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3DVW H[SHULPHQWDO LQYHVWLJDWLRQV RQ WKH IRUPDWLRQ

RI LFH DFFUHWLRQV RQ VZHSW ZLQJV DW JOD]H LFH

FRQGLWLRQV SURYLGHG XQGHUVWDQGLQJ RI WKH

PHFKDQLVPV RI IRUPDWLRQ� WKH UROH RI ORFDO HIIHFWV

RQ URXJKQHVV HOHPHQWV� WKH UROH RI IHDWKHU JURZWK�

DQG DOORZHG LGHQWLILFDWLRQ RI VRPH RI WKH LPSRUWDQW

SDUDPHWHUV LQYROYHG� 6LQFH QHDUO\ DOO RI WKRVH

LQYHVWLJDWLRQV ZHUH FRQGXFWHG LQ LFLQJ WXQQHOV� LW LV

FULWLFDO WR GHWHUPLQH LI WKH IRUPDWLRQ RI LFH

DFFUHWLRQV LQ QDWXUDO LFLQJ FRQGLWLRQV �LQ�IOLJKW�

VKRZV WKH VDPH PHFKDQLVPV REVHUYHG LQ WXQQHO

H[SHULPHQWV�

7KLV UHSRUW SUHVHQWV WKH UHVXOWV RI DQ H[SHULPHQWDO

LQYHVWLJDWLRQ FDUULHG RXW LQ WKH 'H+DYLOODQG '+&��

7ZLQ 2WWHU ,FLQJ 5HVHDUFK $LUFUDIW DW 1$6$ *OHQQ

5HVHDUFK &HQWHU WR VWXG\ WKH IRUPDWLRQ RI LFH

DFFUHWLRQV RQ VZHSW ZLQJV LQ QDWXUDO LFLQJ

FRQGLWLRQV� 7KH H[SHULPHQW LQ WKH 7ZLQ 2WWHU ZDV

FRQGXFWHG XVLQJ D VZHSW 1$&$ ���� ZLQJ WLS� 7KH

PRGHO HQDEOHG GDWD DFTXLVLWLRQ DW �R� ��R� ��R� DQG

��R VZHHS DQJOHV� :KHQ WKH SODQH ZDV LQ LFLQJ

FRQGLWLRQV� D KDWFK SRUW RQ WKH XSSHU SDUW RI WKH

IXVHODJH RI WKH SODQH ZDV RSHQHG DQG WKH DLUIRLO

ZDV PRYHG LQWR WKH DLU VWUHDP XVLQJ D VSHFLDOO\

GHVLJQHG VWDQG� $IWHU WKH LFH HQFRXQWHU WKH DLUIRLO

ZDV ORZHUHG EDFN LQWR WKH DLUFUDIW FDELQ� DQG

SKRWRJUDSKLF GDWD ZDV WDNHQ DW D ORFDWLRQ RQ WKH

OHDGLQJ HGJH DQG DORQJ WKH HQG FDS RI WKH DLUIRLO�

$IWHU WKH SKRWRJUDSKLF GDWD ZDV WDNHQ� LFH WUDFLQJV

ZHUH PDGH DQG WKH LFH DFFUHWLRQ ZDV UHPRYHG DQG

VWRUHG LQ D IUHH]HU� $W WKH HQG RI WKH IOLJKW� D ZD[

PROG ZDV PDGH RI HDFK LFH DFFUHWLRQ� /DWHU D

FDVWLQJ RI WKH LFH DFFUHWLRQ ZDV REWDLQHG IURP WKH

ZD[ PROG� 2YHU D SHULRG RI WZR DQG KDOI ZHHNV�

GDWD ZDV REWDLQHG IURP �� LFLQJ HQFRXQWHUV�

3UHYLRXV ZRUN RQ LFH DFFUHWLRQV LQ D QDWXUDO LFLQJ

HQYLURQPHQW RQ D VZHSW ZLQJ ZDV GRQH E\

5HHKRUVW�� +H FRQGXFWHG DQ H[SHULPHQW LQ WKH

'H+DYLOODQG '+&�� 7ZLQ 2WWHU ,FLQJ 5HVHDUFK

$LUFUDIW XVLQJ D VZHSW 1$&$ ���� ZLQJ WLS DLUIRLO�

+H REWDLQHG LFH WUDFLQJV DQG SKRWRJUDSKLF GDWD�

7KH VZHHS DQJOHV HPSOR\HG ZHUH �R� ��R DQG ��R�
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+H UHSRUWHG WKDW WKH LFH DFFUHWLRQV ZHUH PRVWO\ RI

