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Abstract

In the pursuit of reducing the climate impact of aviation, there has been an increased interest in the
adoption of renewable energy technologies. Examples of revolutionary technologies include hydrogen
fuel cell systems and waste heat recovery using the organic Rankine cycle. The design of viable energy
conversion systems for aviation poses unique challenges in terms of efficiency, weight and size. To
this end, research on small-scale turbomachinery operating at high rotational speeds is increasingly
pursued in the context of, for example, fuel cell air compressors or organic Rankine cycle turbines.
Such machines typically call for oil-free operation to avoid contamination of the process fluid. Gas
foil bearings can prove to be an enabling technology due to their reliability, oil-free operation and
compatibility with high rotational speeds.

The use of gas foil bearings to support organic Rankine cycle turbines requires lubrication with
complex working fluids at operating conditions near the saturated vapour line or thermodynamic critical
point. Although there has been an increased interest in high-pressure gas lubrication in recent scientific
literature, there is still a lack of understanding of the effects of non-ideal compressible flows on the
performance of (gas foil) journal bearings. In order to further address this knowledge gap, this work
focuses on the modelling of such bearings lubricated with dense fluids made by complex molecules like
those adopted for waste heat recovery at high temperatures in aviation.

The compressible Reynolds equation governing the thin-film flow within the bearing is discretized
using a finite difference method. The solution to the non-linear problem is obtained using a relax-
ation method in which a thermodynamic software program updates the non-ideal thermodynamic state
properties after each iteration. The load-carrying capacity of the bearing is obtained by integrating the
resulting steady-state pressure field around the rotor shaft. A perturbation method is applied to ob-
tain the stiffness and damping coefficients used in a linearized rotor-dynamic analysis. The developed
computational tool allows for the analysis of bearing performance under varying operating conditions.

The conclusions of this work emphasize the challenge of generating sufficient load-carrying capacity
and rotor-dynamic stability associated with high-pressure gas lubrication in journal bearings. Bearings
operating with compressible lubricants near the thermodynamic critical point are typically characterized
by turbulent thin-film flows with non-negligible molecular interactions. Reduced peak pressures within
the gas film are anticipated, resulting in a reduced load-carrying capacity as compared to ideal gas
lubrication flows. It is shown that non-ideal thermodynamic effects have an impact on rotor-dynamic
stability by affecting the steady-state attitude angle of the bearing.

The modelling of a gas foil journal bearing used to potentially support the turbine of the organic
Rankine cycle hybrid integrated device (ORCHID) of the TU Delft has finally been considered. The
results show the utility of a numerical model in assessing bearing performance and understanding the
associated physics. This work can be used as a basis for future analysis and design of gas foil journal
bearings lubricated with high-pressure process fluids.
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,Q RUGHU WR LQFUHDVH WKH SHUIRUPDQFH RI ULJLG SODLQ JDV EHDULQJ
LQFOXGH IHDWXUHV VXFK DV FRPSOLDQW IRXQGDWLRQV RUJURRYHG VXUID
EHDULQJ LV UHIHUUHG WR DV WKH JDV IRLO EHDULQJ $ VFKHPDWLF RID ILU
LV VKR2QJIQ H>@ 7KH FRPSOLDQW VWUXFWXUH FRQVLVWV RI D EXPS IRLO RI
ZHOGHG WR WKH KRXVLQJ DW WKH WUDLOLQJHGJH 7KHWRSIRLOLV VSRW Z
DQG ODLG RQ WRS RI WKH EXPS IRLO ORRVHO\ WKHUHE\ VHSDUDWLQJ WKH J
XQGHUQHDWK WKH WRS IRLO 7KH JDV IRLO MRXUQDO EHDULQJ DV GHSLFW
ZKHUHDV D[LDO ORDGV RQ WKH URWRU DUH VXSSRUWHG XVLQJJDV IRLO WK
JLIXUH E

