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Prediction Model for the Dispersion Pattern of Pre-Controlled Fragments from a
Multi-Layer Ring Casing
Zhiyang Y€, Weibing Li?(Corresponding Author), Weixin Bj Junbao L, Xianxu Hug,
Zhe Liwt,Hongzhi Yan@
P6FKRRO RI OHFKDQLFDO (QJLQHHULQJ 1DQMLQJ 8QLYHUVLW\
&KLQD
E1RUWK +XDDQ ,QGXVWU\ *URXS &R IWG 4LTLKDU
$EVWBHIFALQJ DW WKH SUHGLFWLRQ RI IUDJPHQW BHY®WUVLRQ

XQGHU H[SORVLYH ORDGLQJ WKLV SDSHU LQFWYRQJDRGHOW K
IRU WKH SURMHFWLRQ DQJOH RI IUDJPHQWYVY IURPOD PXOWL)¢
VLPXODWLRQV XVLQJ $872'<1) ' VRIWZDUH WKH HIIHFWV Rl YD
H[SORVLYH W\SHV DQG FKDUJH GLPHQVLRQV HRW WLKQH RID/IPHIQ W
DUH DQDO\]JHG $ SUHGLFWLRQ PRGHO IRU WKH IURBPHQW SUR
SK\VLFDO PHFKDQLVP RI IUDJPHQW GHIOHFWHRQSGHGYRQY IER@|
IUDPHZRUN LV HVYWDEOLVKHG E\ LQWURGXFRB JDW &HD DRIE BOW
SRVLWLRQ FRUUHFWLRQ IDFWRU IROORZHG E\ KIS QWIZPHQWDO
PRGHO DFFXUDWHO\ FDSWXUHV WKH FKRQ DFQUHOHL VIKIFRK RIV \
QHJDWLYH QHDU WKH LQLWLDWLRQ HQG SRVLWLYH QHDU WKH
JUDGLHQWY DW ERWK HQGV ZKLOH EHFRPLQJ JR@WBE LQ WK
SUHGLFWLRQV DQG H[SHULPHQWDO GDWD LV OHYNRWY¥XDQ
SUH)FRQWUROOHG RU SUH)IRUPHG IUDJPHQW ZDUKHDGV 7KI
XQLYHUVDOLW)\ RI SUHGLFWLQJ WKH IUDJPHQW SURMHFWLRQ L
.H\ZRUG@HWRQDWLRQ ZDYH PHWDO FDVLQJ IUDJFHQW GLVStH
ORDGLQJ QXPHULFDO VLPXODWLRQ

 QWURGXFWLRQ

3UH)FRQWUROOHG IUDJPHQWDWLRQ ZDUKHDGV RQUH DQ LPS
PXQLWLRQV $PRQJ WKH H[LVWLQJ SUH)FRQWURGPWEUMHFKQL"
KDV EHHQ ZLGHO\ DGRSWHG GXH WR LWV DGYDQWDJHV VXFK D
JRRG PDVV XQLIRUPLW\ DQG:*@RXKH MU PE@XW HYUHFRMWHQH V \
RI ZDUKHDG LV GLUHFWO\ GHWHUPLQHG E\ WKH IUDQPHQW GLV
>@ 7KHUHIRUH DFEXUDWHO\ XQGHUVWDQGLQJ WKHQWDJPHQW
FDVLQJ XQGHU GHWRQDWLRQ ORDGLQJ LV DQ LFERDWDQW HQ
ILHOG RI HQHUJHWLF PDWHULDOV DSSOLFDWLRQ DBI H[SORVL
IRU VDIHW\ DQDO\VLV RI VIPSDWKHWLF GHVDRGDWQRXQVRIUED @
DSSOLFDWLRQV
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$OWKRXIJK UHVHDUFK RQ WKH GLVSHUVLRQ YOIZHUJ BURJFRQ
FDVLQJV LV OLPLWHG WKH GLVSHUVLRQ ODZ RI QDWXUDO I1UD
7TKH FDOFXODWLRQ RI WKH IUDJPHQW SURMHRWURGQ QQQWEH U
VWXG\ RI LQLWLDO YHORFLW\ VLQFHOWKHRHHWURSR VBT HI UWFKH U X
FRQGXFWHG H[WHQVLYH LQYHVWLIJDWLRQV DQG DFKLHYHG PD(
QG WKH &KDBWRDW REAXQW IRU WKH HIIHFW RI D[LDO UD
IRUPX®DWWHG EDVHG RQ WKH *XUQH\ IRUPXOD”DRKLAKSHULPHC
FRUUHFWV WKH HIIHFW RI D[LDO UDUHNI\WBWERWLRI)Y RVIRQIWKR
UHGXFLQJ WKH HIITHFWLYH FKDUJH PDQ\WG WYX H HQULRWPWE B /L X
IRU FDOFXODWLQJ WKH D[LDO GLVWULDBXWHRGWFE IL\WQKWALD OH UU
OHQIJWK)WR)GLDPHWHU UDWLRV ,Q DGGCRAMOBR@LQVKWR H> B WH WR
WKH LQLWLDO IUDJPHQW YHORFLW& VXFK DV WKH ZRUN E\ 1RK

5HIJDUGLQJ WKH SURMHFWLRQIDLQ YOHSRIR IRV A B DNVW K ARWDHRW
PHWKRG IRU WKH I[UDJPHQW SURMHFWLRQ DQJKX@GRD @GF\OLQC
HVWDEOLVKHG WKH 7D\ORU IRUPXOD 7R WIWPIUHRMWA SWKRMEEF WGE RF
DQJOH PDQY YFRRODPHWWRGLILHG WKH 7D\OR RRVRPZEDH® Q/XKH\
HITHFW RI IUDJPHQW DFFHOHUDWLRQ DQG DREGW®R WEKR UDNG R/ |
IRUPXOD

0 L2 OE yRS 8"
t & bR 1o

,Q WKH IRJIPWKOMKXH IUDJPHQW D F BHIOHWKHLBG W YPWLDB GR
IUDJPHQW YHORFLW\ DORQJ WKH ZDUKHDG D[LVQS$WWHRXJIK W
7D\ORU IRUPXOD LW KDV VLJ®QLDL@EbHQWHOGPIL MWDXWMR @\R RHEFNDIXI\

