLGWIG, RI WKH ZHG I sEXMxcr g
WKH WKLFNQHVV RI WKH MHW BBQ KRVk QLYW G Hygr OvpdQFy RQ TH

SRVLWLRQ SUHVVXUH JDLQ 7KW KTDA@5VIVRU % F WDOWRD O+ $:D YR WW H ke mQE QX P
DIIHFW WKH JHUR SRVLWLRQ IORZ JD3L & AHPNAXPHQQWKH POREWKH®RI MHYWGH Pl
QR]]JOH DQG WKH WKLFNQHVV RI WKH&MLFP\WVQD%UWHR'ZQ_FGCWLFFPQX‘BGRHHUL'

JURRYH RXWOHW DQG WKH zLeWK RP Wk z fﬁQ@p:gEﬁD%Q,mQ@% DG R

LQIOXHQFH RQ JHUR FRVLWILERW O/RZ H WU R K\ G UWSDRFEBEDAVHRIVY R 1'OXQ & N
EHWWHU VWDWLF FKDUDFWHULVWLFV FDQ EH REWDLQHG WKURXJK
UHDVRQDEOH SDUDPHWHU RSWLPL]PWLRREXUUDQR $ 5 30XPPHU 3 ' 3DOMRD HW D
SLORW VWDJH DFWXDWHG E\ DQR2PHIR. HD® /G
IHFODUDWLRQ H[SHULPHQWQOXHDQIDHOAV LV
> ®$OILHAXODWLQJ GHYLFH LQFOXGL®J D GLV\
DFWLQJ NQBIIE HB®IMHWVQW

)XQGLQJ > @) OFIDGGHQ / -)UHIOMBIRWVWUHDP GBI®HFWRU
6XSSRUWHG E\ 1DWLRQDO 1DWXUD®DWROQWQFH )RXQGDWLRQ RI
&KLQD *UDQW 1R > @% <LQ 3 =KDQJ % &HQ 3UH VWD HHF \WWIRRJZ M HMW

VHUYR Y®KLYHHNVH -RXUQDO RI &RQVWUXFWLR
$YDLODELOLW\ RI GDWD DQG PDWHULDQV, LQKﬁ*;;?NHLVF*[')O b RGHOWK
7KH GDWDVHWYV VXSSRUWLQJ WHKKH FROBOXY bR &V Bily WL%M&B@@W&VFR@%W

LQFOXGHG ZLWKLQ WKH DUWLFOH 3K\VLFDO
> @/ 0D ORGHO DQG VLPXODWLRQ IRXODIGHIOHF
$XWKRUVY FRQWULEXWLRQV VHUYR®BO@YHVH +\GUDXOLFV 3QHXPDWLFV

7KH DXWKRUYJV FRQWULEXWLRQV DULI-P BY-PRVOR <DR %D

<
ZDV LQ FKDUJH RI WKH ZKROH WH LD DPQ%BPP@JG/MJ"E?&%W.O ZVW‘?&%;Q@HH\ULZ;'
PDQXVFULSW -LD <DQJ <XDQ DQG 6KHRIsARQ#UuVRRy BoMYL Y Wk@E pDwiIDRD®D PRGI

ZLWK ODERUDWRU\ DQDO\VHV H[SHULPHQWD&®KYRQOBNVEDWXRQDO RI $HURQDXW
RI R DXl Rl OHF

7KH DXWKRUV GHFODUH QR FRPSHngﬁQliﬁJ%@WLﬂomﬁ&WBﬁF@W
> @% <LQ 6/ /L ;:=KDQJ HW D BWGDPXQO D\NWIDR/
&RQVHQW IRU SXEOLFDWLRQ RI WKH ILUVW VWDJH LQ D GHIQHEWWRK MHW
1RW DSSOLFDEOH ,QWHUQDWLRQDO &RQIHUHQFH RQ )®XLG 3RZH

:XKDQ &KLQD $SULO
(WKLFV DSSURYDO DQG FRQVHQW TN@%’BUQNEQI]_SDSW?-IJ HW DO 5HVKREGFKRRQ W
ORZ IRUFH DW SLORW VWDJH RIGMRHQV VGKHOH |
1RW DSSOLFDEOH VLPXODWHG G-IRAFUUHDNOH RG DOWIBKDQLFDO (QJLQ
LQ &KLQHVH
> @® . 6DKD - + 3HQJ 6 - /L 1XPHUQKDBO WIQI® W LRHA

5HIHUHQFHV RI FDYLWDWLRQ SKHQRPHQD LQW.FRVHRW KNHH BIL |
> @ + ODVNUH\ : - 7KD\HU $ EULHI KLVWRUVHRYRHOIHERWURHKMEUDXOLF
VHUYRPHFKRRUQMW RI '\QDPLF 6\WWHP\V 0@OPXQUHPHKQW 5 3SOXPPHU & 5 %RZHQ DKW IDFO  $
&RQWURO DHURVSDFH VHUYRYDOYH 3DBWRFHGBIQIY RQ
> @ TDPEXUUDQR $ 5 30XPPHU ( 'LVWIVWR HWKblo. Qv W WXHWLRR HRAHOHFKDQLRD G\MWHRWHU
K\GUDXOLF VHUYRYDOYH UHYVHDVWHFKQ D\YGRPEFRVGHFOTREBRGWQRILQHHULQJ
RXUQDO RI JOXLG 3RZHU > @6 /L < & =KX + 7 :X HW DO 3DMBIRH®UWBHRS

VHUYRYDOYH GULYHQ E\ JLDQW S$FDMMHWRYV
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$HURQDXWLFD HW $VWURQDXWLFD 6LQILRD
&KLQHVH