JLIXUH 6FKHPDWLF RIDILUVW JHQHUDWARQ JDV IRLO MRXUQDO EHDULQJ >

$Q H[DPSOH RI D ZLGHVSUHDG DSSOLFDWLRQ RI JDV IRLO EHDULQJV LV |
VI\VWHPV (&6 7KHDLUF\FOHPDFKLQH $&0 LVDFRPPRQO\XVHG UHIULJHUL
FRQWURO VA\VWHP LQ JDV WXUELQH SRZHUHG DLUFUDIW 7KH VA\VWHP LV XV
DQG DQ\ SRVVLEOH FRQWDPLQDWLRQ RI WKH SURFHVY DLU VKRXOG WKHUF
DSSOLHV WR WKH DSSOLFDWLRQ RIJDV IRLO EHDULQJV LQ ZDVWH ZDWHU V
ODUJH PDUNHW IRU WKH WHFKQRORJ\ QRZDGD\V 6XFK EORZHUV DUH XVHC
ELRORJLFDO SURFHVVHYV RI DHUDWLRQ DQG DJLWDWLRQ 2WKHU DSSOLFD
SXPSVDQG SRVVLEO\IXHO FHOO DLU FRPSUHVVRUV

ORWLYDWLRQ RI WKH :RUN

(IWHQVLYH UHVHDUFK RQ WKH GHVLJQ DQG SHUIRUPDQFH RI JDV IRLO WKU
FDUULHG RXW E\ 1$6$ DURXQG WKH VWDUW RI WKH VW FHQWXU\ 2QH RI W
LPSURYH IDPLOLDULW\ ZLWK WKH IRLO EHDULQJ G& V[lSHULR © B P\D D & \DW W& UHL
KDYHEHHQ SHUIRUPHG RQ SURWRW\SH EHDULQJV. R} ZK IORGH[@®®IS@HRIDUH V
JDV IRLO EHDULQJV ZDV W\SLFDOO\GRQHE\VROYLQJWKHS5H\QROGV HTXDW
EHKDYLRXU 6LQFH PRVW DSSOLFDWLRQV DW WKH WLPHLQYROYHG EHDULQ.
VHD OHYHO FRQGLWLRQV WKHUH ZDV QR QHHG WR LQYHVWLJIDWH WKH HIIH

,Q UHFHQW \HDUV WKHUH KDV EHHQ DQ LQFUHDVLQJ LQWHUHVW LQ WKH
IRUDSSOLFDWLRQV VXFK DV RUJDQLF5DQNLQH F\FOH WXUELQHV RUFRPSU}!
SRZHU V\VW@BRKPFK DSSOLFDWLRQV DUH FKDUDFWHUL]JHG E\ KLJK SUHVVXUHL
WKH YDSRXU VDWXUDWLRQ OLQH RU WKH WKHUPRG\QDPLF FULWLFDO SRLQ
SUHVVLELOLW\ RI WKH IOXLG EHFRPHV VLJQLILFDQW DQG WKH LGHDO JDV O



 QWURGXFWLRQ

$OWKRXIJKWKHUHLVDQLQFUHDVHGLQWHUHVW LQ KLJK SUHVVXUH JC
LIDWLRQ RIWKHHIIHFWV RIQRQ LGHDO FRPSUHVVLEOH OXEULFDWLRQ I
RIEHDULQJVY RSHUDWLQJLQ SUR[LPLW\WR WKHWKHUPRG\QDPLF FULW
RI WKH IOXLG LV REMHKIYWHBERUN WKH HIIHFW RI FRPSUHVVLELOLW\ RQ
VWDELOLW\ ZDV DQDO\VHG PDLQO\VIRU JURRYHG G\QDPLF EHDULQJV

7TKHZRUN SUHVHQWHG LQ WKLV PDQXVFULSWDLPVWRDGGUHVV WKLV
LQJ WKHVH HITHFWV IURP D FRQFHSWXDO SRLOQW RI'YLHZ LQ WHUPV RI Q
WKH ZRUN IRFXVHV RQ WKH PRGHOOLQJ RIJDV EHDULQJYVY OXEULFDWHG
OLNH WKRVH DGRSWHG IRU ZDVWH KHDW UHFRYHU\ DW KLJK WHPSHUD\
DLPVWRLPSOHPHQW QXPHULFDO PRGHOV WKDW FDSWXUH WKH FRPSOF
RI'JDV IRLO MRXUQDO EHDULQJY DV DQ LQLWLDO VWHS WR YHULI\ WKH
DSSOLFDWLRQ ZLWK PLQL RUJDQLF 5DQNLQH F\FOH WXUER JHQHUDW!|