JHOL[ AV DRYWDEOLVKHG D PRGHO IRU FDOFXODWLQJ WKH
EDVHG RQ WKH H[SDQVLRQ VKDSH RI D FIOLQGULFDO FDVLQJ X
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,Q WKH IRUBEXONDKH FDVLQJ H[SDQVLRQ FRHIILFOTHQW PHDVXL
WKH D[LDO SRVLWLRQ UHODWNYBVWRPW KEHVRHEWR Q D WIHD@ HQL W
FDVLQJ H[SDQVLRQ DQG WKH IUDJPHQW YHORFLWDUBMDFK WKH
SRVLWLRQ RI , &) DQIGLYUIR ERXNOKD REWDLQHG E\ DVVXPSWLRQ
REMHFW LV D F\OLQGULFDO FDVLQJ PDGH RIEDOLSHFWIR FNKBIW
PXOWL)OD\HU ULQJ FDVLQJ VWXGLHG LQ WKLYV SDSHU UHTXLUF



65
66
67

68
69
70
71
72
73
74
75
76
77
78
79
80

81

82
83
84
85

86
87

88
89

-LDQJ AWFBQVLGHUHG WKH HIIHFW Rl D[LDO UDUHIDFWLRC
GLVWULEXWLRQ DQG REWDLQHG D IRUPXODJKRDFFXOBPXOEWLQJ
ILWWLQJ H[SHULPHQWDO GDWD
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,Q WKH IRERRDD¥F A% t $OWKRXJIJK WKLV IRUPXOD UHGXFHYV
HUURU RI WKH IUDJPHQW SURMHFW LR @ D@QRXOGHDIWL RMK PARUWH WE P
WKH UHVHDUFK PRGHO LV PDLQO\ EDVHG RQ V®RKHULMDO SUH
FRPSDWLELOLW\ ZLWK SUH)FRQWUROOHG® JUWHPXIQWHW IXRRVEBH
YDOLGDWLRQ

7KH DLP RI WKLV SDSHU LV WR LQYHVWLIJDWRHHQWN GURBHUYV
D PXOWL)OD\HU ULQJ FDVLQJ WKURXJK QXPHULFD®@WHVRIPXODWLF
DFFXUDWHO\ SUHGLFWLQJ WKH IUDJPHQW BLWRWGE RW LW KHRWHOM!
GHULYDWLRQ WDNLQJ DGYDQWDJH RI WKH GHWHUPLQHG D
PXOWL)OD\HU ULQJ FDVLQJ IUDJPHQWYV 7KH FRMAVIRXQKW WHUF
QXPHULFDO VLPXODWLRQ )LQDOO\ WKH WFEQUSEM RL FVWKLH P RX
I[UDJPHQW SURMHFWLRQ DQJOHV RI RWKHU WYSHV LRPIHIQW DOH Q'
GDWD

1XPHULFDO 6LPXODWLRQ 6WXG\

7KLV VHFWLRQ XVHV QXPHULFDO VLPXODWLRQ WR DQDO\]
SUH)FRQWUROOHG IUDJPHQWY IURP D PXOWRX\OSHUIDBHYHBUV
RQ WKH IUDJPHQW SURMHFWLRQ DQJOH 7KH FRXSOLQJ UHODMW
IDFWRUV VXFK DV D[LDO JURRYH GHSWK FDNQQXRDYWNULDQG !

H[SORVLYH W\SH DUH LQYHVWLJDWHG
&RPSXWDWLRQDO 6FKHPH DQG ORGHO

Metal casing

Air field

T Explosive

Detonation

/ point

)L 1XPHULFDO 6LPXODWLRQ ORGHO



90
91
92
93
94
95
96
97
98
99
100
101
102

103
104
105

,Q WKLV VWXG\ D TXDUWHU PRGHO RI WKH BEXOMG)RD\HU U
QXPHULFDO VLPXODWLRQ XVLQ3 $8V2VKIRZQVROQWZIDUH WKH H[SC
FKDUJH KDV ® GDGRAWIRE D OHQNWKHK KHLIJKW RI KKDBR@WLQJ OD\
WKH WRWDO KHLJKW RURKHHVDXILWKE UDHPWDVRJIXODU FURVV)VHF
WKH RXWHU VXUIDFH RI WKH FEWLQE DZIWRKR ¥HAGRHRSEHK ZFOIG W K
UHODWLYH MRRGHIGAIB&/ OV WKH UDBWLR WRK M KB VIIURIRW K LG-HSWM
WKH FDVLQJ WKLFNQHVV LV PP

$ WRWDO RI FRPSXWDWLRQDO FDVHV DU HWREGRWR LQ
LQYHVWLIDWH WKH HITHFWV RI YDULRXV IDFWARWV)RQ\WHK HJLQDJ
FDVLQJ ZDUKHDG OHQJWK)WR)GLDPHWHW UDWLR JJRRMH =*
GHSWK &DVHV H[SORVLYH W\SH &DWHV =+ DQG FD
7KH GHWDLOHG GDWD IRU HDFK FDVH DUH OLVWHG LQ 7DEOH

7TDEOHXPHULFDO 6LPXODWLRQ &DVHYV

&DVHYV /" K/ \% ([SORVLY &DVLQJ P

&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO

&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO

717 6WHHO
3%; 6WHHO

&RPS % 6WHHO
&RPS % 6WHHO
&RPS % 6WHHO

,Q WKH QXPHULFDO VLPXODWLRQ WKH FDWNQ X K VOGIL WHKUHH W
DLU DQG H[SORVLYH DUH ILOOHG LQ WKH (XOWUWNVDRI GRPDLQ %
> @> @> @ LW LV IRXQG WKDW WKH FDVLQWRHVKPWYL]H JHQ
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DQG WKH H[SORVLYH PHVK VL]H LV UHODWLYHO\ XQLIRUP W\
DGRSWHG WR FRQGXFW D PHVK FRQYHUJHQFH DQDO\VLV IRU W

PP PP PP PP DQG PP DUH VHW DV PHVK WK
PRVW DSSURSULDWH PHVK VL]H LV VHOHFWHG LQ FRPELQDWLR
7KH UHVXOWV DUH VKRZQ LQ )LJ $FFRUGLQJ WR )LJ E

VLIH IRU WKH QXPHULFDO VLPXODWLRQ WKH WIOH &FDNQ QGGRPHDV
PHVK VL]H LV PP
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Time (s)

Case3-8 projection angle (°)
S
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Projection angle (°)

8 / —— mesh 0.30mm

—— mesh 0.45mm sl
6 —— mesh 0.60mm

—— mesh 0.75mm 4 2E+4
4 mesh 0.90mm oL
214 1I6 :;.8 I20 I22 I24 I26 I28 0{3 0I.4 cl)As (I).G IOJ I0.8 I(19