WKH JOD]H W\SH DQG KH REVHUYHG VFDOORS IRUPDWLRQV

DW ��R DQG ��R VZHHS DQJOHV� /(:,&( �' ZDV

PRGLILHG DQG FRGH SUHGLFWLRQV ZHUH FRPSDUHG WR

LFH DFFUHWLRQ IOLJKW GDWD�

7KH SUHVHQFH RI VFDOORS IRUPDWLRQV RQ VZHSW ZLQJV

KDV EHHQ GRFXPHQWHG LQ SDVW VWXGLHV RI LFH

DFFUHWLRQV RQ VZHSW ZLQJV������ 5HHKRUVW DQG

%LGZHOO� GLG DQ H[SHULPHQW LQ WKH 1$6$ *OHQQ ,FLQJ

5HVHDUFK 7XQQHO �,57� WR VWXG\ WKH HIIHFW RI WXQQHO

SDUDPHWHUV RQ WKH SUHVHQFH RU DEVHQFH RI

VFDOORSV� +HGGH DQG *XIIRQG� SURSRVHG D EDOOLVWLF

PRGHO RI VFDOORS JURZWK�

$ VWXG\ RI WKH IXQGDPHQWDO SK\VLFDO PHFKDQLVPV

WKDW OHDG WR WKH IRUPDWLRQ RI VFDOORSV RQ VZHSW

ZLQJV ZDV FRQGXFWHG E\ 9DUJDV DQG 5HVKRWNR�� ��

7KH\ DOVR FRQGXFWHG D SDUDPHWULF H[SHULPHQWDO

VWXG\ RQ WKH HIIHFW RI YHORFLW\ DQG VZHHS DQJOH RQ

WKH FULWLFDO GLVWDQFH GFU
�
� DQG D VWXG\ RQ WKH HIIHFW RI

/:& DQG WHPSHUDWXUH�� RQ WKH FULWLFDO GLVWDQFH�

7KH SUHVHQW ZRUN FRQWLQXHV WKH LQYHVWLJDWLRQV LQWR

WKH IRUPDWLRQ RI LFH DFFUHWLRQV RQ VZHSW ZLQJV E\

VWXG\LQJ WKH IRUPDWLRQ RI WKHVH LFH DFFUHWLRQV

LQ�IOLJKW�

%DFNJURXQG

3UHYLRXV VWXGLHV RQ IRUPDWLRQ RI LFH DFFUHWLRQV RQ

VZHSW ZLQJV DW JOD]H LFH FRQGLWLRQV��� IRXQG WKDW

VFDOORS DQG LQFRPSOHWH VFDOORS IRUPDWLRQ LV JRYHUQHG

E\ ORFDO HIIHFWV RQ URXJKQHVV HOHPHQWV� 5RXJKQHVV

HOHPHQWV IRUPHG DW WKH EHJLQQLQJ RI WKH LFH DFFUHWLRQ

SURFHVV GHYHORS LQWR JOD]H LFH IHDWKHUV ZKHQ WKH\

UHDFK D JLYHQ KHLJKW� DQG DUH ORFDWHG EH\RQG D JLYHQ

GLVWDQFH IURP WKH DWWDFKPHQW OLQH� 7KLV GLVWDQFH LV

FDOOHG WKH FULWLFDO GLVWDQFH GFU �VHH ILJXUH ��� DQG LW

GHSHQGV RQ VZHHS DQJOH DQG WXQQHO FRQGLWLRQV���

:KHQ WKH FULWLFDO GLVWDQFH LV QRW ]HUR LW GHILQHV WZR

]RQHV RQ WKH LFH DFFUHWLRQ� $ ]RQH FDOOHG WKH

DWWDFKPHQW OLQH ]RQH� ZKHUH WKH URXJKQHVV HOHPHQWV

GR QRW EHFRPH IHDWKHUV� DQG DQRWKHU ]RQH FDOOHG WKH

JOD]H LFH IHDWKHUV ]RQH ZKHUH WKH URXJKQHVV

HOHPHQWV GHYHORS LQWR IHDWKHUV �ILJXUHV �D� �E�� 7KH

DWWDFKPHQW OLQH ]RQH EHJLQV DW WKH DWWDFKPHQW OLQH

SURSHU �WKH OLQH LQ WKH VSDQZLVH GLUHFWLRQ� DORQJ ZKLFK

WKH IORZ VSOLWV RYHU DQG XQGHU D ZLQJ� DQG H[WHQGV RQ

HDFK VLGH WR WKH ORFDWLRQ ZKHUH URXJKQHVV HOHPHQWV

GHYHORS LQWR IHDWKHUV �EHJLQQLQJ RI WKH JOD]H LFH

IHDWKHUV ]RQH�� 7KH JOD]H LFH IHDWKHUV ]RQH EHJLQV DW

WKH HQG RI WKH DWWDFKPHQW OLQH ]RQH DQG H[WHQGV VRPH

GLVWDQFH FKRUGZLVH� 2QO\ IHDWKHUV WKDW DUH DQ DFWLYH

SDUW RI WKH PDLQ LFH DFFUHWLRQ DUH LQFOXGHG LQ WKH

GHILQLWLRQ RI WKH JOD]H LFH IHDWKHUV ]RQH� :KHQ WKH

FULWLFDO GLVWDQFH LV ]HUR RQO\ WKH JOD]H LFH IHDWKHUV

]RQH LV SUHVHQW�

7KH IHDWKHUV LQ WKH JOD]H LFH IHDWKHUV ]RQH DUH

LQFOLQHG LQWR WKH IORZ��� 7KH\ KDYH D WRRWK VKDSH�

DQG WKHUHIRUH D SUHIHUUHG GLUHFWLRQ RI JURZWK �WKH

GLUHFWLRQ DORQJ ZKLFK D IHDWKHU LV JURZLQJ IDVWHU

ODWHUDOO\� WKDW LV� WKH GLUHFWLRQ RI WKH ODUJHU D[LV IRU

WKH WRRWK VKDSH RI WKH WRS RI WKH IHDWKHU�� 7KH

SUHIHUUHG GLUHFWLRQ RI JURZWK LV RULHQWHG SHUSHQGLFXODU

WR WKH H[WHUQDO VWUHDPOLQHV� 7KH DQJOH WKDW WKH

SUHIHUUHG GLUHFWLRQ RI JURZWK PDNHV ZLWK UHVSHFW WR

WKH DWWDFKPHQW OLQH GLUHFWLRQ LV ��R IRU IHDWKHUV ORFDWHG

RQ WKH DWWDFKPHQW OLQH �VWUHDPOLQHV DUH SDUDOOHO WR WKH

DWWDFKPHQW OLQH GLUHFWLRQ DW WKLV ORFDWLRQ�� 7KH DQJOH

GHFUHDVHV DV WKH GLVWDQFH IURP WKH DWWDFKPHQW OLQH

LQFUHDVHV �WKH VWUHDPOLQHV DUH WXUQLQJ DV WKH\ PRYH

DZD\ IURP WKH ORFDWLRQ RI WKH DWWDFKPHQW OLQH��

7KUHH W\SHV RI LFH DFFUHWLRQV ZHUH LGHQWLILHG RQ VZHSW

ZLQJV DW JOD]H LFH FRQGLWLRQV� FRPSOHWH VFDOORSV�

LQFRPSOHWH VFDOORSV� DQG QR�VFDOORSV�

:KHQ FRPSOHWH VFDOORSV IRUP�� �ILJXUH �D�� WKH LFH

DFFUHWLRQ LV FRYHUHG ZLWK JOD]H LFH IHDWKHUV ZLWK D

SUHIHUUHG GLUHFWLRQ RI JURZWK WKDW LV SHUSHQGLFXODU WR

WKH H[WHUQDO VWUHDPOLQHV� 7KH IHDWKHUV KDYH

GHYHORSHG IURP URXJKQHVV HOHPHQWV WKDW UHDFKHG D

FHUWDLQ KHLJKW� 7KH YDOXH RI WKH FULWLFDO GLVWDQFH LV

]HUR� DQG RQO\ WKH JOD]H LFH IHDWKHUV ]RQH LV SUHVHQW�

7KH IHDWKHUV MRLQ DORQJ WKH SUHIHUUHG GLUHFWLRQ RI

JURZWK WR IRUP ULGJHV� ZLWK LQFLSLHQW VFDOORS WLSV

IRUPHG E\ WKH IHDWKHUV DW WKH HQG RI HDFK ULGJH� $V

WKH ULGJHV JURZ WKH\ IRUP VFDOORS WLSV� 7KH VFDOORS

WLSV KDYH GLIIHUHQW LQFOLQDWLRQV ZLWK UHVSHFW WR WKH

VXUIDFH RI WKH DLUIRLO� %HFDXVH RI WKHLU GLIIHUHQW

LQFOLQDWLRQV� DV WKH VFDOORS WLSV JURZ LQ KHLJKW DQG

DORQJ WKH SUHIHUUHG GLUHFWLRQ� WKH\ PHUJH ZLWK

DGMDFHQW VFDOORS WLSV E\ MRLQLQJ DW WKH WRS RI WKH

IHDWKHUV WKDW IRUP HDFK VFDOORS WLS� 7KLV PHFKDQLVP LV

UHVSRQVLEOH IRU WKH JURZWK RI WKH VFDOORS WLSV� WKHLU

LQFUHDVH LQ VL]H� DQG WKH HQKDQFLQJ RI WKH VSDFLQJ

EHWZHHQ VFDOORSV� $ORQJ WKH DWWDFKPHQW OLQH DUHD WKH

IHDWKHUV WHQG WR MRLQ RWKHU IHDWKHUV DURXQG WKHP E\

WRXFKLQJ� EULGJLQJ DQG ILOOLQJ� LQ WKLV ZD\ WKH\ IRUP

DUHDV RI VROLG LFH WKDW DUH DOVR FRYHUHG ZLWK

URXJKQHVV HOHPHQWV� $V WKH VFDOORS WLSV JURZ E\

MRLQLQJ DW WKHLU WRSV� WKH WRS VXUIDFH WHQGV WR ILOO ZLWK

ZDWHU DQG DUHDV RI VROLG LFH FDQ EH REVHUYHG ZLWK

URXJKQHVV HOHPHQWV SUHVHQW�

:KHQ WKH FULWLFDO GLVWDQFH LV QRW ]HUR DQG RQO\

URXJKQHVV HOHPHQWV ORFDWHG EH\RQG D JLYHQ GLVWDQFH

IURP WKH DWWDFKPHQW OLQH JURZ WR EHFRPH IHDWKHUV�
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LQFRPSOHWH VFDOORSV RU QR�VFDOORSV PD\ GHYHORS� 7KH