> @< 6KHQJ 3 - =KDQJ 6 / 1LH (QHDWHORWNWRI QR]JOHV LQ Z
VAVW-HRKUQDO RI OHFKDQLFDO (QJLQHHULQJ
&KLQHVH

> 1@ DMD UDWQB®O H QOW MYHMAW

> 0 6IRU]D 0 + 6WHLJHU 1 7UHQWDRR\RQD O6WXGLHY RQ WKUHH GLPH
YLVFRXY, f$HMR/XUQD O

> @) ODUVWHUVY 6SDQZLVH YHORFIUWIF®&DQUXOBXWLRQV LQ MHWYV IUR
VORWAS -RXUQDO

> @% 6TXLUH 7URXQFHU - 5RXQG MHW® LQ D JHQHUDO VWUHDP 5HSRUWYV D
PHPRUDQGD QRURQDXWLFDO 5HVHRQBIR @RPPLWWHH

%LRJUDSKLFDO QRWHYV

6KXDQJ /XRUQ LQ LV FXUUHQBF®RBRBK' FDQGLGDWH DW

RI OHFKDQLFDO (QJLQHHULQJ ¥RQHHAHB@HGHUVLW\ &KLQD

KLV EDFKHORWKGGOVKBE BORFHUQYLW\ &KVQD

UHVHDUFK LQWHUHVWYV LQFOXGH HOHFWUR K\GUDXOLF VHUYR FRPSRQHQWYV
7HO ( PDLOWRQJIML HGX FQ

<DR %DR ERQQ LQ LV FXUUHTQRMAMD SURIHVVRU DW
8QLYHUVLWWH&KHFBLYHG KLV 3&DL®HPALHH IURP

8QLYHUVWL\Q -DSD®LY UHVHDUFK LQWHUHVWVY LQFOXGH HOHFWUR
K\GUDXOLF VHUYR V\VWHP DQG FRPSRQHQWYV

7HO (\RDQOWRQJIML HGX FQ

-LD <DQJ <XPWQQ LQ LV FXUUHQWIRL®R HQJLQHHU DW
OHFKDWURQLF DQG +\GUDXOLF (QDOQ@®HHULQJ 5HVHDUFK &HQWUH
$YLDWLRQ .H\ /DERUDWRU\ Rl 6FLHQFH DQG 7HFKQRORJ\ RQ $HUR
(OHFWURPHFKDQLFDO 6\WWHP ,QWHJUDWLRQ &KLQD

( PDIMLD\DQJ\XDQ # FRP

6KHQJ 5RQJIERRQ LQ LV FXUUHQWO\ D UHVHDUFK IHOORZ DW
1DQMLQJ OHFKDWURQLF DQG +\GUDXOLF (QJLQHHULQJ 5HVHDUFK &HQWUH
DQGYLDWLRQ .H\ /DERUDWRU\ Rl 6FLHQFH DQG 7HFKQRORJ\ RQ $HUR
(OHFWURPHFKDQLFDO 6\WWHP ,QWHJUDWLRQ &KLQD

( PDUGRVU# FRP



Figurey V I W

Figure Y V |

; SVOMRK TVMRGMTPI SJ XLI (.7:



Figure 2 V|

*PS[ |IPH TEVXMXMSR HMEKVEQ



Figure 8 V |

7TGLIQEXMG HMEKVEQ SJ XLI JVII NIX VIKMSR



Figure ¥ \V |

ITXVYGXYVEP TEVEQIXIVW SJ XILI NIX ERH XLI TMPSX WXEK



Figure 8 V|

7TGLIQEXMG HMEKVEQ SJ QM\IH NIX VIKMSR



Figure ' V |

7TGLIQEXMG HMEKVEQ SJ QM\IH NIX VIKMSR



Figurey V|

7TGLIQEXMG HMEKVEQ SJ WIGSRHEV] WIKXSZIKV YRKEIBR TVIWW



Figure 8 \V |

7TGLIQEXMG HMEKVEQ SJ NIX IRXVEMRQIRX



Figure g V |

7TXVYGXYVI HMEKVEQ SJ VIGIMZMRK EVIE



Figure YO |

A4VIWWYVI 8S[ GLEVEGXIVMW XMW JSY IRIXI TSNP E X M\ERBEK | E X



Fiyure YV |

4VIWWYVI GLEVEGXIVMWXMGW ERIH §MPGKXEW K & K I VAMKWEXKMIZW BRIX



Figure Y2/ |

-R8YIRGI SJ HMJJIVIRX TEVEQIXIEFWESRIVWIWX\MWEWES] KLI TMPSX



Figure Y3/ |

7XVYGXYVEP TEVEQIXIVW™ MR8YIRGI SR ZEPZI GSI"GMIRXW



Fiyure YA/ |

LI VIWYPX SJ XLI TMPSX WXEKI QIWLMRK



Figure Y5/ |

TMQYPEXMSR VIWYPXW SJ TMPSX WXEKI™W 8S[ |IPH



Fiure Y6/ |

A4VIWWYVI 8S[ GLEVEGXIVMWXMGWF3A[MRPFI% WXEKRXGERHEYIHIP



Figure Y |

IPSGMX] ZIGXSV HMEKVEQ SJ WIGXMSR F1 *)%



Fiure Y8/ |

IPSGMX] HMWXVMFYXMSR EPSRK " HMVIGXMSR EX WIGXMSR



Figure YO |

AX TRXVEMRQIRX MR VIGIMZMRK GLEQFIV



Fityure 20/ |

JNTIVMQIRXEP WIXYT



Figure 2V |

7TGLIQEXMG HMEKVEQ SJ INTIVMQIRXEP WIX YT



Fiure 22 |

(MQIRWMSREP GYX SJJ PSEH TVIWWYVI GLEVEGXIVMWXMGW