7LPH V Size (mm)
D &DVH 9DULDWLRQ RI E 3URMHFWLRQ DQJOH DW
DQJOH ZLWK PHVK WLPH

)LJ OHVK FRQYHUJHQFH DQDO\VLYV
ODWHULDO ORGHO
,Q WKLV VWXG\ WKH PXOWL OD\HU ULQJ FDYIDQUGLNVWADGH F
PDWHULDO PRGHO HPSOR\V WKH -RKQVRQ &RRN VWUHQJWK PR
6LH#E S Wi2s E wWpyE 822
,Q WKH IRUPKOMKH 10RZ3D% UHN W KIHQ\ IOH O G DYANILMH WK HLQ 0
KDUGHQLQJ V\WERHID LW KW KK HTXLY DO HRM S\CKTHY W WRJ VMQU B DQ G t
H[SRQ&QW WKH VWUDLQ U DBVIHY WK WMHIOD WA VB FHTRUYDOHQW S
0 77 i7y ZKHUMSUHVHQWY WKH DE\NROWKH WRHRPS MUHPS K U B W
DQ%G LV WKH PHOWLQJ W HR/SWHKBIWXKHURDRO. VRIWHQLQJ H[SRQ!
SDUDPHWHUV DUH OLVWHG LQ 7DEOH
7KH -RKQVRQ &RRN IDLOXUH PRGHO FDQ UBI[QBOWWN K & |1 H |
WHPSHUDWXUH DQG HIIHFWLYHO\ GHVFULEH WKH IDLOXUH DQ
VWUDLQ FDQ EH H[SUHVVHG DV
YL &E&® ATEY :s E gH¥p: s F §6Y,
,Q WKH IRUPXWBH IDLDXWHMKMUDRWLR RI SUHVVXUH WR HII
' LV WKH IDLOXUH SDUDPHWHU DQG LWV VSHFLILF YDOXHV D!
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7TDEOHRKQVRQ &RRN PRGHO SDUDPHWHUV RI WKH FDVLQJ >

ODWH! ! $ % Q & P 7p 7u
JEP 03D 3D

VWHH

VWHHC

7TDEOHRKQVRQ &RRN IDLOXUH SDUDPHWHUV RI WKH FDVLQJ

ODWHUL

VWHHO
VWHHO

7KH H[SORVLYH DGRSWV WKH -:/ HTXDWLRQ RI VWDWH WR
GHWRQDWLRQ SURGXFWV 7KH -:/ HTXDWLRQ LV VKRZQ DV IRO(
i
8
,Q WKH IRURXWRH SUHVVXUH RI VOKH M BB R\ROMPH @ IOWBYH Ut
SURGXFWVWKH LQWHUQDO HQHUJ\ RI WEHLY[B/E&RYV BYH VSHKW K
FRHIILFLHQW IRU WKH % LL\K V8 KH\BWUXHUH YBHLRRHIILFLHQW IRU W
UHJLRQ
,Q WKH QXPHULFDO VLPXODWLRQ WKH VSHFG LK BP WKH W H
PDWHULDO OLEUDU\ RI $872'<1 7KH SDURRHWHW\D RH WK R Z\@ KL

7TDEOH

i . AR ..
2 L gls F—np,&E' E%ls Fn—p,&E-' E
458 4q

7TDEOHSORVLYH ODWHULDO 3DUDPHWHUV

' $ %
ODWHI 5 5 &
JFP PV OEDU OEDU
&RPS
717

3%;

IXPHULFDO 6LPXODWLRQ 5HVXOWY DQG $QDO\VLV RI ,C
7KH IRUPDWLRQ SURFHVV RI I[UDJPHQWYV [URIRWRKHD WX/ L

ORDGLQJ LV VKRZQ LQ )LJ 'XH WR WKH VHJPHRWHDG QRW X UH
GLVSHUVHV WRZDUG ERWK HQGV DV WKHKEFHMRRE@DWLRQ KU S EH
IRUPHG IUDJPHQWYV

W FDQ EH REVHUYHG IURP )LJ WKDW GXULQJ IUDJPHQWD\
DZD\ IURP WKH D[LV EXW DOVR URWDWH WRZDUGV WKH HQGYV
QHDU WKH HQGV 7KH RYHUDOO YHORFLW)\ G LRMHJFW URQVR WWR 8 |
ZLWKLQ + V +RZHYHU GXULQJ WKH LQWHW YDVWWRIW XGH VWD
FKDQJHVY WKH RYHUDOO YHORFLW\ GLUHFWLRQ WHMDLQV HV



150
151
152
153
154
155
156
157
158

159
160

161
162
163
164
165
166
167
168
169
170

YHORFLW\ GLUHFWLRQ RI IUDJPHQWYV YWDUHWZIGUK YW IQH LJQWERY
WR VWDELOL]H ZLWK LQFUHDVLQJ WLPH

,W FDQ DOVR EH REVHUYHG IURP )LJ WKDWXWKRQUDJPH
FKDUDFWHULVWLF RI EHLQJ ORZ DW ERWK D@ G\ IDHFGVKR QK TR
LQYHVWLIJDWH WKH XQGHUO\LQJ FDXVHV WDNLQJ &DVH DV I
FRQWRXUV RQ WKH LQQHU VXUIDFH Rl WHKHHR@DQ® WKW SIKHV V
KLVWRULHY DW W\SLFDO REVHUYDWLRQ SRLQWRQ BRVIQWAD W LI
ORFDWHG RQ WKH LQQHU VXUIDFH Rl WKH FDVLRQ REMHUY DWL
LQ WKH H[SORVLYH
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)L )RUPDWLRQ SURFHVYVY RI IUDJPHQWY IURPWIRH PXOWL)OD\H

W FDQ EH VHHQ IURP )LJ WKDW IRU D F\AOLQQWLFDO ZD!
LQLWLDWLRQ WKH SUHVVXUH RQ WKH LRDQ U ZDPOWLRDU LKW UH.
D PD[LPXP RI DSSUR[LPDWHO\ *3D DW WKH L@OLWHOWLRQ H
*3D QHDU WKH QRQ)LQLWLDWLRQ HQG ZLWK IDQGLIIHUHQF

RQ WKH FDVLQJ IURP WKH GHWRQDWLRQ ZDYH JHQHUDOO\ WH{
HQG DQG VOLJKWO\ ORZHU QHDU WKH QRQPLYKWMLDWMILRQ JHQG
LQFLGHQFH DQG UHIOHFWLRQ UDWLRV RI WKIH WHQ\GHWRDD® W L
SRVLWLRQV WKDW LV DV WKH D[LDO SRVL@MIRIH QBB URDIKH V
LQFUHDVHYVY UHVXOWLQJ LQ D FHUWDLQ GHJUHH RFMGHFUHDVH
7KHUHIRUH WKH IDFWRU WKDW WUXO\ GRPURQBPWHHYLWWHFEL