D *DVIRLO MRXUQ®O EHDULQJ E *DV IRLO WKUXVW EHDULQJ >

JLIXUH *DVIRLO MRXUQDO DQG WKUXVW EHDULQJY GHVLJQHG E\ 1%$6%

SHVHDUFK 4 XHVWLRQV DQG 2EMHFWLYHYV

7KH JRDO RI WKLV UHVHDUFK LV WR LQYHVWLIJDWH WKH SHUIRUPDQFH
QRQ LGHDO FRPSUHVVLEOH IORZV DW KLJK SUHVVXUH 7KH ZRUN ZLOO I
OXEULFDWHG ZLWK IOXLGV FRPSRVHG RIFRPSOH[PROHFXOHV VXLWDEC
ILUVW VWHS ZLOO EH WR LPSOHPHQW QXPHULFDO PRGHOV FDSWXULQJ
LQJV $IWHUZDUGV WKH PRGHOV ZLOO EH HIWHQGHG WR LQFOXGH WKI
RI FRPSOLDQW VXUIDFH EHDULQJY ,Q SDUWLFXODU WKH JRDO LV WR |
WKH EHKDYLRXU RI'JDV IRLO EHDULQJVY XVHG WR VXSSRUW KLJK VSHHG
WKLV ZRUN LVLQWHQGHG WRDLG LQ YHULINLQJWKHIHDVLELOLW\ RI WK
RI WKH 2UJDQLF 5DQNLQH &\FOH +\EULG ,QWHJUDWHG 'HYLFH 25&+," |
IROORZLQJUHVHDUFK TXHVWLRQV DUH IRUPXODWHG LQ WKLV ZRUN

Z+RZ GR QRQ LGHDO WKHUPRG\QDPLF HIIHFWV DQG HIIHFWV UHODW
IHFW WKH SHUIRUPDQFH RI JDV G\QDPLF EHDULQJV LQ WHUPV RI OR|
FRPSDULVRQ WR EHDULQJY OXEULFDWHG ZLWK LGHDO JDVVHV"

7&DQ JDVIRLOMRXUQDO EHDULQJV OXEULFDWHG ZLWK VLOR[DQH 00 J
WR VXSSRUW WKH URWRU RI WKH 2UJDQLF 5DQNLQH &\FOH +\EULG ,C
GHVLJQ FRQGLWLRQV"

,Q RUGHU WRDQVZHU WKH UHVHDUFK TXHVWLRQV D QXPEHU RI UHVH
REMHFWLYHV DUH OLVWHG DV IROORZV

7 ,PSOHPHQW WKH UHOHYDQW QXPHULFDO PRGHOV LQWR D FRPSXWDV
RI'JDVILOP SURSHUWLHVY VXFKDV GHQVLW\DQG SUHVVXUH IRU EHD
IOXLGYV DW GLITHUHQW WKHUPRG\QDPLF FRQGLWLRQV



SHSRUW 2XWOLQH

Z3UHGLFW VWHDG\ VWDWH DQG G\QDPLF EHDULQJ SHUIRUPDQFH FKDUDF)\
SDFLW\DQG URWRU G\QDPLF FULWLFDO PDVV XVLQJ WKH JDV ILOP SURS
WRRO

Z9HULI\ WKH FRPSXWDWLRQDO WRRO DQG WKH FRPSXWHG EHDULQJ FKDU|
GDWD LQ VFLHQWLILF OLWHUDWXUH

7Z8VH WKH QXPHULFDO SUHGLFWLRQV WR DVVHVV WKH LQIOXHQFH RI QR
EHDULQJ SHUIRUPDQFH FKDUDFWHULVWLFV LQFOXGLQJ ORDG FDSDFLW
ODPLQDUDQG WXUEXOHQW OXEULFDWLRQ IORZV