IRUPDWLRQ RI LQFRPSOHWH VFDOORSV RU QR�VFDOORSV

GHSHQGV RQ WKH DQJOH WKDW WKH SUHIHUUHG GLUHFWLRQ RI

JURZWK RI WKH IHDWKHUV PDNHV ZLWK UHVSHFW WR WKH

DWWDFKPHQW OLQH GLUHFWLRQ�

:KHQ LQFRPSOHWH VFDOORSV IRUP�� �ILJXUH �E�� WKH

IHDWKHUV LQ WKH JOD]H LFH IHDWKHUV ]RQH ZLOO IRUP

VFDOORS WLSV� 7KH PHFKDQLVPV RI IRUPDWLRQ RI WKHVH

VFDOORS WLSV ZHUH IRXQG WR EH LGHQWLFDO WR WKH

PHFKDQLVPV REVHUYHG IRU WKH IRUPDWLRQ RI WKH VFDOORS

WLSV LQ WKH FRPSOHWH VFDOORS FDVH� 7KH IRUPDWLRQ RI

WKH VFDOORS WLSV GHSHQGV RQ WKH DQJOH WKDW WKH

SUHIHUUHG GLUHFWLRQ RI JURZWK RI WKH IHDWKHUV PDNHV

ZLWK UHVSHFW WR WKH DWWDFKPHQW OLQH� ZKLFK LQ WXUQ

GHSHQGV RQ WKH GLVWDQFH IURP WKH DWWDFKPHQW OLQH DW

ZKLFK WKRVH IHDWKHUV DUH ORFDWHG� 7KH DQJOH PXVW EH

ODUJH HQRXJK WR DOORZ WKH PHFKDQLVPV RI IRUPDWLRQ RI

VFDOORS WLSV WR RSHUDWH DQG IRUP VFDOORS WLSV� DQG DOVR

PXVW EH ODUJH HQRXJK WR SUHYHQW WKH LFH RI WKH

DWWDFKPHQW OLQH ]RQH IURP FRYHULQJ DOO WKH JOD]H LFH

IHDWKHUV ]RQH DQG EXU\LQJ WKH LQFLSLHQW VFDOORS WLSV�

:KHQ QR�VFDOORSV IRUP�� �ILJXUH �F�� VFDOORS WLSV DUH

QRW SUHVHQW LQ WKH LFH DFFUHWLRQ� 7KUHH VLWXDWLRQV PD\

OHDG WR WKH IRUPDWLRQ RI QR�VFDOORSV� ,Q RQH FDVH WKH

FULWLFDO GLVWDQFH PD\ EH VR ODUJH WKDW RQO\ WKH

DWWDFKPHQW OLQH ]RQH LV SUHVHQW� ,Q WKH VHFRQG FDVH

WKH DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH IHDWKHUV

]RQH DUH ERWK SUHVHQW� EXW WKH DQJOH RI WKH IHDWKHUV

ZLWK UHVSHFW WR WKH DWWDFKPHQW OLQH GLUHFWLRQ LV QRW

ODUJH HQRXJK IRU WKH PHFKDQLVPV RI IRUPDWLRQ RI

VFDOORS WLSV WR RSHUDWH� ,Q WKH ODVW FDVH� WKH

DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH IHDWKHUV ]RQH

DUH ERWK SUHVHQW� DQG WKH DQJOH RI WKH IHDWKHUV ZLWK

UHVSHFW WR WKH DWWDFKPHQW OLQH GLUHFWLRQ LV ODUJH

HQRXJK IRU WKH PHFKDQLVPV RI VFDOORS WLS IRUPDWLRQ WR

RSHUDWH� EXW QRW ODUJH HQRXJK WR SUHYHQW WKH LFH RI WKH

DWWDFKPHQW OLQH IURP WRWDOO\ FRYHULQJ WKH VFDOORS WLSV�

:KHQ WKH IHDWKHUV DUH WRWDOO\ FRYHUHG WKH\ FHDVH WR

SOD\ D UROH LQ WKH IRUPDWLRQ RI WKH LFH DFFUHWLRQ�

:KHQ WKH DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH

IHDWKHUV ]RQH DUH ERWK SUHVHQW� LQ JHQHUDO RQH ZLOO

WHQG WR SUHYDLO RYHU WKH RWKHU LQ WKH ILUVW VWDJHV RI WKH

IRUPDWLRQ RI WKH LFH DFFUHWLRQ� DQG WKLV ZLOO LQIOXHQFH

WKH ILQDO LFH VKDSH� 7KLV LQWHUDFWLRQ EHWZHHQ WKH LFH RI

WKH DWWDFKPHQW OLQH ]RQH DQG WKH IHDWKHUV LQ WKH JOD]H

LFH IHDWKHUV ]RQH GHSHQGV RQ KRZ IDVW HDFK NLQG RI

LFH JURZV� ,Q DQ LQFRPSOHWH VFDOORS ZKHQ WKH FULWLFDO

GLVWDQFH LV VPDOO DQG WKH IHDWKHUV LQ WKH JOD]H LFH

IHDWKHUV ]RQH JURZ IDVWHU WKDQ WKH LFH RI WKH

DWWDFKPHQW OLQH� WKH\ ZLOO IRUP ODUJH VFDOORS WLSV� $V

LFH DFFUHWLRQ WLPH LQFUHDVHV WKH ODUJH VFDOORS WLSV

ZDVK RXW WKH SUHVHQFH RI WKH DWWDFKPHQW OLQH ]RQH

DQG WKH LFH DFFUHWLRQ ORRNV DOPRVW OLNH FRPSOHWH

VFDOORSV� ,Q D QR�VFDOORS� LQ VRPH FDVHV WKH IHDWKHUV

PD\ JURZ IDVWHU WKDQ WKH DWWDFKPHQW OLQH LFH LQ WKH

EHJLQQLQJ RI WKH LFH DFFUHWLRQ� EXW WKH LFH RI WKH

DWWDFKPHQW OLQH HYHQWXDOO\ ZLOO FRYHU WKHP DQG WKH

IHDWKHUV ZLOO FHDVH WR SOD\ D UROH LQ WKH IRUPDWLRQ RI WKH

LFH VKDSH� %HFDXVH RI WKH IDVW JURZWK RI WKH IHDWKHUV

LQ WKH LQLWLDO VWDJH RI WKH IRUPDWLRQ RI WKH LFH DFFUHWLRQ�

WKH LFH VKDSH ZLOO VKRZ KRUQV� DQG UHVHPEOH VRPH RI

WKH LFH VKDSHV WKDW DUH REVHUYHG LQ �' LFH DFFUHWLRQV�

,Q DOO FDVHV RI IRUPDWLRQ RI JOD]H LFH DFFUHWLRQV RQ D

VZHSW ZLQJ� WKH GLVWDQFH IURP WKH DWWDFKPHQW OLQH

EH\RQG ZKLFK WKH URXJKQHVV HOHPHQWV EHFRPH JOD]H

LFH IHDWKHUV �WKH FULWLFDO GLVWDQFH GFU� LV D FULWLFDO IDFWRU

LQ WKH NLQG RI LFH DFFUHWLRQ WKDW ZLOO IRUP�

$ 3DUDPHWULF H[SHULPHQWDO VWXG\ RQ WKH HIIHFW RI

YHORFLW\ DQG VZHHS DQJOH RQ WKH FULWLFDO GLVWDQFH�

FRQGXFWHG RQ D VZHSW 1$&$ ���� ZLQJ WLS VKRZHG

WKDW DW D JLYHQ YHORFLW\ DQG WXQQHO FRQGLWLRQ� DV WKH

VZHHS DQJOH LV LQFUHDVHG IURP �R WR ��R� WKH FULWLFDO

GLVWDQFH VORZO\ GHFUHDVHV� $V WKH VZHHS DQJOH LV

LQFUHDVHG SDVW ��R� WKH FULWLFDO GLVWDQFH VWDUWV

GHFUHDVLQJ PRUH UDSLGO\� )RU �� DQG ��� PSK LW

UHDFKHV D YDOXH RI � PLOOLPHWHUV DW ��R� )RU ���

DQG ��� PSK LW UHDFKHV D YDOXH RI � PLOOLPHWHUV DW

��R� 2Q WKH LFH DFFUHWLRQ� DV WKH VZHHS DQJOH LV

LQFUHDVHG IURP �R WR ��R� WKH H[WHQW RI WKH

DWWDFKPHQW OLQH ]RQH VORZO\ GHFUHDVHV EXW RYHUDOO�

WKH LFH DFFUHWLRQV UHPDLQ VLPLODU WR WKH �R VZHHS

DQJOH FDVH� $V WKH VZHHS DQJOH LV LQFUHDVHG DERYH

��R� WKH H[WHQW RI WKH DWWDFKPHQW OLQH ]RQH

GHFUHDVHV UDSLGO\ DQG FRPSOHWH VFDOORSV IRUP DW

��R VZHHS DQJOH IRU �� DQG ��� PSK� DQG DW ��R IRU

��� DQG ��� PSK�

$ VWXG\ RQ WKH HIIHFW RI /:& DQG WHPSHUDWXUH RQ

WKH FULWLFDO GLVWDQFH�� FRQGXFWHG RQ D VZHSW 1$&$

���� ZLQJ WLS DLUIRLO IRXQG WKDW GHFUHDVLQJ WKH /:&

WR ��� J�P� GHFUHDVHV WKH YDOXH RI WKH FULWLFDO

GLVWDQFH DW D JLYHQ VZHHS DQJOH FRPSDUHG WR WKH

EDVHOLQH FDVH� DQG VWDUWV WKH IRUPDWLRQ RI FRPSOHWH

VFDOORSV DW ��R VZHHS DQJOH� ,QFUHDVLQJ WKH /:& WR

��� J�P� LQFUHDVHV WKH YDOXH RI WKH FULWLFDO GLVWDQFH

FRPSDUHG WR WKH EDVHOLQH FDVH� WKH FULWLFDO GLVWDQFH

UHPDLQV DOZD\V DERYH � PLOOLPHWHUV DQG FRPSOHWH

VFDOORSV DUH QRW IRUPHG� 'HFUHDVLQJ WKH WRWDO

WHPSHUDWXUH WR �� R) GHFUHDVHV WKH FULWLFDO

GLVWDQFH ZLWK UHVSHFW WR WKH EDVHOLQH FDVH DQG

IRUPDWLRQ RI FRPSOHWH VFDOORSV EHJLQV DW ��R VZHHS

DQJOH� :KHQ WKH WRWDO WHPSHUDWXUH ZDV LQFUHDVHG

WR �� R)� EXPSV FRYHUHG ZLWK URXJKQHVV HOHPHQWV

DSSHDU RQ WKH LFH DFFUHWLRQ DW ��R DQG ��R VZHHS

DQJOHV� ODUJH LFH VWUXFWXUHV DSSHDU DW ��R DQG ��R
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VZHHS DQJOHV� DQG FRPSOHWH VFDOORSV DUH IRUPHG DW