171
172
173
174
175
176
177
178
179

180
181
182
183

YHORFLW\ DQG DQJOH DW GLIIHUHQW D[LDO SRVLWLRQV LV Q
UDWKHU WKH HIIHFW Rl WKH D[LDO UDUSHDFWQRW BDOMB RSEWIKL
E\ LQWHJUDWLQJ WKH RYHUSUHVVXUH LQ )LJ WAK\H DLPSXOVH
GLVWULEXWLRQ RI EHLQJ ORZ DW ERWK HQGXPDQBOKHIK LQ
RFFXUULQJ DW WKH WK IUDJPHQW DSSUR[LPDWHWXH 0OEDU
LQLWLDWLRQ HQG DSSUR[LPDWHO\ OEDU WDWYHKLV LV Et
UHGXFHV WKH GXUDWLRQ Rl RYHUSUHVVXUH DRWLHIIJHEQVWKH F
RQ WKH IUDJPHQWY DW ERWK HQGV ZKLFK LQ WXXE&@WNIHFWYV
GLVSHUVLRQ EHKDYLRU
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)L BUHVVXUH FRQWRXUYV DW WKH LQLWLDO VWDJH RI GHWRQD\
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)LJ VKRZV WKH HITHFWV RI ULQJ KHLIJKW GQGSHDWHRQDO F
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SUHVHQWLQJ WKH IUDJPHQW PRUSKRORJLHV D@AVYHORFLW\ FR
$W WKLV PRPHQW WKH IUDJPHQW YHO KA WURMBFWHRQ \JQ JFIH
VWDELOL]HG $PRQJ WKHVH FDVHV &DVHV + YDU\ WKH ULQJ
YDULHVY WKH PDWHULDO EDVHG RQ &DVH  XOGHDQYBH LRKWH U
FRQGLWLRQV WKH LQLWLDO IUDJPHQW Y H MRWF LEARWLKY HKQGKH U
ORUHRYHU ZKHQ WKH ULQJ KHLJKW LV H[FH\WPHQVODWDRJH W
DOWHULQJ WKH IUDJPH®WeCITRUUPDWLRQ SDWWHUQ
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Case 13

)L (IITHFWV RI ULQJ KHLJKW DQG PDWHULDO RQ IUDJPHQW IR

)LJ VKRZV WKH VLPXODWLRQ UHVXOWV RI WKH SURMHFV
RSHUDWLQJ FRQGLWLRQV 6SHFLILFDOO\ )LJ D LQFOXGHYV
XVHG WR DQDO\]H WKH HIITHFWV RI ULQJ KHLJKW DDQ@QI®HADVLQJ P
W FDQ EH REVHUYHG IURP WKH ILJXUH WKDWHZKH @ PWIO KU Q J
ULQJ KHLJKW UHVXOWV LQ D VPDOOHU IUDJPHQWUSURMHEWL
SURQRXQFHG DW WKH LQLWLDWLRQ HQG D (HGPW & B MR § HFW MR
ORUHRYHU WKHUH LV DOPRVW QR GLIIHUHQFH L@WHHDIUDJIPF
DQG VWHHO 7KH UHDVRQ LV WKDW WKH SURMHFWLRQ DQJOH
DV VKRZQ LQ )LJ DQG )LJ WKH SODVWLF IORW\RI WKH FL
GLUHFWLRQ GLIIHUHQFH 7KHUHIRUH IRU VHKUH @ WOWWY HOID\WAH WD W
XVHG DV WKH FDVLQJ PDWHULDO WKH FDVLQJ PDWHULDO GRH
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206
207
208
209
210
211
212
213

214
215
216
217
218
219
220
221

> @ DQG ILJ E LW FDQ EH FRQFOXGHG WKBWHFWHRZDUKHEL
WKH IUDJPHQW SURMHFWLRQ DQJOH

)LJ F LQFOXGHV &DVHV + LOOXVWUDWLDIPWEW HIIHFW
SURMHFWLRQ DQJOH ,W FDQ EH VHHQ [URWPRWEKLD PIHWHH WKW 1A
WKH IUDJPHQWY DW ERWK WKH LQLWLDWLRQ $HORMBE®LRKRH Q
DQJOH DQG WKH PDJQLWXGH RI WKLV DQJO H BRRING QIRR\H WKDUQ J
UDWLR 7KXV IRU WKH PXOWL)OD\HU ULQJ ZDUKIBDI® R®WKH 1UD.
WKH OHQJWK)WR)GLDPHWHU UDWLR

20k 20

g s g

-10

-20 .‘/ Case 19 20 F
—v— Case 21

30k 1 1 L 1 30k 1 1 L 1

Angle (°)
o

OO0

% o o

® @ @

PP W

= o

Angle (°)

5

x/L x/L

D (IITHFW RI ULQJ KHLJKW DC

E (IIHFW Rl ZDUKHDG GLDPH\
DQJOH

—=— Case 16 angle - w- - Case 16 velocity 42100
20| —e— Case 17 angle - v - Case 17 velocity
—A— Case 18 angle Case 18 velocity

- 1800

— 1500

—a—Case 1
—e— Case 2
—4— Case 3
—v— Case 4
Case 5
Case 6

Angle (°)
Angle (°)
Velocity (m/s)

"o - 1200

- 900

E R4
1 1 1 v 1 1 1 1 1 1 1

0 50 100 150 20 0 20 40 60 80 100 120 140
X (mm) X (mm)

F (IITHFW RI ZDUKHDG OHQJ\ G (IIHFW RI H[SORVLYH RQ YH:
)L 6LPXODWLRQ UHVXOWY RI SURMHFWLRQ DQJOH DQG YHORFLW

)LJ G LQFOXGHV &DVHV + XVHG WR DQDO\]H WKH HI
IUDJPHQW SURMHFWLRQ DQJOH DQG IUDJPHQWDYWHQ@RHAIQVN\ W
GLIIHUHQW H[SORVLYHV DUH XVHG WKH IUDJPRHQMR @ BO/RRIQV\ |
YHORFLW\ RI WKH H[SORVLYH 7KH LQLWLDO |DDIPUHRGLMBDRFL
QHDU WKH WZR HQGV ZKLOH WKH YDULDWLRQ RILBBORFLW)\ D
VHFWLRQ 1HDU WKH LQLWLDWLRQ HQG WH Hi [S[@ R @ LWHI® RGILIMH L
FRQVLGHUDEO\ ZKHUHDV QHDU WKH QRQ)LQLWLOWLR@HHQG