7$VVHVV WKH LQIOXHQFH RI VWUXFWXUDO FRPSOLDQFH LQ JDV G\QDPL!
YDSRUV E\ FRPSDULQJ QXPHULFDO UHVXOWYV IRU SODLQ MRXUQDO EHDU

78VH WKH FRPSXWDWLRQDO WRRO WR FDOFXODWH WKH ORDG FDUU\LQJF
ZLWKVLOR[DQHOODW VXLWDEOH GLPHQVLRQVDQG RSHUDWLQJFRQGLW
WXUELQH

SHSRUW 2XWOLQH
7KH UHSRUW LV VWUXFWXUHG LQ WKH IROORZLQJ ZD\

7Z&KDSWSIWHVHQWY WKH PHWKRGRORJ\ XVHG LQ WKLV UHVHDUFK 7KH FRP
JRYHUQLQJ WKH JDV ILOP SURSHUWLHV LV GHULYHG IRU WKUHH GLPHC
7KH HIITHFWV Rl WKHUPDO H[SDQVLRQV DQG WKH OLPLWDWLRQV RI WKF
DUH GLVFXVVHG )XUWKHUPRUH WKHJDV ILOP PRGHOV DUH HIWHQGHG
ZKLFK EHFRPHLQFUHDVLQJO\LPSRUWDQW IRUVXSHUFULWLFDO RUGHQ'
PHWKRG LV LQWURGXFHG DV D PHDQV RI REWDLQLQJ WKH VWHDG\ VWD\
GHQVLW\ILHOG XVHG WR FRPSXWH EHDULQJ LPSHGDQFHY ORGHOV XVF
IOHFWLRQV LQ JDV IRLO EHDULQJY DUH SUHVHQWHG )LQDOO\ WKH QX
GLITHUHQWLDO HTXDWLRQV DUH GLVFXVVHG 7KH FKDSWHUDQG WKH GH
PDUL]JHG E\PHDQV RIWZR IORZ GLDJUDPVY SUHVHQWLQJ WKH VWHDG\ DQ(

7&KDSWBUVFXVVHV WKH LQIOXHQFH Rl QRQ LGHDO FRPSUHVVLEOH IOR:
JLUVW WKH UHVXOWV FRPSXWHG ZLWK WKH GHYHORSHG WRROV DUH Y
HUDWXUH 7KH QRQ LGHDO VWHDG\ VWDWH ORDG FDSDFLW\ LV VKRZQ
QRQ GLPHQVLRQDO EXON PRGXOXV 1H[W WKH RQVHW RI D VHOI VXVW
LV GLVFXVVHG DQG WKH DQDO\VLV RI WKH QRQ GLPHQVLRQDO EXON PR
EHDULQJ FKDUDFWHULVWLFV 7KHLQIOXHQFH RI YDULDWLRQV LQ G\QDF
FKDSWHU LV FRQFOXGHG E\ DVVHVVLQJ WKH HITHFWV RI WXUEXOHQFH L«

7, QFKDSVWWKH VWHS WRZDUGV JDV IRLO EHDULQJV LV PDGH 7KHPRGHOV D!
DUH YHULILHG XVLQJ GDWD IURP OLWHUDWXUH 7KH GDWD FRUUHVSRQ(
VHD OHYHO SUHVVXUHDLU 1H[W WKHGLIIHUHQFHV EHWZHHQ ULJLG VX!
DUH DQDO\WVHG E\ FRPSDULQJ QXPHULFDO UHVXOWYV IRU SODLQ MRXUQ
)LQDOO\ WKH ORDG FDSDFLW\ LV SORWWHG DV D IXQFWLRQ RI MRXUQD(
DQG DWWLWXGH DQJOH IRU D JDV IRLO EHDULQJ VXLWDEOH IRU RSHUD!
EHDULQJ LV VKRZQ WR RSHUDWH DW D 5H\QROGV QXPEHU ZLWKLQ WKH O
WKH DVVXPSWLRQV PDGH LQ WKH GHULYDWLRQ RI WKH FRPSUHVVLEOH 5
DW GHVLJQ FRQGLWLRQV