��R VZHHS DQJOH�

([SHULPHQWDO 3URFHGXUH

,FLQJ 5HVHDUFK $LUFUDIW

7KH LFLQJ UHVHDUFK DLUFUDIW LV D PRGLILHG

'H+DYLOODQG '+&�� 7ZLQ 2WWHU ,FLQJ 5HVHDUFK

$LUFUDIW �ILJXUH ��� ,W LV D WZLQ HQJLQH FRPPXWHU

W\SH DLUFUDIW SRZHUHG E\ WZR ��� VKDIW KRUVHSRZHU

WXUERSURS HQJLQHV� ,W KDV EHHQ PRGLILHG IRU IOLJKW

LQ LFLQJ HQYLURQPHQWV DQG WR SHUPLW WKH DFTXLVLWLRQ

RI LFLQJ GDWD�

,QVWUXPHQWDWLRQ DQG 'DWD 5HGXFWLRQ

7KH 7ZLQ 2WWHU ,FLQJ 5HVHDUFK $LUFUDIW LV HTXLSSHG

ZLWK VWDQGDUG IOLJKW LQVWUXPHQWDWLRQ DQG ZLWK

LQVWUXPHQWDWLRQ VSHFLILF WR LFLQJ UHVHDUFK� 7KH

PHDVXUHG IOLJKW GDWD FRQVLVWHG RI DLUVSHHG� RXWVLGH

DLU WHPSHUDWXUH� DQJOH RI DWWDFN� DQJOH RI VLGHVOLS�

GURSOHW VL]H �09'�� OLTXLG ZDWHU FRQWHQW �/:&��

DQG DOWLWXGH� 7KH /:& ZDV PHDVXUHG XVLQJ D .LQJ

SUREH� 'URSOHW VL]H �09'� PHDVXUHG E\ D )RUZDUG

6FDWWHULQJ 6SHFWURPHWU\ 3UREH �)663�� 7KH

RXWVLGH WHPSHUDWXUH ZDV PHDVXUHG ZLWK D

5RVHPRXQW SUREH PRXQWHG RQ WKH IXVHODJH�

$LUVSHHG� DOWLWXGH� DQJOH RI DWWDFN DQG VLGHVOLS ZHUH

PHDVXUHG ZLWK D 5RVHPRXQW ��� SUREH�

$OO GDWD ZDV DFTXLUHG XVLQJ 6FLHQFH (QJLQHHULQJ

DQG $VVRFLDWHV �6($� 0��� GDWD DFTXLVLWLRQ

VRIWZDUH DQG ZDV VWRUHG LQ D ELQDU\ IRUPDW� 6($

3OD\EDFN VRIWZDUH UHDG WKH ELQDU\ IRUPDWWHG GDWD

DQG SURGXFHG $6&,, ILOHV ZKLFK ZHUH DQDO\]HG

XVLQJ D VSUHDGVKHHW VRIWZDUH� 7KH WLPH VHULHV IRU

HDFK SDUDPHWHU ZDV SORWWHG DQG WLPH DYHUDJHV DQG

VWDQGDUG GHYLDWLRQV ZHUH FDOFXODWHG� 7DEOH �

VKRZV WKH VXPPDU\ RI WKH IOLJKW GDWD�

0RGHO DQG 5HODWHG +DUGZDUH

7KH PRGHO FKRVHQ IRU WKLV VWXG\ ZDV D 1$&$ ����

VZHSW ZLQJ WLS �ILJXUH ��� 7KH DLUIRLO LV PDGH RI

ZRRG� ZLWK D �����PHWHU ����LQFK� FKRUG PHDVXUHG

QRUPDO WR WKH OHDGLQJ HGJH� DQG D ������PHWHU ����

LQFK� VSDQ� ,W ZDV ILWWHG ZLWK D URXQGHG HQG FDS� ,W

ZDV PRXQWHG RQ D EDVH WKDW DOORZHG SLYRWLQJ RI WKH

DLUIRLO WR VZHHS DQJOHV IURP �R WR ��R LQ �R

LQFUHPHQWV� 7KH EDVH RI WKH DLUIRLO ZDV DWWDFKHG WR

D VSHFLDOO\ GHVLJQHG VWDQG �ILJXUH ��� 7KH VWDQG

FRQVLVWHG RI D V\VWHP RI SXOOH\V FRQQHFWHG WR D

FUDQN WKDW DOORZHG WKH DLUIRLO WR EH UDLVHG WKURXJK D

KDWFK LQ WKH FDELQ RI WKH DLUFUDIW DQG LQWR WKH

DLUVWUHDP�

$ KHDWHU ZDV LQVWDOOHG RQ WKH DUHD ZKHUH WKH

PHDVXUHPHQWV DQG FROOHFWLRQ RI LFH VKDSHV ZHUH

JRLQJ WR EH SHUIRUPHG� 7KH KHDWHU ZDV SRZHUHG

E\ D �� '&� � DPS� SRZHU VXSSO\� $ JULG ZDV

SDLQWHG RQ WKH VXUIDFH RI WKH KHDWHU WR DOORZ

LGHQWLILFDWLRQ RI WKH IORZ GLUHFWLRQ RQ WKH

SKRWRJUDSKLF GDWD DQG WR VHUYH DV D GLVWDQFH VFDOH

LQ VRPH SLFWXUHV�

$ VPDOO ODERUDWRU\ W\SH IUHH]HU �ILJXUH �� ZDV XVHG

WR VWRUH WKH LFH VDPSOHV GXULQJ IOLJKW RSHUDWLRQV�

7KH IUHH]HU ZHLJKV �� OEV DQG KDV ��� FX�IW RI

VWRUDJH� ,W GUDZV D SHDN FXUUHQW RI �� DPSV DW

VWDUWXS� EXW UDSLGO\ GURSV WR � DPS GXULQJ

FRQWLQXRXV RSHUDWLRQ� 7KH IUHH]HU XVHV D VPDOO

DPRXQW RI 5����$ UHIULJHUDQW DV WKH ZRUNLQJ IOXLG

DQG FDQ PDLQWDLQ WKH LFH VDPSOHV EHWZHHQ ²��

DQG ��� )� ,FH VDPSOHV ZHUH ODLG RQ EXEEOH�ZUDS

PDWHULDO WR SUHYHQW GDPDJH WR WKHP GXULQJ VWRUDJH�

7KH IUHH]HU GRRU ZDV PRGLILHG ZLWK D VDIHW\ ODWFK

WR NHHS LW VHFXUHO\ FORVHG ZKLOH LQ IOLJKW DQG GXULQJ

WDNH�RIIV�ODQGLQJV� ,FH SDFNV ZHUH DOVR LQVWDOOHG LQ

WKH IUHH]HU WR KHOS NHHS LFH VDPSOHV IUR]HQ LQ WKH

HYHQW WKH SRZHU WR WKH IUHH]HU ZDV LQWHUUXSWHG IRU

DQ\ H[WHQGHG SHULRG RI WLPH�

7HVW 3URFHGXUH

(DFK GD\ RI WHVWLQJ VWDUWHG ZLWK LGHQWLILFDWLRQ RI

LFLQJ FRQGLWLRQV� 7KH SLORWV DQG WKH WHVW HQJLQHHU

KHOG D WHOHFRQ ZLWK 1DWLRQDO &HQWHU IRU $WPRVSKHULF

5HVHDUFK SHUVRQQHO WR GHWHUPLQH WKH EHVW DOWLWXGH

DQG ORFDWLRQ WR LQWHUFHSW LFLQJ FRQGLWLRQV� 7KH

DLUFUDIW ZDV ODXQFKHG� :KHQ WKH ORFDWLRQ IRU LFLQJ

FRQGLWLRQV ZDV UHDFKHG D GHWHUPLQDWLRQ ZDV PDGH

LI WKH FRQGLWLRQV ZHUH VXIILFLHQW RU LI EHWWHU LFLQJ

FRQGLWLRQV ZHUH QHHGHG� ,I EHWWHU LFLQJ FRQGLWLRQV

ZHUH QHHGHG� FRPPXQLFDWLRQ ZDV HVWDEOLVKHG E\

6DWFRP ZLWK 1&$5 SHUVRQQHO� DQG D EHWWHU

ORFDWLRQ IRU LFLQJ FRQGLWLRQV ZDV ORFDWHG �LI LW

H[LVWHG�� ,I WKH FRQGLWLRQV ZHUH IRXQG WR EH

VXIILFLHQW� D KROGLQJ SDWWHUQ ZDV HVWDEOLVKHG DQG

WKH H[SHULPHQW ZDV VWDUWHG� 7KH KDWFK RQ WKH

FHLOLQJ RI WKH DLUFUDIW ZDV RSHQHG� DQG WKH DLUIRLO

ZDV HOHYDWHG WKURXJK WKH KDWFK LQWR WKH DLUVWUHDP�

%HFDXVH RI WKH VL]H RI WKH KDWFK RSHQLQJ� WKH DLUIRLO

ZDV HOHYDWHG DW �R VZHHS DQJOH WKURXJK WKH KDWFK

DQG RQFH LQ WKH DLUVWUHDP LW ZDV VHW DW WKH VHOHFWHG

VZHHS DQJOH� 7KH VWDUWLQJ WLPH IRU WKH LFLQJ

HQFRXQWHU ZDV UHFRUGHG� 'XULQJ WKH LFLQJ
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FRQGLWLRQV WKH PHWHRURORJLFDO GDWD ZDV UHFRUGHG E\