222
223
224
225
226
227

228
229

230
231
232
233
234
235
236
237
238
239
240
241

YHORFLW\ LV SRVLWLYHO\ FRUUHODWHG ZLWRW KH FGWHWFRAQLIRV) L
DQJOH XQGHU WKH WKUHH FRQGLWLRQV WKMWIKHPMNBEBWHRQ LC
VHFWLRQ DUH UHODWLYHO\ FORVH EXW LVDKVHWRH) HOHG F A K MWAKL Q|
QHIJDWLYHO\ FRUUHODWHG ZLWK WKH GHWRQDWIVRKQH YHORFL'
I[IUDJPHQW SURMHFWLRQ DQJOH KDV D FHUWDL®FARKSRILQJ UH
WKH H[SORVLYH DQG WKH YHORFLW\ JUDGLHQW LQGXFHG E\ W
Case 14 Case 15

20 - T AR, S WmuUS

DV L i ) M - L= Eﬂ -m
(T TSN (B 3O T |

|=-.==== AL
a== B

l"()O

Velocity (m/s)

1000 _ v i
—&— Case 14 Angle _Eﬂ.'&"’ 3 i . . ) (e -~
—e—Case 15 Angle e MESR P Pl E-AhcR\ 29
- - - Case 14 Velocity 1800

- -#- - Case 15 Velocity ~ : ~ ’
-y S @

600

0.0 02 0.4 0.6 0.8 1.0 Strip fragment
x/L

8
160 e - ‘
] izl R

Debris

Strip fragment Fractured large Intact large
fragment fragment

o
S

ECase 15 :Casc 3 -Casc 14

A Ao A

0.01-0.1 0.1-0.5 3.0-5.0 5.0-7.0 7.0-8.0
Fragmml mass distribution

Quantity
Py [=2) 0
< (=} (=}

%3
(=]
T

=3

)LJ (IIHFW RI JURRYH GHSWK RQ IUDJPHQW IRUPDWLRQ DC

)LJ LOOXVWUDWHY WKH HIIHFWV Rl JURRYHB8®WIWHK RQ UL
VSKHULFDO FDVHG FKDUJHV ZKLEK\BLKQEUWF XQLFRV R G UTKDWXY t
IRUP HORQJDWHG IUDJPHQWY GXULQJ GHWRQDWLRQ EHFDXVH
D[LDO VWUDLQ 7KHUHIRUH IRU WKH JURRW HB UPXOWIR Q@ DXIQG
GLIIHUHQW JURRYH GHSWKV WKH ULQJ IUDJPHQWVWKH. QO\ U
JURRYH GHSWK LV UHODWLYHO\ ODUJH DV WXHKDVURRY HVKW RU L
IRUP FRPSOHWH ODUJH IUDJPHQWYV ZLW K @HWDNHG HEW LW KRl P
SRVLWLRQV DQG WKH QRQ)LQLWLDWLRQ HQG :KHQ WKH JURR
IUDEFWXUHV RFFXU RQ ERWK VLGHV RI WKH JURPYRY QINYG LQ I
VWULS)VKDSHG IUDJPHQWY DUH IRUPHG DW WKHKUWRKRYH SRV
UHGXFHG DV LQ &DVH WKH VL]H Rl WKH VWUO®WHKDSHG |
IUDJPHQWYV IUDFWXUH DW WKHLU PLG)SR\VPHQOVRRYQ VUNYE P V.
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VPDOOHU WKDQ WKRVH LQ &DVH

5HJDUGLQJ IUDJPHQW GLVSHUVLRQ DQDO\VLV RI )LJ DQG
JURRYH GHSWK LQFUHDVHV IURP &DVH WR &DVH
E\ RQO\ DERXW DQG WKH GLIIHUHQFH LQZWWHKLIQUDJPHQW
ZKLFK LV PDLQO\ FDXVHG E\ WKH FKDQJH LQ IUDJPHQW YHORF
QRW GLUHFWO\ DIIHFW WKH IUDJPHQW SURMHFWLRQ DQJOH

JURP D PHFKDQLVWLF SHUVSHFWLYH WKH UHDVRQ ZK\ WKH
WKH SURMHFWLRQ DQJOH LV WKDW DOWKRXJKL@® KHKRXOWL)
FLUFXPIHUHQWLDO GLUHFWLRQ E\ JURRYLQUD[LWCEBKDMRAW IDR/QL
7KH GHERQGLQJ VWUHQJWK RI WKH DGKHVLYH ERQGLQJ EHW
PDJQLWXGH ORZHU WKDQ WKH RYHUSUHYVV XUBIOR\ VORHPX MAX R Q D
LQIOXHQFH GXULQJ GHWRQDWLRQ ZDYH SURSDJDWLRQ ORUHR
ORDGV WKH FDVLQJ WKH FLUFEXPIHUHQWLDO GRDWKBJ RQ V
ORQJLWXGLQDO JURRYHV RQO\ DIIHFW WKH HUREW RWH FRRQ RD F K
IUDJPHQWY ZKLOH WKHLU LQIOXHQ FHDR PHQKH/ LH)S W . Bl W/IDRPQH DX
FROXPQ LV YHU\ VPDOO

,Q VXPPDU\ WKH IUDJPHQW SURMHFWLRWY ®HRIRXSRIHE K H P C
IDFWRUV VXFK DV D[LDO JURRYH GHSWK FDVZIQUOMDMM WD O
QHIJDWLYHO\ FRUUHODWHG ZLWK ULQJ KHMWWKR/I DVKG FRISAMGYZ
DQG WKH D[LDO YHORFLW\ JUDGLHQW

JUDJPHQW 3URMHFWLRQ $QJOH ORGHO &RQV

'ULYHQ '"HIOHFWLRQ

,Q WKLV VHFWLRQ EDVHG RQ WKH ODZV DQG GDWD REWD
DSSOLFDELOLW\ RI H[LVWLQJ YHORFLW\ DQG SURMHFWLRQ D
GLVSHUVLRQ RI D PXOWL OD\HU ULQJ FDVL®J )XW WKOHPWLRRIGH W K
D IUDJPHQW SURMHFWLRQ DQJOH PRGHO FRIQW IH/RMUILE)JL B KLHD®
DFFRUGLQJ WR WKH FKDUDFWHULVWLF WEDWKWKKHIGBIJPHEOWL