OHWKRGRORJ

7KH PRGHOV DQG PDWKHPDWLFDO HTXDWLRQV XVHG WR DQDO\VH WKH SHU
ZLOO EH SUHVHQWHG LQ WKLV FKDSWHU 7KH PRWLRQ RI WKH JDV ILOP LV .
7KH 5SH\QROGV HTXDWLRQ ZzDV ILUVW GHULYHG E\ 2VERUQH 5H@®ROGYV LQ
DQG LW KDV VLQFH EHHQ DQ LOVWUXPHQWDO PDWKHPDWLFDO WRRO LQ W
ILUVW GHULYDWLRQ WKHS5H\QROGY HTXDWLRQ KDV EHHQ HIWHQGHG WR LQ
XQVWHDG\DQG WXUEXOHQWHIIHFWYV ,Q WKLV FKDSWHU VXFKD GHULYDWLF
LV SUHVHQWHG

7R FDSWXUH WKH GHIOHFWLRQV RI FRPSOLDQW VXUIDFHV LQ JDV IRLO E
ZLOO EH SUHVHQWHG ZKLFK LV FRXSOHG WR WKH 5H\QROGV HTXDWLRQ )’
FKDUDFWHULVWLFV LQFOXGLQJ ORDG FDUU\LQJ FDSDFLW\DQG D URWRU G
FKDSWHU LV FRQFOXGHG ZLWK D GHVFULSWLRQ RI WKH QXPHULFDO VROY}
GLITHUHQWLDO HTXDWLRQV

&RPSUHVVLEOH 5H\QROGV (TXDWLRQ

6LQFH LWV ILUVW GHULYDWLRQ IRU LQFRPSUHVVLEOH IORZV LQ WKH 5F
WHQVLYHO\LQ VFLHQWLILF OLWHUDWXUH RQ OXEULFDWLRQ WKHRU\ 2IWH
HTXDWLRQ RI VWDWH 7KH UHFHQW VKLIW WRZDUGV KLJK SUHVVXUH OXEUL
RI QRQ LGHDO FRPSUHVVLEOH IORZ HIITHFWV LQ WKH 5H\QROGV HTXDWLRQ
QRQ LGHDO JDV OXEULFDWLRQ LQ JDV IRLO WKUXVW EHDULQJ@RSHUDWLQ
.LP SUHVHQWHG D WKUHH GLPHQVLRQDO WKHUPR K\GURG\QDPLF GHVLJQ W
5H\QROGV HTXDWLRQ LQFOXGLQJ WXUEXOHQW DQ@® QRQ LGHDO WKHUPRG\C

7KH FRPSUHVVLEOH 5H\QROGY HTXDWLRQ LV GHULYHG IURP WKH 1DYLHU
GHQVLW\DQG SUHVVXUH ILHOG ZLWKLQ WKH WKLQ IOXLG ILOP 7KH PHWKRGC
LQ WKLV VHFWLRQ LV EDVHG RQ WKH ZRUN R 1@ KH.[MH QEDE MR LQE G K @/HD WK
GLPHQVLRQDO DQG XQVWHDG\ HIIHFWYV