WKH GDWD DFTXLVLWLRQ V\VWHP DQG FRQVWDQWO\

PRQLWRUHG E\ WKH WHVW HQJLQHHU� $ERXW PLGSRLQW

LQWR WKH LFH HQFRXQWHU� WKH UHVHDUFKHU UHTXHVWHG

IURP WKH WHVW HQJLQHHU D UHDGLQJ RI WKH

PHWHRURORJLFDO FRQGLWLRQV DQG ZURWH WKHP LQ D GDWD

VKHHW� WKHVH FRQGLWLRQV ZHUH XVHG DV D URXJK

LQGLFDWLRQ RI WKH LFLQJ FRQGLWLRQV�

2QFH WKH LFH DFFUHWLRQ ZDV IRUPHG� WKH DLUIRLO ZDV

PRYHG WR �R VZHHS DQJOH DQG ORZHUHG LQWR WKH

FDELQ� 7KH HQGLQJ WLPH RI WKH LFH HQFRXQWHU ZDV

UHFRUGHG� 3KRWRJUDSKLF GDWD RI WKH LFH DFFUHWLRQ

ZDV WDNHQ� 7KUHH FXWV ZHUH PDGH LQ WKH LFH

DFFUHWLRQ XVLQJ DQ DOXPLQXP WHPSODWH� 7KH FXWV

ZHUH PDGH SHUSHQGLFXODU WR WKH OHDGLQJ HGJH� $

FDUGERDUG WUDFLQJ ZDV PDGH LQ WKH PLGGOH FXW�

2QFH WKH WUDFLQJ ZDV GRQH� WKH KHDWHU ZDV

DFWLYDWHG DQG WZR VDPSOHV RI WKH LFH DFFUHWLRQ

ZHUH UHPRYHG IURP WKH DLUIRLO DQG SODFHG LQ D

IUHH]HU� 7KH IUHH]HU ZDV NHSW DW D WHPSHUDWXUH

QHDU �� R)� 7KH DLUIRLO ZDV FOHDQHG DQG SUHSDUHG

IRU WKH QH[W GDWD SRLQW� $W WKH HQG RI WKH IOLJKW� WKH

LFH DFFUHWLRQV ZHUH SODFHG LQ D 6W\URIRDP

FRQWDLQHU DQG PRYHG WR WKH ORFDWLRQ LQ WKH KDQJDU

ZKHUH D ZD[ EDWK ZDV PDLQWDLQHG� $ ZD[ PROG RI

HDFK LFH DFFUHWLRQ ZDV PDGH DQG ODEHOHG� /DWHU D

FDVWLQJ RI WKH LFH DFFUHWLRQ ZDV REWDLQHG IURP WKH

ZD[ PROG�

&DVWLQJV

)RU HDFK RI WKH ZD[ PROGV D XUHWKDQH FDVWLQJ ZDV

PDGH RI WKH LFH VKDSH� 7KH FDVWLQJV DOORZHG

PHDVXUHPHQW RI WKH FULWLFDO GLVWDQFH DQG

REVHUYDWLRQ RI WKH LFH DFFUHWLRQ�

7KH FDVWLQJV ZHUH PDGH E\ GLSSLQJ WKH LFH VKDSH

VHYHUDO WLPHV LQ D EDWK RI EHHV�ZD[ DW ��� R) WR

IRUP D ZD[ PROG� GUDLQLQJ WKH ZDWHU IURP LQVLGH WKH

ZD[ PROG� DQG ILOOLQJ WKH PROG ZLWK OLTXLG XUHWKDQH�

7KH XUHWKDQH ZDV DOORZHG WR VROLGLI\� DQG WKHQ D

VROYHQW ZDV XVHG WR UHPRYH WKH ZD[�

5HVXOWV DQG 'LVFXVVLRQ

)RU WKH SXUSRVH RI GDWD DQDO\VLV� WKH IOLJKW GDWD

ZDV GLYLGHG LQWR IRXU JURXSV ODEHOHG $ WKURXJK '�

7KH GDWD LQ D JLYHQ JURXS KDYH DYHUDJH LFLQJ

FRQGLWLRQV ZLWKLQ D FORVH UDQJH RI YDOXHV� 7KLV

GLYLVLRQ RI WKH GDWD DOORZHG REVHUYDWLRQ RI WKH

HIIHFW RI WKH VZHHS DQJOH DQG LQ VRPH FDVHV

FRPSDULVRQ WR ,FLQJ 5HVHDUFK 7XQQHO GDWD�

7DEOH � SUHVHQWV WKH FRPSOHWH VXPPDU\ RI WKH

IOLJKW GDWD� 7DEOHV � WKURXJK � SUHVHQW WKH IOLJKW

GDWD LQ HDFK RQH RI WKH JURXSV $ WKURXJK '�

*URXS $� JOD]H LFH FRQGLWLRQV

7KH GDWD LQ WKLV JURXS �7DEOH �� KDYH DYHUDJH LFLQJ

FRQGLWLRQV FORVH WR 9  ��� PSK� 7WRWDO  ��
R)� /:&

 ��� J�P�� 09'  �� µP�
 
)RU WKH LQ�IOLJKW WHVW WKH VZHHS DQJOHV WHVWHG ZHUH

�R� ��R� ��R� ��R� DQG ��R�

)RU D VZHHS DQJOH RI ��R WZR LFH DFFUHWLRQV EHORQJ

WR JURXS $ �ILJXUHV ����� 7KH DYHUDJH FRQGLWLRQV

IRU ERWK FDVHV DUH DERXW WKH VDPH ZLWK VOLJKW

GLIIHUHQFH LQ WKH /:&V ����� J�P� YHUVXV ����

J�P���

)RU WKH KLJKHU /:& �ILJXUH �� WKH VFDOORS WLSV DUH

ZHOO GHILQHG DQG VWDUWLQJ DW WKH DWWDFKPHQW OLQH�

7KH LFH VKDSH LV D FRPSOHWH VFDOORS� 7KH VFDOORS

WLSV DUH YHU\ FORVH DQG WKH VSDFHV EHWZHHQ DUH

ILOOHG ZLWK LFH� 7KLV LFH VKDSH LV GLIIHUHQW IURP WKH

LFH VKDSH LQ ILJXUH �� 7KH LFH VKDSH LV DOPRVW

LGHQWLFDO WR LFH VKDSHV REWDLQHG DW D ORZHU WRWDO

WHPSHUDWXUH �ILJXUH ��� DQG DOVR WR DQ LFH VKDSH

REWDLQHG DW ORZHU /:& �ILJXUH ����

7KH LFH VKDSH LQ ILJXUH � LV D FRPSOHWH VFDOORS� $

VLGH YLHZ RI WKH LFH DFFUHWLRQ �ILJXUH �� VKRZV WKH

IHDWKHU IRUPDWLRQ RI WKH VFDOORS WLSV� ,W FRPSDUHV

ZHOO ZLWK DQ LFH DFFUHWLRQ REWDLQHG LQ WKH ,57

�ILJXUH �� DW Λ = 45o, 9  ��� PSK� 7WRWDO  �� R)�

/:&  ��� J�P�� 09'  �� µP� τ = � PLQXWHV�

&ORVH XS SKRWRJUDSKLF GDWD RI WKH LQ�IOLJKW

DFFUHWLRQ �ILJXUH ��� DQG WKH ,57 DFFUHWLRQ �ILJXUH

��� VKRZ WKDW WKH\ VKDUH WKH VDPH LFLQJ

FKDUDFWHULVWLFV� 7KH VFDOORS WLSV DUH VLPLODU LQ

IRUPDWLRQ DQG QRW ZHOO GHILQHG� 7KH\ DUH PDGH RI

IHDWKHUV MRLQLQJ DORQJ WKHLU SUHIHUUHG GLUHFWLRQ RI

JURZWK� ,Q ERWK LFH DFFUHWLRQV ODUJH IHDWKHUV ZLWK D

SUHIHUUHG GLUHFWLRQ JURZWK FDQ EH VHHQ DORQJ WKH

DWWDFKPHQW OLQH� 7KHVH ODUJH LFH IHDWKHUV DORQJ WKH

DWWDFKPHQW OLQH KDYH EHHQ REVHUYHG LQ SDVW VWXGLHV

RI LFH DFFUHWLRQV RQ VZHSW ZLQJV��� 7KH\ W\SLFDOO\

VWDUW DSSHDULQJ DW ODUJH VZHHS DQJOHV ZKHQ WKH

/:& LV ORZHUHG IURP ���� J�P� WR ��� J�P�� RU

ZKHQ WKH WRWDO WHPSHUDWXUH LV ORZHUHG IURP �� R) WR

�� R) VWDUWLQJ DW D EDVHOLQH FRQGLWLRQ RI ��� PSK�

�� R)� ���� J�P�� �� µP 09'�
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$W D VZHHS DQJOH RI ��R WKH LFH VKDSH �ILJXUH ��� LV

D FRPSOHWH VFDOORS� &RPSDULVRQ ZLWK DQ DFFUHWLRQ

REWDLQHG LQ WKH WXQQHO �ILJXUH ��� DW Λ = 30o, 9  

��� PSK� 7WRWDO  �� R)� /:&  ��� J�P�� 09'  ��

µP� τ = �� PLQXWHV� VKRZV WKDW WKH WZR LFH

DFFUHWLRQV KDYH WKH VDPH RYHUDOO FKDUDFWHULVWLFV�

)RU ERWK LFH DFFUHWLRQV ODUJH IHDWKHUV DSSHDU DORQJ

WKH DWWDFKPHQW OLQH DUHD� 2QO\ WKH WRS RI WKH IHDWKHUV

FDQ EH REVHUYHG DQG WKH VSDFH EHWZHHQ WKHP LV ILOOHG

E\ LFH ZLWK URXJKQHVV HOHPHQWV� 7KH VFDOORS WLSV DUH

SUHVHQW LQ ERWK FDVHV EXW WKH\ DUH VPDOO DQG QRW ZHOO

GHILQHG�

$W D VZHHS DQJOH RI ��R WKH LFH VKDSH LV D QR�VFDOORS

�ILJXUH ���� &RPSDULVRQ ZLWK DQ LFH DFFUHWLRQ �ILJXUH

��� REWDLQHG LQ WKH WXQQHO DW Λ = 15o, 9  ��� PSK�

7WRWDO  �� R)� /:&  ��� J�P�� DQG 09'  �� µP� τ 
= 10 minutes, VKRZV WKDW WKH WZR LFH DFFUHWLRQV

VKDUH VLPLODU FKDUDFWHULVWLFV� ,Q ERWK FDVHV WKH

DWWDFKPHQW OLQH DQG WKH JOD]H LFH IHDWKHUV ]RQH DUH

SUHVHQW� ,Q ERWK FDVHV WKH DWWDFKPHQW OLQH ]RQHV DUH

FRYHUHG ZLWK URXJKQHVV HOHPHQWV� 7KH IHDWKHUV LQ WKH

JOD]H LFH IHDWKHUV ]RQHV KDYH D SUHIHUUHG GLUHFWLRQ RI

JURZWK RULHQWHG LQ WKH GLUHFWLRQ RI WKH DWWDFKPHQW OLQH�

,Q ERWK FDVHV WKH FULWLFDO GLVWDQFH �GFU� LV SUHVHQW� )RU

WKH WXQQHO LFH DFFUHWLRQ GFU  � PP� IRU WKH LQ�IOLJKW LFH

DFFUHWLRQ GFU � PP�

$W D VZHHS DQJOH RI �R WKH LFH DFFUHWLRQ LV D QR VFDOORS

�ILJXUH ���� &RPSDULVRQ ZLWK DQ LFH DFFUHWLRQ �ILJXUH

��� REWDLQHG LQ WKH WXQQHO DW DW Λ = 0o, 9  ��� PSK�

7WRWDO  �� R)� /:&  ��� J�P�� DQG 09'  �� µP� τ 
= 5 minutes, VKRZV WKDW WKH VDPH LFLQJ