GULYHQ E\ WKH D[LDO YHORFLW\ JUDGLHQW
$SSOLFDELOLW\ RI ([LVWLQJ ORGHOV
)LJ VKRZVY D FRPSDULVRQ EHWZHHQ WKH FDOFXODWLRQ

I[lUDJPHQW LQLWLDO YHORFLW\ DQG SURMHFWLR® PDSDIOHGD QG
ZLWK WKH VLPXODWLRQ UHVXOWY DPRQJMNMOW IHPLWW DQJYFHORG
DQG SURMHFWLRQ DQJOH WKH UHVHDUFK RQ LQODL\WWH.DEVYHORF
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HQGV Rl WKH PXOWL OD\HU ULQJ FDVLQJ PDLQO\ EHFDXVH WK
UDUHIDFWLRQ ZDYHV 2WKHU H[LVWLQJ WIKHR XQWDRLY | R BWRA
SUHGLFWLRQV IRU WKH IUDJPHQW SURMHFWLRQ DQWIOHHV RI WK
7D\ORU IRUPXOD DQG WKH -LDQJ IRUMDXD BRWKLEQ®VORIUWHK IS Z D
IRU H[DPSOH WKH UHODWLYH HUURUV EHW Z®! H6® WX HD WDWEK K O
QRQ)LQLWLDWLRQ HQG DUH DQG UHD SHFWMIMYHO\ $
VOLJKWO\ VPDOOHU HUURUV DW WKH WZR IHHQOBN D UHORWLYH
ODUJH HUURU LQ WKH PLGGOH VHFWLRQ DQG LWV RYHUDOO F

(IN'HFW RI D[LDO JUDGLHQW GULYHQ GHIOHFWLRQ
JRU D PXOWL OD\HU ULQJ FDVLQJ WKH DNWDOUBDIDGEMWQWQ

ZKLFK LQ WXUQ OHDGVY WR DQ D[LDO YHORFLW\ JUDIGLHQW DV
WKH D[LDO UDUHIDFWLRQ ZDYH WKH IUDJPRQW QE &KRBKW\QLV
WKH PLGGOH 7KLV SKHQRPHQRQ FDXVHV WKH IUDJPHQWYV WR
WKH D[LDO JUDGLHQW GXULQJ GLVSHUVLRQ @XO®HH HEEVMPHIGIFWL
E\ WKLV YHORFLW\ LV GHQRWHG DV
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W IROORZV WKDW WKH 1URYPBRWXSORM AHWIHRIP DQHGHRLQ)
DQJ®DKMIRUPHG E\ WKH GLUHFW DFWLRQ RI WKH GHWRQDWLRQ
GULYHQ E\ WKH D[LDO IUDJPHQW JUDGLHQW ORUHR®ABU WKH
JUDGLHQW FDQ EH FDOFXODWHG RQO\ ZKHQ WKRURMIPHWQW VL
DUH XVHG WR SUHGLFW WKH SURMHFWLRQ QRWXK RO QUDINIR WO\
FDQQRW EH DFFXUDWHO\ HVWLPDWHG WKH HIIHFW RI D[LDO J|
,Q FRQWUDVW WKH D[LDO GLPHQVLRQV RFDWKH JUOIHPE Q@ WVIKIL
SDSHU DUH GHWHUPLQHG VR WKH HIIHFW RI DB[IL\DSHUWDBQHQW
FDQ EH WDNHQ LQWR DFFRXQW IXUWKHU LPSURYLQJ WKH DFF
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)LJ 3URMHFWLRQ $QJOH ORGHO &RQVLGHULQJ $[LDO *UDGLH

7R HVYWDEOLVK D PRGHO WKDW FDQ PRUH. PG FIXQ.DOMH QN KLWH
VHFWLRQ GHULYHV D IUDJPHQW SURMHFWLRQ DQBRWHRRRGHO F
EDVHG RQ WKH LQIOXHQFH RI D[LDO JULRGL IGO0 BBWYRQ RI® IF¥
IUDJPHQW GLVSHUVLRQ ODZ

%HFDXVH WKH D[LDO FKDUDFWHULVWLF GLPHQWLRQV RI [UD
FDVLQJ DUH HVVHQWLDOO\ GHWHUPLQHG WKH SBRVQWLRQV R
IUDJPHQW DUH IL[HG $V VKRZQ LQ )LJ W DN IHQ IWMW KH LUV\
YHORFLWLHY DW WKH XSSHU SRLQW [ DQG WRM ORAHH SIRK )W
D[LDO GHIRUPDWLRQ Rl WKH IUDJPHQW L VXV R DORZ D@ G MX®! \8 K
IUDJPHQW GLVSHUVLRQ YHORFLW\ WKH GHIR SRRWMHEQ GRG D Q.
7KHUHIRUH WKLV PRGHO DVVXPHV WKH IUDJPHQWDWR EH D
VLQJOH)ULQJ IUDJPHQW/ KM YKRRE LLVQ\ )&UIIH U HD@H FRVQIHHQ S
FDXVHVY WKH I[UDJPHQW WR GHIOHFW WRZDBEBYWMKHDEQGIDRWK |
WKH D[LV Rl WKH SURMHFWLOH 7KH URWDWDRQXQDE FIRLEH G
WUDQVODWLRQ ZKLOH WKH RWKEHIUWEKSRRQW D Q LXRAWMDIW HY HDE
& & &F 80 ET$ 7KH GHIOHFWLRQ DQJOH RI WKH IUDJPHQW FI

(TXDWLRQ 9 LAKAWKH LQVWDQWDQHRX@GLIOW R HW\ QW BRWOQW +
YHORFLW] DW SRLQW

N iU 8F8@P
UL:N?P%)—FG
A
$FFRUGLQJ WR WKH IUDJPHOW YBIWR¥FKW\LQLWILBDOVVYROQ JHDRI

WKH I UDJPHQWYV DUH GULYHQ E\ WKH GHWRQDWLRQ ZDYH WR L
LQLWLDO YHORFLW\ ZLWKLQ D VKRUW WLPH D®G WKHQ VOR.
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)LJ VKRZV WKH VWDELOL]DWLRQ WLPH DW KHDEBUHQW D|
GLDPHWHU DQG OHQJWK FRQGLWLRQV ZLWK D DL[MG& DWQW KdHH L J
YDULDWLRQ WUHQG R IWWDIOHR @ W VKIHO DD V@ RSR WLWPHRQ LV EDVLI
WKH GDWD DUH VLPLODU DFURVYV GLIIHUHQ\EHSHUDIMLIH FRQ
ERWK HQGV DQG VPDOO LQ WKH PLGGOH ZKDWKRY FRGNLIMRUYE
D TXDGUDWLF IXQFWLRQ LV XWd® QUR WKW N KHD @ VB B IUGHLF] W WR. @ C
LV REWDLQHG DV VKRZQ LQ (TXDWLRQ

LT . TS . T .
U@L t{x®-@Ftasy®-@E s§rw

7TKHUHIRUH WKH IRUPX®QVROHAOQREXWRWIDQUDO SRVLWLRQ
DV (TXDWLRQ

N -8 F &; Tt T
0L :N?PGT-@IFE— lta{{x@A F tausy@AE ssiyrwq
AT . .