,Q LIJXUHD VFKHPDWLF ILJXUH LV VKRZQ RI D SODLQ MRXUQDO EHDULQJ L
WR EH XVHG LQ WKH HTXDWLRQV 7KH QRFLEBPIQ EHG DLW KO HIDQM QKK FN Q|
D EHDULQJ ZLWK JHUR HFFHQWULFLW\ L H ZKHQ WKH VKDIW DQG WKH EHLI
HFFHQWULFLW\ GHILQHG DV WKH RIIVHW EHWZHHQ WKH VKDIW FHQWUH DQ
GHQRWHG ZLWK AW EHMWHBERRZHYHU WKH HANHOQMWM AIGWAKLEW LR GHILQHG D
HFFHQWULFLW\QRUPDOL]JHG ZLWK WKH QRPLQDO EMBWLRQ FG B WKIBIQ I & H
EHWZHHQ WKHDL[QMDWGMOKH HFFHQWULFLW\DV VKRZQ LQ WKH ILAAXUH 7KH F
PHDVXUHV WKH FLUFXPIHUHQWLD Q G [MMDQQFRIX Q W P WKRLFNFZW Wi [5Q UH F W L F
E\WKH EHDULWJ7TUB®FRP SRQHQW H[WHQGV LQWR RU RXW RI WKH SDJH LQ
EHDULQJZLGWKDQG LV DOVR QRUPDOL]JHG XVLQJWKHEHDULANUDGLXV 7K
LQ JHQHUDO D IXQFWLRQ RI WKH FIAD® %PAB Q HEGWRPS XWRGGUOQLIMW MW KH HFF
UDWDR G DWW LW XIRK DEI®HLQ MRXUQDO EHDULQJ DV

AN ¢ FRVA ¢



OHWKRGRORJ\

JLIXUH 6FKHPDWLF ILIJXUH VKRZLQJ D SODLQ MRXUQDO EHDULQJ

KHUH WKH ILOPONKLERQADV®L]IHG XVLQJ WKH QRPLQDO ILOP WKLFNQ
VXFKDV WKHGHQVLW\DQG SUHVVXUH GLVWULEXWLRQ DUH GLUHFWO\D
WKLY UHODWLRQ LV FDSWXUHG E\ WKH 5H\QROGY HTXDWLRQ :LWKLQ W
DVVXPSWLRQV DUH PDGH

Z7KHILOP WKLFNQHVV LV QHJOLJLEOH FRPSDUHG WR RWKHU OHQJWk
77KH OXEULFDWLQJILOP LV ODPLQDU

7, QHUWLD HIIHFWV DUH QHJOLJLEOH UHODWLYH WR YLVFRXV VKHDU"
Z7KH IOXLG LV FKDUDFWHUL]HG E\D 1HZWRQLDQ VWUHVYV VWUDLQ UH

Z7KHUPRG\QDPLF SURSHUWLHV VXFK DV GHQVLW\DQG SUHVVXUH DU

7KH FRPSUHVVLEOH 1DYLHU 6WRNHV HT X IEBMRRIPWZH KV KR DW VE RGI SRU
GHULYDWLRQ DQG DUH SUHVHQWHGXOWLQIWHQVRU QRWDWLRQ LQ

Sp Sp _n o . Sq. .-
r Sc¢ Ve < Vi VCUb®C6 b_vdooéJ
,Q ZKLFK WKH VW UDd, F DQ \&H IMHQWRKQ DV
~ Sp Sc .
be T WY

,Q RUGHU WR GHULYH WKH 5H\QROGYV HTXDWLRQ DQG DSSO\ WKH FR
WR QRUPDOL]JH WKH 1IDYLHU 6WRNHV HTXDWLRQV XVLQJ WKH GHILQLW!|
SUHVHQWHG WQR Q

S A YW AU RY MY &S
uw U W0 uw w G w
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rA ruU M Ensln A
ke e U W o Pho

8VLQJWKH QRUPDOL]HGXDUILPW&HV DQGFRPSRQHQWY RI WKH 1DYLHL
HTXDWLRQ DUH ZULWWHQ LQ QRQ GLPHQVLRQDO IRUP DV



&RPSUHVVLEOH 5H\QROGYV (TXDWLRQ
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,Q RUGHU WR VLPSOLI\WKH HTXDWLRQV WKHDVVXPSWLRQ LY PDGH WKD
DVFRPSDUHG WR D FKDUDFWHULVWLF OHQJWK VFDOHLQ HLWKHU RI WKH W?Z
WKLFNQWVYHIOLIJLEOH FRPSDUHG WR WK H EWHDIULO{I DD EILXGWV K