FKDUDFWHULVWLFV DUH SUHVHQW� %RWK LFH VKDSHV KDYH DQ

DWWDFKPHQW OLQH ]RQH FRYHUHG ZLWK URXJKQHVV

HOHPHQWV DQG D UHGXFHG JOD]H LFH IHDWKHUV ]RQH� )RU

WKH LQ�IOLJKW LFH VKDSH GFU  � PP� DQG IRU WKH WXQQHO

LFH VKDSH GFU  ���� PP�

2EVHUYDWLRQV RQ WKH HQG FDS RI WKH DLUIRLO DOORZ

VWXG\LQJ WKH HIIHFW RI FKDQJLQJ WKH ORFDO VZHHS DQJOH

IRU WKH VDPH LFLQJ FRQGLWLRQV� 7KLV LV HVSHFLDOO\

LPSRUWDQW LQ WKH LQ�IOLJKW GDWD EHFDXVH WKH FRQGLWLRQV

DUH XQVWHDG\� )LJXUHV �� DQG �� SUHVHQW WKH

SKRWRJUDSKLF GDWD RQ WKH HQG FDS ZKHQ WKH DLUIRLO ZDV

VHW D VZHHS DQJOH RI ��R� 2Q WKH VSDQ RI WKH DLUIRLO

WKH LFH DFFUHWLRQ LV D QR�VFDOORS �ILJXUH ���� $V WKH

ORFDO VZHHS DQJOH FKDQJHV DORQJ WKH HQG FDS RI WKH

DLUIRLO� WKH FULWLFDO GLVWDQFH FROODSVHV DQG VFDOORSV

PDGH RI IHDWKHUV ZLWK D SUHIHUUHG GLUHFWLRQ RI JURZWK

FDQ EH REVHUYHG �ILJXUH ���� $ VLGH YLHZ RI WKH

VFDOORSV RQ WKH HQG FDS �ILJXUH ��� VKRZV WKHLU IHDWKHU

IRUPDWLRQ� 7KHVH REVHUYDWLRQV DUH FRQVLVWHQW ZLWK

REVHUYDWLRQV PDGH LQ ,57 H[SHULPHQWV RI KRZ WKH

LQFUHDVH LQ WKH ORFDO VZHHS DQJOHV RQ WKH HQG FDS

DIIHFW WKH LFH VKDSH�

$W WKH ERWWRP RI 7DEOH � WKHUH DUH WKUHH GDWD SRLQWV

EHORZ WKH KHDGLQJ ´'DWD SRLQWV ZLWK ORZHU /:&Vµ�

7KHVH GDWD SRLQWV KDYH VLPLODU LFLQJ FRQGLWLRQV WR WKH

RWKHU RQHV EXW WKH /:&V DUH FORVHU WR ��� J�P� WKDQ

WR ��� J�P�� 7KH WKUHH SRLQWV DUH IRU VZHHS DQJOHV RI

��R� ��R� DQG ��R�

,Q WKH FDVH IRU D VZHHS DQJOH RI ��R �ILJXUH ��� WKH LFH

DFFUHWLRQ LV VLPLODU WR WKH LFH DFFUHWLRQ LQ ILJXUH �� ,W LV

D FRPSOHWH VFDOORS� 6FDOORS WLSV DUH ZHOO GHILQHG� ,FH

LV ILOOLQJ WKH VSDFH EHWZHHQ WKH VFDOORS WLSV�

,Q WKH FDVH IRU D VZHHS DQJOH RI ��R �ILJXUH ��� WKH LFH

DFFUHWLRQ LV D FRPSOHWH VFDOORS� 7KH RYHUDOO LFH

DFFUHWLRQ LV VLPLODU WR WKH FDVH ZLWK WKH KLJKHU /:&

GLVFXVVHG DERYH �ILJXUH ���� EXW WKH LFH IRUPLQJ WKH

LFH VKDSH LV OHVV WUDQVSDUHQW� PRUH WRZDUGV ULPH LFH�

,Q WKH FDVH IRU D VZHHS DQJOH RI ��R �ILJXUH ���� WKH

LFH DFFUHWLRQ LV DQ LQFRPSOHWH VFDOORS� 7KH VFDOORS

WLSV DUH SUHVHQW DOWKRXJK QRW ZHOO GHILQHG� 7KH

DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH IHDWKHUV ]RQH

FDQ EH REVHUYHG� 7KH DWWDFKPHQW OLQH ]RQH LV

FRYHUHG ZLWK ODUJH URXJKQHVV HOHPHQWV� 7KH WRSV RI

ODUJH LFH IHDWKHUV VHHQ DW ODUJHU VZHHS DQJOHV DUH QRW

SUHVHQW�

*URXS %

7KH GDWD LQ WKLV JURXS �7DEOH �� KDYH DYHUDJH LFLQJ

FRQGLWLRQV FORVH WR 9  ��� PSK� 7WRWDO  ��
R)� /:&

 ��� J�P�� 09'  �� µP� 7KH PDLQ GLIIHUHQFH

ZLWK WKH GDWD IURP JURXS $ LV WKH ORZHU WRWDO

WHPSHUDWXUH RI �� R) YHUVXV �� R)� 7KH HIIHFW RI

ORZHU WHPSHUDWXUH FDQ EH REVHUYHG ZKHQ

FRPSDULQJ WKH LFH DFFUHWLRQV LQ ERWK JURXSV�

,FLQJ WHVW SRLQWV ZHUH REWDLQHG IRU VZHHS DQJOHV RI

��R� ��R� ��R DQG �R�

)RU ��R VZHHS DQJOH �ILJXUH ��� WKH LFH DFFUHWLRQ LV

D FRPSOHWH VFDOORS� 7KH LFH DFFUHWLRQ LV VLPLODU WR

WKH LFH VKDSH LQ ILJXUH �� :HOO�GHILQHG VFDOORS WLSV

FDQ EH REVHUYHG� 7KH VSDFH EHWZHHQ WKH VFDOORS

WLSV DQG WKH DUHD DURXQG WKH DWWDFKPHQW OLQH DUH

FRYHUHG ZLWK LFH�

)RU ��R VZHHS DQJOH �ILJXUH ��� WKH LFH DFFUHWLRQ

ORRNV VLPLODU WR WKH LFH DFFUHWLRQ IURP JURXS $ IRU

WKH VDPH VZHHS DQJOH EXW LQ WKLV FDVH WKH DUHD

DURXQG WKH DWWDFKPHQW OLQH LV FRYHUHG ZLWK LFH

�ILJXUH ��� DQG WKHUH LV QR LQGLFDWLRQ RI ODUJH
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IHDWKHUV� 7KH DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H

LFH IHDWKHUV ]RQHV DUH SUHVHQW� 6LGH YLHZV RI WKH

LFH DFFUHWLRQ VKRZ WKDW WKH IHDWKHUV LQ WKH JOD]H LFH

IHDWKHUV ]RQH DUH WLJKWO\ SDFNHG �ILJXUH ���� 7KH

LFH VKDSH LV DQ LQFRPSOHWH VFDOORS� 7KH FULWLFDO

GLVWDQFH PHDVXUHG IURP WKH SKRWRJUDSKLF GDWD LV �

PP�

)RU ��R DQG �R VZHHS DQJOH �ILJXUHV ��� ��� WKH LFH

VKDSHV VKRZ WKH DWWDFKPHQW OLQH ]RQH DQG WKH

JOD]H LFH IHDWKHUV ]RQH� ,Q ERWK FDVHV WKH

DWWDFKPHQW OLQH ]RQH LV FRYHUHG ZLWK ODUJH

URXJKQHVV HOHPHQWV� 7KH GLDPHWHU RI WKH

URXJKQHVV HOHPHQWV LV RI WKH RUGHU RI � PP RU OHVV�

,Q ERWK FDVHV WKH IHDWKHUV LQ WKH JOD]H LFH IHDWKHUV

]RQHV DUH WLJKWO\ SDFNHG� ZLWK WKH SUHIHUUHG

GLUHFWLRQ RI JURZWK RI WKH IHDWKHUV DOLJQHG QHDUO\

SDUDOOHO WR WKH GLUHFWLRQ RI WKH DWWDFKPHQW OLQH IORZ�

)LJXUH �� VKRZV WKH IHDWKHUV IRU WKH ��R FDVH� 7KH

FULWLFDO GLVWDQFHV PHDVXUHG IURP WKH SKRWRJUDSKLF

GDWD DUH � PP DQG �� PP IRU ��R DQG �R VZHHS

DQJOHV UHVSHFWLYHO\�

*URXS &

7KH GDWD LQ WKLV JURXS �7DEOH �� KDYH DYHUDJH WRWDO

WHPSHUDWXUHV FORVH WR �� R)�

7ZR FDVHV DUH IRU D VZHHS DQJOH RI ��R� 2QH FDVH

KDV DQ DYHUDJH /:& RI ���� J�P� �ILJXUH ���� 7KH

LFH DFFUHWLRQ LV D FRPSOHWH VFDOORS PDGH RI JOD]H

LFH IHDWKHUV� 7KH RWKHU FDVH IRU D VZHHS DQJOH RI

��R LV IRU DQ /:& RI ���� J�P� �ILJXUH ���� $W WKH

ORZHU /:& WKH LFH DFFUHWLRQ LV PRUH WRZDUG ULPH

LFH� 7KLV LV HVSHFLDOO\ HYLGHQW LQ WKH FRORU RI WKH LFH

WKDW LV ZKLWLVK DQG OHVV WUDQVSDUHQW� 7KH LFH

DFFUHWLRQ LV VWLOO D FRPSOHWH VFDOORS�

2QH DGGLWLRQDO FDVH ZDV IRU D VZHHS DQJOH RI �R�

7KH LFH DFFUHWLRQ LV D QR VFDOORS �ILJXUH ���� ZLWK

URXJKQHVV HOHPHQWV FRYHULQJ WKH DWWDFKPHQW OLQH

]RQH�

,Q DOO FDVHV REVHUYHG� WKH HIIHFW RI KLJK

WHPSHUDWXUH LV QRW DV PDUNHG DV REVHUYHG LQ WXQQHO

H[SHULPHQWV� EXW LQ WKH WXQQHO WKH FDVHV ZHUH DOO DW

KLJKHU /:&� 7KH HIIHFW RI ORZHULQJ WKH /:& LV LQ

VRPH ZD\V VLPLODU WR ORZHULQJ WHPSHUDWXUH�

*URXS '

7KH GDWD LQ WKLV JURXS �7DEOH �� KDYH DYHUDJH

YDOXHV RI /:& OHVV WKDQ ��� J�P� DQG WRWDO

WHPSHUDWXUHV FORVH WR �� R)� 'DWD ZHUH REWDLQHG

IRU VZHHS DQJOHV RI ��R� ��R� ��R DQG �R�

7KH LFH DFFUHWLRQV IRU �R� ��R� DQG ��R �ILJXUHV ���

��� ��� VKRZ VLPLODU LFLQJ FKDUDFWHULVWLFV� 7KH

DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH IHDWKHUV

]RQHV DUH SUHVHQW LQ HDFK FDVH� 7KH DWWDFKPHQW

OLQH ]RQHV DUH FOHDU DQG VPRRWK� 7KH LFLQJ

FRQGLWLRQV �ORZ /:& DQG ORZ WHPSHUDWXUH� DUH

IDYRUDEOH WR PL[HG LFH DQG WKLV LV UHIOHFWHG LQ WKH

LFH LQ WKH DWWDFKPHQW OLQH ]RQH� ,Q DOO FDVHV WKH

IHDWKHUV LQ WKH JOD]H LFH IHDWKHUV ]RQH DUH WLJKWO\

SDFNHG �ILJXUH ��� DQG WHQG WR IRUP D VROLG SLHFH LQ

WKH DUHDV WKDW DUH FORVH WR WKH HQG RI WKH

DWWDFKPHQW OLQH ]RQH�

)RU �R DQG ��R VZHHS DQJOHV WKH LFH DFFUHWLRQV DUH

QR VFDOORSV� )RU ��R VRPH GHJUHH RI VFDOORS WLSV

FDQ EH REVHUYHG� WKH LFH DFFUHWLRQ LV DQ LQFRPSOHWH

VFDOORS�

7KH FULWLFDO GLVWDQFH IRU HDFK VZHHS DQJOH FDVH LV

VPDOOHU WKDQ IRU WKH FDVHV ZLWK VLPLODU DYHUDJH

LFLQJ FRQGLWLRQV EXW ODUJHU /:& GLVFXVVHG DERYH

�JURXS %�� 7KLV LV FRQVLVWHQW ZLWK REVHUYDWLRQV

IURP H[SHULPHQWV LQ WKH ,57 WKDW LQGLFDWHG WKDW WKH

FULWLFDO GLVWDQFH GHFUHDVHV DV WKH /:& LV

GHFUHDVHG �RWKHU LFLQJ FRQGLWLRQV PDLQWDLQHG WKH

VDPH�� 7KH FULWLFDO GLVWDQFHV PHDVXUHG IURP WKH

SKRWRJUDSKLF GDWD ZHUH� ��� PP� � PP� DQG � PP

DW VZHHS DQJOHV RI �R� ��R DQG ��R UHVSHFWLYHO\�

)RU D VZHHS DQJOH RI ��R WKH LFH DFFUHWLRQ VKRZV

VFDOORS WLSV �ILJXUH ��� ZLWK WLJKWO\ SDFNHG IHDWKHUV

IRUPLQJ WKHP �ILJXUH ���� ,Q WKH DUHD DURXQG WKH

DWWDFKPHQW OLQH ]RQH WKH LFH ORRNV OLNH D VROLG

SLHFH� 7KH LFH DFFUHWLRQ VHHPV WR EH PDGH RI

WLJKWO\ SDFNHG IHDWKHUV WKDW IXVH WRJHWKHU RU JHW

FRYHUHG E\ LFH�

&RQFOXVLRQV

 
$Q H[SHULPHQW ZDV FRQGXFWHG LQ WKH 'H+DYLOODQG

'+&�� 7ZLQ 2WWHU ,FLQJ 5HVHDUFK $LUFUDIW DW 1$6$

*OHQQ 5HVHDUFK &HQWHU WR VWXG\ WKH IRUPDWLRQ RI

LFH DFFUHWLRQV RQ VZHSW ZLQJV LQ QDWXUDO LFLQJ

FRQGLWLRQV� 7KH H[SHULPHQW ZDV GHVLJQHG WR REWDLQ

LFH DFFUHWLRQ GDWD WR KHOS GHWHUPLQH LI WKH

PHFKDQLVPV RI LFH DFFUHWLRQ IRUPDWLRQ REVHUYHG LQ

WKH ,FLQJ 5HVHDUFK 7XQQHO DUH SUHVHQW LQ QDWXUDO

LFLQJ FRQGLWLRQV�

7KH H[SHULPHQWDO LQYHVWLJDWLRQ VKRZHG WKDW LQ WKH

FDVH ZKHUH WKH LQ�IOLJKW DYHUDJH LFLQJ FRQGLWLRQ

ZDV FORVH WR D WHVWHG WXQQHO LFLQJ FRQGLWLRQ DQG D

FRPSDULVRQ FRXOG EH PDGH� WKH LFH DFFUHWLRQV

VKRZHG VLPLODU LFLQJ FKDUDFWHULVWLFV DW HDFK VZHHS

DQJOH WHVWHG� $W ��R DQG ��R VZHHS DQJOHV WKH LFH
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DFFUHWLRQV ZHUH FRPSOHWH VFDOORSV PDGH RI