5HJDUGLQJ WKH FRXSOLQJ EHW ZIMGID W KW KD\ @R B YO0G G B!
$V VKRZQ LQBLJWKHUH LV D WHPSRUDO GLIIHUHQ®PH EHWZHH
JUDGLHQW)GULYHQ GHIOHFWLRQ DQJOH DQG WRHARIFAIQRIQ WLP
WR WKH GHILQLWLRQ RI WKH 7D\ORU DQJCKH VWREW EDIY®O\ I
ZKHUHDV WKH D[LDO JUDGLHQW)GULYHQ GHIOHRWWK® DQJOH
UDUHIDFWLRQ ZDYH EHKLQG WKH ZDYH IURQW 7KHRH WZR SUF
QRW LQWHUIHUH ZLWK HDFK RWKHU ORUHR Y HRH WERWD YLIDW JU |
ZLWK WKH 7D\ORU DQJOH ZKLFK IXUWKHU SURYHV WKDW WKH\
7KHUHIRUH WKH IUDJPHQW®W BHRMHDBWGRGCG DY & V& HUFR W RAX P
DQJOH ZKHUH WKH ILUVW SDUW RI WKH IRURKOWH BRQ G HS/THQW V
UHSUHVHQWY WKH D[LDO JUDGLHQW)GULYHQ GHIQRBWLRQ DQ

WKH IUDJPHQW SHERM EHWHL[BQ HD\QUIHG DV

; 8 . GSF &, T6 . T .
ULf”...‘—<—o—|t OEJ Up F=M@PR=3— Ita{{x@A F tausAE ssayrywg

,Q WKH IRUPXOKH IUDJPHQW SURMMEW IROVRQDMH.RQ YHORT
H[SORVLYH L§ WKH YHORFLW\ RI WKH XS 9HUWH®KH RIHWRHALWYT
RI WKH ORZHU HGJH Rl WKH IUDJPH®WN FD O F X @ DMKHHG GEAL (YTLXDIW
WLPH FRQWWDIQMD[LDO SRVLWLRQLR IWKKHOM QY WHQNY ZREUXWM B G
GLDPHWHU LQ

)LJ VKRZV D FRPSDULVRQ EHWZHHQ WKH FDOFXODWLRQ
VLPXODWLRQ UHVXOWYV XQGHU GLIIHUHQW RSHWXWMQWEKRQGL
FDOFXODWLRQ UHVXOWYV RI (TXDWLRQ R QHGHLED VW QVEKHHU VDIPUAL |
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FRQGLWLRQV DQG WKH DJUHHPHQW LV JRRG
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)L ODWFKLQJ UHVXOWYV RI WKH IRUPXOD ZLWK GLITHUHQW

([SHULPHQW DQG $FFXUDF\ 9DOLGDWLRQ

7R YHULI\ WKH FRUUHFWQHVV RI WKH VLPXODWILIRRQPHWKRC
DQJOH LQ WKH SUHYLRXV FKDSWHU DV ZHOO DV WKH DFFXU
FRQGXFWHG LQ WKLV VWXG\ 7KH DFWXDO IUDJPHFROMWH@®HORFL\
RSHUDWLQJ FRQGLWLRQV ZHUH PHDVXUHG DQG KRIPSDUHG Z

VLPXODWLRQVY DQG WKH IRUPXOD WR YDOLGDWH WKH DFFXUDF
([SHULPHQWDO &DVHV DQG OHWKRGV
7TDEOH SDUDPHWHUV RI ([SHULPHQWDO &DVHYV

([SHULP / : K Y% ([SORVI &DVLQ
JURXS PP PP PP W\SH PDWHU

&RPS % 6WHHO
&RPS % 6WHHO

$ WRWDO RI WZR JURXSV RI H[SHULPHQWY ZHUH GHVLJQH
SDUDPHWHUV RI WKH PXOWL)OD\HU ULQJ MG @D DHIIHU G A M LWIH
ZHUH FRQVLVWHQW ZLWK WKH VLPXODWLRQ GDWD RI &DVHx
FRUUHFWQHVV Rl WKH VLPXODWLRQ PHWKRG DQG UHVXOWV L
FRQGLWLRQV ZHUH GLIIHUHQW IURP DOO WRRGH®LPXQBDWKRQ
GDWD IURP WKLV JURXS ZHUH XVHG WR YDOLWDR® \ERM K FFX
*URXSx DQG *URXSx YDULHG WKH ULQJ KHLJKWKWWHUHE\ Yt
WKH GULYLQJ WLPH H[SUHVVHG E\ (TXDWLRQx |HFMV SWRISRUW
D[LDO JUDGLHQW)GULYHQ GHIOHFWLRQ DQJOH DQG FRQVHTXF
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)L 6 WUXFWXUH RI WKH H[SHULPHQWDO ZDUKHDG O®WG PHWKRG |

7KH ULQJV XVHG LQ WKH H[SHULPHQWY DQG WKH DVVHPEOH
7KH PXOWL)OD\HU ULQJV ZHUH IL[HG WRJHWKH UM FOVGIOHHV L Y H
ERG\ ZDV PRXQWHG RQ D SURMHFWLOH VXSSRUW 7KH IUDJPH
ZDV PHDVXUHG E\ DQ LQYHUVH WULJRQRPHWULBWXGFWQRQ D
)LJ

$V VKRZQ L@QLMIWKH GLVWDQFH IURP WRHV UDKIR HEQ W WADR) RH
IURP WKH KROH OHIW E\ WKH UUD WK & LW R/ VKA JEJHRX DIEH @ QUK
WKH WDUJHW $FFRUGLQJ WR WKH GHILQLWLR®QIHRIPHPW Gl
FRQVLGHUHG DV D SRVLWLYH SURMHFWLRQ DQJOHQWKHUHIRU
SURMHFWLRQ DQJOH FDQ EH FDOFXODWHG XVLQJ (TXDWLRQ

UL:N?@‘zx::\i]fA
)LJ VKRZV WKH OD\RXW Rl WKH H[SHULPHQWDO VLWH 7KH I
D ZLWQHVV SODWH D YHORFLW\ PHDVXUHPHQW VFVHHQ DQG
D VWHHO SODWH xP LQ KHLJKW DQG xR EQOWKLIINFIM \B\R VX WH
RI I[UDJPHQWY DIWHU WKH\ UHDFK WKH WDKBHKWROHWIR @QWRHD
ZLWQHVV SODWH WKH SURMHFWLRQ DQJOH FDQVEXVHIOFXODW
WR PHDVXUH WKH IUDJPHQW YHORFLW\ ZKOPKVERQ & B WD RVKH
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KLIJK)VSHHG FDPHUD DQG LWV SURWHFWLYH VKHOWHKH DUH SO
VHTXHQFH RI IUDJPHQWY SDVVLQJ WKURXIXWWRE RIDDEHRK I
IUDJPHQW OD\HU FRUUHVSRQGV WR HDFK KR O HGRRD WHKWDZLWQH
FDQ UHFRUG ERWK WKH LQLWLDWLRQUDUPH @G S\DKH/ WIKPLHR/X D
WDUJHW %\ XVLQJ WKH WLPH DQG WKH |BB JFPHIDAX OO MIK® GKY|
QRW RQO\ SURYLGHVY D FLUFXODU YDOLGDWMRQ QM\LRV K O\CKRZ V¥ H
GHWHUPLQDWLRQ RI WKH YHORFLWLHV RI IUDJPHQWY DW GLIIt