63/4
W

)JIXUWKHUPRUH WKH DVVXPSWLRQ LV PDGH WKDW WKH LQHUWLD RI WKH
YLVFRXV IRUFHV RI WKH IOXLG

.
Wy

,QZKLFK WKHS5H\QROGV QXPEHU LV GHILQHDROBVWIKHRRHWK B KHUPD @/ K SHNHE
WKH URWRM7KH GHQVLW\DQG G\QDPLF YLVFRVLW\DUHHYDOXDWHG DW D UH
ZKLFK LV W\SLFDOO\ WKH VWDWH RI WKH DPELHQW IOXLG LQ WKH FRPSDUWF
n UWeo

Prn

8QGHU WKH DIRUHPHQWLRQHG DVVXPSWLRQV WKH QRQ GLPHQVLRQDO 1
WKH IROORZLQJ UHODWLRQV
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(TXDWLRYWDWHY WKDW WKH SUHVVXUH FDQ EH FRQVLGHUHK® FRQVWD QW
WLRQ DQGIXDWLREDQ EH LQWHJUDWHG WZLFH WR REWDLQ H[SUHVVLRQV IR
D[LDO YHORFLW\ FRPSRQHQWY UHVSHFWLYHO\ ,Q RUGHU WR GR VR WKH IR(
DSSOLHG



OHWKRGRORJ\

I1RWH WKDWHIHUV WR WKH VXUIDFHV RI WKvH BEHQGOGLEDWRXW.IQR YRG! L
WKH URWDWLQJ VKDIW 7KHERXQGDU\ FRQGLWLRQV OHDG WR WKH IRO
YHORFLW\ SURILOHV LQ FLUFXPIHUHQWLDO DQG D[LDO GLUHFWLRQV

7KH WHUPV SURSRUWLRQDO WR WK S HRDUXE B [J WD & DHGIWM LIQU UH G
WR DV WKH 3RLVHXLOOH IORZ WHUPV ZKHUHDV WKH WHUP SURSRUWLR
(TXDWLRQV UHIHUUHG WR DV WKH &RXHWWH IORZ WHUP

,Q RUGHU WR FRQQHFW WKH YHORFLW\ SURILOH WR WKH GHQVLW\ IL|
LQWHJUDWHG RYHU WKH ILOP WKLFNQHVYV
AR e

o

%\ VXEVWLWOXOMLQRID QGT XDWLR®QG DSSO\LQJ /HLEQLW].WWKHQWE&JUD\
ORZLQJH[SUHVVLRQ LV REWDLQHG

A g R Ve R R Ak Be Ao A ] A e B ARl AwD
K A YT RE Y A CRAN TR AR Y

o T
JHUIRUPLQJ WKH LOQWHJUDWLRQ DQG UHDUUDQJLQJ OHDGV WR WKH
5H\QROGV HTXDWLRQ
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U —l ——

A b A TR Ab,é)']( A TA
YRUD FRPSUHVVLEOHIORZ WKHDERYHHTXDWLRQFDQEHUHZULWWH
GHQVLW\ILHOG ZKLFK OHDGV WR WKH IROORZLQJFRPSUHVVLEOH 5H\QR
LQ WKLV ZRUN
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,Q ZKLFIKV WKH QRQ GLPHQVLRQDO EXON PRGXOXV ZULWWHQ DV

~ K n.
oA —u
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7KH EXON PRGXOXV UHODWHYVY WR WKH FRPSUHVVLELOLW\RI WKH IOXI
VXEVWDQFH WR YROXPHFKDQJHV 7KHHIIHFW RIWKHEXONPRGXOXV RQ
LQ GHWDLO LQ VXEVHTXHQW FKDSWHUV ,W VKRXOG EH QRWHG WKDW \
IRUP RIXDWLRQV RQO\YDOLG LI WKH HIITHFWV RI WKHUPDO H[SDQVLRQ F
UHOHYDQFH RI WKHUPDO H[SDQVLRQ LQ WKLQ ILOPV ZLOO EH GLVFXVV
QXPEHU RU EHDULQJ VSHHGVQXPEHEHIQQHG DV

P~ U W
Nca 05

/HLEQLW]..VLQWHJUDWLRQ UXOH FDQ EH ZULWWHQ IRU H[DPSOH IRU WKH SDUWLDO GHU
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THPSHUDWXUH (TXDWLRQ 7KHUPDO ([SDQVLRQV