IHDWKHUV ZLWK D SUHIHUUHG GLUHFWLRQ RI JURZWK� ,Q

SDUWLFXODU� WKH SUHVHQFH RI ODUJH IHDWKHUV RU WKH WRS

RI ODUJH IHDWKHUV DORQJ WKH DWWDFKPHQW OLQH DUHD

DJUHHV ZHOO ZLWK SDVW WXQQHO REVHUYDWLRQV DW VLPLODU

ORZ /:& LFLQJ FRQGLWLRQV� $W ��R DQG �R VZHHS

DQJOHV WKH DWWDFKPHQW OLQH ]RQH DQG WKH JOD]H LFH

IHDWKHUV ]RQH ZHUH SUHVHQW DQG WKH FULWLFDO

GLVWDQFH FRXOG EH PHDVXUHG�

)RU WKH LQ�IOLJKW LFH DFFUHWLRQV WKH FKDQJH LQ WKH LFH

VKDSH DV WKH ORFDO VZHHS DQJOH LQFUHDVHV DORQJ

WKH HQG FDS RI WKH DLUIRLO DJUHHV ZHOO ZLWK WXQQHO

REVHUYDWLRQV�

,Q FDVHV ZKHUH QR WXQQHO GDWD ZHUH DYDLODEOH WR

PDNH D FRPSDULVRQ� WKH LQ�IOLJKW LFH DFFUHWLRQV

VKRZHG WKH VDPH JHQHUDO HOHPHQWV RI IRUPDWLRQ

WKDW KDYH EHHQ REVHUYHG LQ LFH DFFUHWLRQV REWDLQHG

LQ WXQQHO H[SHULPHQWV�

�L� 7KH SUHVHQFH RI WKH DWWDFKPHQW OLQH ]RQH DQG�RU

D JOD]H LFH IHDWKHUV ]RQH� 7KLV DOORZV WKH LFH

DFFUHWLRQV WR EH FODVVLILHG DV QR�VFDOORSV�

LQFRPSOHWH VFDOORSV RU FRPSOHWH VFDOORSV�

�LL� 7KH SUHVHQFH RI VFDOORS WLSV PDGH RI IHDWKHUV

ZLWK D SUHIHUUHG GLUHFWLRQ RI JURZWK IRU FRPSOHWH

DQG LQFRPSOHWH VFDOORSV

�LLL� 7KH SUHVHQFH RI WKH DWWDFKPHQW OLQH ]RQH DQG

WKH JOD]H LFH IHDWKHUV ]RQH IRU LQFRPSOHWH VFDOORSV

DQG QR�VFDOORSV�

�LY� 7KH DWWDFKPHQW OLQH ]RQH PDGH RI LFH FRYHUHG

ZLWK URXJKQHVV HOHPHQWV ZLWK GLDPHWHUV RI WKH

RUGHU RI � PLOOLPHWHUV RU OHVV ZKHQ WKH FRQGLWLRQV

DUH IDYRUDEOH IRU JOD]H LFH� RU D FOHDU VPRRWK LFH

ZKHQ WKH FRQGLWLRQV DUH IDYRUDEOH WR PL[HG LFH�

�Y� 7KH SUHVHQFH RI WKH FULWLFDO GLVWDQFH DQG LWV

GHFUHDVH WR ]HUR DV WKH VZHHS DQJOH LQFUHDVHV

WRZDUGV ��R�

7KH WHVW UHVXOWV LQGLFDWH WKDW WKH IRUPDWLRQ RI LFH

DFFUHWLRQV RQ D VZHSW 1$&$ ���� DLUIRLO LQ�IOLJKW LV

FRQVLVWHQW ZLWK ZKDW ZH NQRZ DERXW WKH IRUPDWLRQ

RI LFH DFFUHWLRQV LQ WKH ,FLQJ 5HVHDUFK 7XQQHO

$FNQRZOHGJHPHQWV

7KH DXWKRUV ZRXOG OLNH WR WKDQN DOO RI WKH SHUVRQQHO

DW $LUFUDIW 2SHUDWLRQV IRU WKHLU KHOS LQ DOO SKDVHV RI

WKH H[SHULPHQW� DQG 0U� &KULV /\QFK IURP WKH

,PDJLQJ 7HFKQRORJ\ &HQWHU IRU KLV DVVLVWDQFH ZLWK

WKH SKRWRJUDSKLF ZRUN�

5HIHUHQFHV

� 5HHKRUVW� $�/�� ´3UHGLFWLRQ RI ,FH $FFUHWLRQ RQ D
6ZHSW 1$&$ ���� $LUIRLO DQG &RPSDULVRQV WR
)OLJKW 7HVW 5HVXOWVµ� $,$$ 3DSHU �������� -DQ�
�����

� 3LHUUH� 0� DQG 9DXFKHUHW� ;�� ´,FLQJ 7HVW )DFLOLWLHV
DQG 7HVW 7HFKQLTXHV LQ (XURSHµ� $*$5' 5HSRUW
1R� ��� �$LUFUDIW ,FLQJ�� 2WWDZD� &DQDGD� �����

� /DVFKND� %� DQG -HVVH� 5�(�� ´,FH $FFUHWLRQ DQG
LWV (IIHFWV RQ $HURG\QDPLFV RI 8QSURWHFWHG $LUFUDIW
&RPSRQHQWVµ� $*$5' 5HSRUW 1R� ��� �$LUFUDIW
,FLQJ�� 2WWDZD� &DQDGD� �����

� :LOGHU� 5�:�� ´$ 7KHRUHWLFDO DQG ([SHULPHQWDO
0HDQV WR 3UHGLFW ,FH $FFUHWLRQ 6KDSHV IRU
(YDOXDWLQJ $LUFUDIW +DQGOLQJ DQG 3HUIRUPDQFH
&KDUDFWHULVWLFVµ� $*$5' 5HSRUW 1R� ��� �$LUFUDIW
,FLQJ�� 2WWDZD� &DQDGD� �����

� 5HHKRUVW� $�/� DQG %LGZHOO� &�� 1$6$ /HZLV
5HVHDUFK &HQWHU LQWHUQDO GRFXPHQW� �����

� +HGGH� 7� DQG *XIIRQG� '�� ´,PSURYHPHQW RI WKH
21(5$ �' ,FLQJ &RGH� &RPSDULVRQ ZLWK �'
([SHULPHQWDO 6KDSHVµ� $,$$ 3DSHU �������� -DQ�
�����

� 9DUJDV� 0� DQG 5HVKRWNR� (�� ´3K\VLFDO
0HFKDQLVPV RI *OD]H ,FH 6FDOORS )RUPDWLRQV RQ
6ZHSW :LQJVµ� $,$$ 3DSHU �������� -DQ� �����
1$6$ 70�������������

� 9DUJDV� 0�� ´,FH $FFUHWLRQ RQ 6ZHSW :LQJV DW
*OD]H ,FH &RQGLWLRQVµ� 3K�'� 7KHVLV� &DVH :HVWHUQ
5HVHUYH 8QLYHUVLW\� &OHYHODQG� 2KLR� 0D\ �����

� 9DUJDV� 0� DQG 5HVKRWNR� (�� ´3DUDPHWULF
([SHULPHQWDO 6WXG\ RI WKH )RUPDWLRQ RI *OD]H ,FH
6KDSHV RQ 6ZHSW :LQJVµ� $,$$ 3DSHU ��������
-DQ� ����� 1$6$ 70�������������

�� 9DUJDV� 0� DQG 5HVKRWNR� (�� ´/:& DQG
7HPSHUDWXUH (IIHFWV RQ ,FH $FFUHWLRQ )RUPDWLRQ RQ
6ZHSW :LQJV DW *OD]H ,FH &RQGLWLRQVµ� $,$$ 3DSHU
���������� -DQ� ����� 1$6$ 70�������������
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)LJXUH �� ,FH DFFUHWLRQ RQ D VZHSW ZLQJ DW JOD]H LFH FRQGLWLRQV� �D� $WWDFKPHQW OLQH ]RQH� JOD]H LFH IHDWKHUV

]RQH� DQG FULWLFDO GLVWDQFH �YLHZ IURP GLUHFWLRQ QRUPDO WR OHDGLQJ HGJH�� �E� $WWDFKPHQW OLQH ]RQH� JOD]H LFH

IHDWKHUV ]RQH� DQG FULWLFDO GLVWDQFH �RYHUDOO YLHZ� 

)LJXUH �� ,FH DFFUHWLRQ RQ D VZHSW ZLQJ DW JOD]H LFH FRQGLWLRQV� �D� &RPSOHWH VFDOORS FDVH� FULWLFDO GLVWDQFH  �� �E�

,QFRPSOHWH VFDOORS FDVH� FULWLFDO GLVWDQFH ! �� VFDOORS WLSV DUH IRUPHG DW D JLYHQ GLVWDQFH �WKH FULWLFDO GLVWDQFH� IURP WKH

DWWDFKPHQW OLQH SURSHU� �F� 1R�VFDOORS FDVH� FULWLFDO GLVWDQFH ! �� VFDOORS WLSV DUH QRW IRUPHG�  
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Figure 3.  NASA Glenn Research Center Icing 
Research Aircraft (DHC-6 Twin Otter Aircraft) 

Figure 4.  NACA 0012 Swept Wing Tip airfoil 

 

Figure 5.  View of experimental hardware inside the cabin of 
the aircraft 

      Freezer 

Airfoil stand to 
extend the airfoil 
through the hatch  

              Hatch 
 

Airfoil base for 
pivoting airfoil 
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Figure 6.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run 
number 012401.01, average conditions: Λ = 45o, 
V = 142 mph, Ttotal = 24.8oF, Tstatic = 21.0oF, LWC 
= 0.48g/m3, MVD = 12.3µm, τ = 10min.  
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 7.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run 
number 013101.01, average conditions: Λ = 45o, 
V = 142 mph, Ttotal = 26.6oF, Tstatic = 22.8oF, LWC 
= 0.37g/m3, MVD = 12.2µm, τ = 6min.  Direction 
of flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 8.  Side view of ice accretion showing 
feather formation of scallop tips. Twin Otter 
aircraft run number 013101.01, average 
conditions: Λ = 45o, V = 142 mph, Ttotal = 
26.6oF, Tstatic = 22.8oF, LWC = 0.37g/m3, MVD 
= 12.2µm, τ = 6min.  Direction of flow is from 
left to right; scale of ruler is in centimeters, 
smallest division 1 mm. 