$V PHQWLRQHG WKH UHIHUHQFH WKHUPRG\QDPLF VWDWH XVHG LQ WKLYV
WKH IOXLG LQ WKH EHDULQJ FRPSDUWPHQW 7KH FRPSUHVVLELOLW\ QXPI
EDODQFH EHWZHHQ 3RLVHXLOOH IORZ DQG &RXHWWH IORZ LQ WKH 5H\QRC
QXPEHUVFDQ EHWKHUHVXOWRIKLIKURWRUVSHHGVDQGLQGLFDWH WKDW
GRPLQDQW 7KLV FDQ W\SLFDOO\ OHDG WR ODUJHU ORDG FDSDFLWLHV DV F
FRPSUHVVLELOLW\QXPEHU LY VRPHWLPHVY DOVR UHIHUUHG WR DV WKH EHD!

7KLV VHFWLRQ LV FRQFOXGHG E\LQGLFDWLQJ D OLPLWDWLRQ RI WKH FRI
WKH SUHVHQWHG DINVADXPISPMLKRRYW WKDW WKH SUHVVXUH FDQ EH FRQVLGHUH
WKH ILOP WKLFNQHVY DV ORQJ DV WKH ILOP WKLFNQHVYVY LV VPDOO FRPSDL
WKH LQWHJUDWLRQ RI WKH FRQVHUYDWLR@QIRY ZDVWASRXDMWMLVRQ\ DVVXPHG
WKH YDULDWLRQ RI WKH GHQVLW\ RYHU WKH ILOP WKLFENQHVV LV WKHUHIR
WKLY DVVXPSWLRQ WKH YDULDWLRQ RI WKH QRQ GLPHQVLRQDO GHQVLW\
GLPHQVLRQDO SUHVVXUHDQG WHPSHUDWXUH YDULDWLR@Y WKURXJK DQ H°

c A 8 RA -
il ~1/4®k%—c A 6NN c

(TXDWLRKRZV WKDW WKH GHQVLW\ YDULDWLRQV PLJKW EH VLJQLILFDC(
YDULDWLRQV ZKHQ WKH UDWERRR VISWHWNLIQFXKOHDDODW M WKLY LV WKH FDVH WKF
EHFRQVLGHUHG FRQVWDQW RYHU WKH ILOP WKLFNQHVV DQG WKH LQWHJUL
(TXDWLRQV QR ORQJHU FRUUHFW 7KLV LQGLFDWHYV WKHLPSRVVLELOLW\R

PRGHOLQJ WKH PRWLRQ RI WKH IOXLG ILOP FORVH V6 RWWKH-UHWXBIORS L Q
VLQIJXOMUQWDUQ@KH FULWLFDO )SRKQW RY VKRR M 00

>

JLIXUH &RQWRXU SORW RI WKH UDWVROR[D®HFALG RKHBWWH®&XVLQJ 1LFH3URS >

THPSHUDWXUH (TXDWLRQ 7KHUPDO ([SDQVLRQV

,Q WKH SUHYLRXV VHFWLRQ WKH FRPSUHVVLEOH 5H\QROGV HTXDWLRQ ZD
WXWHV D VHFRQG RUGHU QRQ OLQHDU SDUWLDO GLIITHUHQWLDO HTXDWLRQ
DQG G\QDPLF YLVFRVLW\ 7KH EXON PRGXOXV DQG G\QDPLF YLVFRVLW\ DUH
WKHUHIRUH D IXQFWLRQ RI ERWK GHQVLW\6D QG DMHP SHUDWM UFHRRPRU H[DP S (
SUHVVLEOH IORZV WKH WHPSHUDWXUH LV LQ JHQHUDO QRW FRQVWDQW W
DQG 8QWDURLX SUHVHQWHG WKH QRQ GLPHQVLRQDO HQHUJ\@TRDWLRQ IRL
WKLV VHFWLRQ WKLY SURFHGXUH LV IROORZHGDQG WKH XQVWHDG\WKUHH
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