Figure 9.  Front view of ice accretion obtained 
in the Icing Research Tunnel showing 
complete scallops.  Λ = 45o, V = 150 mph, Ttotal 
= 25oF, LWC = 0.5g/m3, MVD = 20µm, τ = 
5min.  Direction of flow is from bottom to top; 
scale of ruler is in centimeters, smallest 
division 1 mm. 
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Figure 10.  Close-up of in-flight ice accretion 
shown in Figures 7. Run number 013101.01, 
average conditions: Λ = 45o, V = 142 mph, 
Ttotal = 26.6oF, Tstatic = 22.8oF, LWC = 0.37g/m3, 
MVD = 12.2µm, τ = 6min.  Direction of flow is 
from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 11.  Close-up of Icing Research Tunnel 
ice accretion shown in Figure 9.  Λ = 45o, V = 
150 mph, T = 25oF, LWC = 0.5g/m3, MVD = 
20µm, τ = 5min.  Direction of flow is from bottom 
to top; scale of ruler is in centimeters, smallest 
division 1 mm. 
 

Figure 12.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run 
number 013101.02, average conditions: Λ = 30o, 
V = 144 mph, Ttotal = 25.3oF, Tstatic = 21.2oF, LWC 
= 0.45g/m3, MVD = 13.3µm, τ = 8min.  Direction 
of flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 13.  Front view of ice accretion 
obtained in the Icing Research Tunnel, 
showing complete scallops.  Λ = 30o, V = 150 
mph, T = 25oF, LWC = 0.5g/m3, MVD = 20µm, 
τ = 10min.  Direction of flow is from bottom to 
top; scale of ruler is in inches, smallest division 
1/16 of an inch. 
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Figure 14.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 013101.03, average conditions: Λ = 15o, 
V = 143 mph, Ttotal = 25.9oF, Tstatic = 21.9oF, LWC 
= 0.39g/m3, MVD = 12.3µm, τ = 8min.  Direction 
of flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 15.  Front view of no-scallop ice 
accretion obtained in the Icing Research 
Tunnel.  Λ = 15o, V = 150 mph, T = 25oF, LWC 
= 0.5g/m3, MVD = 20µm, τ = 10min.  Direction 
of flow is from bottom to top; scale of ruler is in 
inches, smallest division 1/16 of an inch. 

 

Figure 16.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 013101.04, average conditions: Λ = 
0o, V = 142 mph, Ttotal = 26.4oF, Tstatic = 21.7oF, 
LWC = 0.41g/m3, MVD = 13.1µm, τ = 7min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 17.  Front view of no-scallop ice 
accretion obtained in the Icing Research 
Tunnel.  Λ = 0o, V = 150 mph, T = 25oF, LWC 
= 0.5g/m3, MVD = 20µm, τ = 5min.  Direction 
of flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

 

16NASA/TM—2002-211357
American Institute of Aeronautics and Astronautics



 
 
 
 
 
 

 

    
  
 
 
 
 
          

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 18.  Front view of complete scallops on 
the end cap of the airfoil for the ice accretion 
shown in Figure 14. Twin Otter aircraft run 
number 013101.03, average conditions: Λ = 
15o, V = 143 mph, Ttotal = 25.9oF, Tstatic = 21.9oF, 
LWC = 0.39g/m3, MVD = 12.3µm, τ = 8min.  
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 19.  Side view of Figure 18, complete 
scallops on the end cap of the airfoil showing 
feather formation. Twin Otter aircraft run number 
013101.03, average conditions: Λ = 15o, V = 
143 mph, Ttotal = 25.9oF, Tstatic = 21.9oF, LWC = 
0.39g/m3, MVD = 12.3µm, τ = 8min.  Direction of 
flow is from left to right; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 20.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run number 
011901.03, average conditions: Λ = 45o, V = 143 
mph, Ttotal = 25.0oF, Tstatic = 21.2oF, LWC = 
0.33g/m3, MVD = 14.0µm, τ = 14min.  Direction 
of flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 21.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run 
number 012601.02, average conditions: Λ = 30o, 
V = 139 mph, Ttotal = 26.2oF, Tstatic = 22.3oF, 
LWC = 0.32g/m3, MVD = 13.5µm, τ = 12min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 
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Figure 22.  Front view of incomplete scallops 
showing attachment line zone and glaze ice 
feathers zone. Twin Otter aircraft run number 
013101.05, average conditions: Λ = 25o, V = 
143 mph, Ttotal = 26.1oF, Tstatic = 22.1oF, LWC = 
0.32g/m3, MVD = 12.2µm, τ = 7min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm.

Figure 23.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run number 
012401.07, average conditions: Λ = 45o, V = 144 
mph, Ttotal = 19.3oF, Tstatic = 15.4F, LWC = 
0.40g/m3, MVD = 11.8µm, τ = 13min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 24.  Front view of incomplete scallops 
showing attachment line zone and glaze ice 
feathers zone. Twin Otter aircraft run number 
012401.02, average conditions: Λ = 30o, V = 144 
mph, Ttotal = 22.1oF, Tstatic = 18.1oF, LWC = 
0.54g/m3, MVD = 12.8µm, τ = 13min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 25.  Close-up of ice accretion from 
Figure 24, showing attachment line covered 
with ice. Twin Otter aircraft run number 
012401.02, average conditions: Λ = 30o, V = 
144 mph, Ttotal = 22.1oF, Tstatic = 18.1oF, LWC = 
0.54g/m3, MVD = 12.8µm, τ = 13min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 
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Figure 26.  Side view of ice accretion from 
Figure 24, showing tightly packed feathers. 
Twin Otter aircraft run number 012401.02, 
average conditions: Λ = 30o, V = 144 mph, 
Ttotal = 22.1oF, Tstatic = 18.1oF, LWC = 0.54g/m3, 
MVD = 12.8µm, τ = 13min.  Direction of flow is 
from left to right; scale of ruler is in 
centimeters, smallest division 1 mm.

Figure 27.  Front view of no-scallop ice accretion 
showing attachment line zone and glaze ice 
feathers zone. Twin Otter aircraft run number 
012401.03, average conditions: Λ = 15o, V = 143 
mph, Ttotal = 20.5oF, Tstatic = 16.7oF, LWC = 
0.51g/m3, MVD = 12.6µm, τ = 10min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 28.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 012401.04, average conditions: Λ = 
0o, V = 142 mph, Ttotal = 21.2oF, Tstatic = 17.4oF, 
LWC = 0.46g/m3, MVD = 12.1µm, τ = 9min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 29.  Side view of ice accretion from 
showing tightly packed feathers. Twin Otter 
aircraft run number 012401.03, average 
conditions: Λ = 15o, V = 143 mph, Ttotal = 
20.5oF, Tstatic = 16.7oF, LWC = 0.51g/m3, MVD 
= 12.6µm, τ = 10min.  Direction of flow is from 
left to right; scale of ruler is in centimeters, 
smallest division 1 mm. 
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Figure 30.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run number 
012601.01, average conditions: Λ = 45o, V = 159 
mph, Ttotal = 30.6oF, Tstatic = 25.5oF, LWC = 
0.36g/m3, MVD = 14.4µm, τ = 9min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 31.  Front view of ice accretion showing 
complete scallops. Twin Otter aircraft run number 
013001.01, average conditions: Λ = 45o, V = 148 
mph, Ttotal = 29.3oF, Tstatic = 24.1oF, LWC = 
0.13g/m3, MVD = 14.9µm, τ = 41min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 32.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 012601.03, average conditions: Λ = 
0o, V = 138 mph, Ttotal = 30.2oF, Tstatic = 26.4oF, 
LWC = 0.31g/m3, MVD = 12.0µm, τ = 12min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 33.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 011801.01, average conditions: Λ = 
0o, V = 151 mph, Ttotal = 16.9oF, Tstatic = 11.1oF, 
LWC = 0.10g/m3, MVD = 11.0µm, τ = 15min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 
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Figure 34.  Front view of no-scallop ice 
accretion showing attachment line zone and 
glaze ice feathers zone. Twin Otter aircraft run 
number 011901.05, average conditions: Λ = 
15o, V = 137 mph, Ttotal = 19.4oF, Tstatic = 
14.9oF, LWC = 0.16g/m3, MVD = 14.0µm, τ = 
18min.  Direction of flow is from bottom to top; 
scale of ruler is in centimeters, smallest

Figure 35.  Front view of incomplete scallops 
showing attachment line zone and glaze ice 
feathers zone. Twin Otter aircraft run number 
011901.04, average conditions: Λ = 30o, V = 
142 mph, Ttotal = 19.6oF, Tstatic = 15.6oF, LWC = 
0.20g/m3, MVD = 15.0µm, τ = 19min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 

Figure 36.  Side view of no-scallop ice 
accretion showing tightly packed feathers. 
Twin Otter aircraft run number 012401.05, 
average conditions: Λ = 0o, V = 146 mph, Ttotal 
= 20.0oF, Tstatic = 16.0oF, LWC = 0.28g/m3, 
MVD = 10.2µm, τ = 16min.  Direction of flow is 
from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 

Figure 37. Front view of incomplete scallops 
showing attachment line zone and glaze ice 
feathers zone. Twin Otter aircraft run number 
011901.02, average conditions: Λ = 45o, V = 
132 mph, Ttotal = 18.3oF, Tstatic = 13.6oF, LWC = 
0.07g/m3, MVD = 17.0µm, τ = 22min. 
Direction of flow is from bottom to top; scale of 
ruler is in centimeters, smallest division 1 mm. 
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Figure 38.  Side view of ice accretion showing 
tightly packed feathers. Twin Otter aircraft run 
number 012201.01, average conditions: Λ = 45o, V 
= 159 mph, Ttotal = 18.9oF, Tstatic = 14.2oF, LWC = 
0.14g/m3, MVD = 9.0µm, τ = 25min.  Direction of 
flow is from bottom to top; scale of ruler is in 
centimeters, smallest division 1 mm. 
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