Witness plate
chronograph target >
: projectile bunker
/ | i high-speed camera
- Aﬂ% =B /

projectile rack

)L 'HVLJQ DQG /D\RXW RI WKH ([SHULPHQWDO 6LWH
([SHULPHQWDO 5HVXOWY DQG 9DOLGDWLRQ
)LJ VKRZV WKH IUDJPHQW WUDQVLW WLPH DQG SRVLW

KLIK)VSHHG FDPHUD GRFXPHQWLQJ WKH WUDQVUMQWLPHYV D
SRVLWLRQV

)LJ D SUHVHQWYV WKH KROHV RQ WKH ZLWQHVV SODWH
SHUIRUDWLRQ SRVLWLRQV RI WKH IUDJPHQWV )LWV RIE VKRZ
WKH ZLWQHVY SODWH KROHV IRU H[SHULPH QWO UHNRXGWYV D
DQG SRVLWLRQ GLVWULEXWLRQV RI WKH IUDJPHQWYV IRU JUR
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SUHVHQWYV

WKH IUDJPHQW W\SH DQDO\VLV HoBVHGWEHMXH Z

FDPHUD UHFRUGY WKH IUDJPHQW SURMHFWLRQ DQJOHV DQG
PHWKRG GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ

318 11:47:09.799 760.37 Sun May 10 2026 B8 11:47:09.799 885.37 Sun May 10 2026 B3i8): 11:47:09.800 260.37 Sun May 10 2026 B3i8): 11:47:09.800 822.87 Sun May 10 2026

B8 11:47:09.798 197.87 Sun May 10 2026

B318): 11:47:09.798 260.37 Sun May 10 2026 BJi8): 11:47:09.799 635.37 Sun May 10 2026 B318): 11:47:09.799 697.87 Sun May 10 2026

7TDEOH
IRU *URXS
7TDEOH

)L} +LJK)VSHHG FDPHUD SKRWRJUDSK\ UHVXOWYV
SUHVHQWY WKH FRPSDUDWLYH DQDWQL\WXUEBEMMRAHHQ
DQG WKH H[SHULPHQWDO GDWD REWDLQHG DUH \
&RPSDUDWLYH DQDO\VLYV RI H{SHULPHQWDO UHVXOWYV

JUDJPt 6LPXODV 6LPXODWLRQ ([SHULPH (ISHULPHC
1R YHORFLW DQJOH f YHORFLW SURMHFWLR
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#2-1
E large fragments Strip fragments large fragments
#2-2 #1-2
#2-3
#H2-4~#2-7 H !
#1-3 : : Fractured
#2-8~#2-12 : P ¢ large
#2-13 - #1-4~#1-6 H H fragments
#2-14 : H
#2-15 #1-7
#1-8

(a) results of the witness plate

' (b) Binarization #1

s detonation-end
{ «—fragments

mid-section
fragments

: -
opposite-end
fragments

)L $QDO\WLV RI :LWQHVY 30DWH 5HVXOWYV
$QDO\VLV RI )LJ VKRZV WKDW IRU ERWK *URXXQ DQG *U|
DQJOHV DUH ODUJH DW WKH LQLWLDWLRQYHQG& \[PD® W K QK
PLGGOH VHFWLRQ ZKLFK LV FRQVLVWHQW ZLAVKHMIQHIVRPXODV
)LJ F WKH KROH VL]HV YDU\ VLJQLILPDHONGDD@HEH WHRXGD)
KROHV DUH OHIW E\ WKH SUH)FRQWUROOHG G\XH W EZRDURBQ W V
RI ODUJH IUDJPHQWY DUH OHIW E\ W KdHVMWBRRY)W ISIRVHL@/ LB QYP F
SKHQRPHQRQ LV DOVR FRQVLVWHQW ZLWK WKH VLPXODWLRQ L
)LJ SUHVHQWY D FRPSDULVRQ EHWZHHQ WKH H[SHULPHQ'
$V VKRZQ LQQGJ7DEOH WKH SURMHFWLRQ DQJOH RI IUDJI



504 ULQJ FDVLQJ LV QHJDWLYH QHDU WKH LQLWIQDWQ& QUDXNG LIQYJG

505 IURP = f WR f 7KLV WUHQG LV FRQVLVWHQWKAH WK WK
506 PD[LPXP GHYLDWLRQ LQ IUDJPHQW SURMHFW L RH®D WOLINO B HE\HW Z F
507 WKDQ f DQG WKH PLQLPXP GHYLDWLRQ LVRQ fPHWKRGWKH

508 LV YHULILHG DQG WKH DFFXUDF\ RI WKH VLPXODWLRQ GDWD L
20

—=— Condition 7 angle s - 1600
1ok A Experimental #1 angle
- 1400
of Q)
Z E
Q@ 2
g-lo— —1200§
>
20 | N ) - 1000
—s=— Condition 7 velocity
chronograph #1 velocity
-30 - v Camera #1 velocity
- 800
L | L | L | L | L
0.0 0.2 0.4 0.6 0.8 1.0
509 x/L
510 )L &RPSDULVRQ RI HITSHULPHQWDO DQG QXPHULFDO VLPXOD\
511 )LJ VKRZV D FRPSDULVRQ EHWZHHQ WKH FDOFXODWHG
512 HISHULPHQWDO UHVXOWYV RI *URXSV DQG ZKLFK LV XVHG

513 LQ SUHGLFWLQJ WKH IUDJPHQW SURMHFWLRQIJDQJQZKLBROLNH
514 zZDV XVHG WR YDOLGDWH WKH VLPXODWLRQ DJDLQVW WKH *UR
515 H[SHULPHQW VKRZQPIDQQO} XVHG WR YHULI\ WKH DFFXUDF\ RI
516 WKH IRUPXOD

(] B Experimental #2
Calculated

B Experimental #1
Calculated

Angle (°)
Angle (°)

x/L x/L
D 9DOLGDWLRQ RI WKH 1] ODOLGDWLRQ RI WKH IRUF
517 )L 9DOLGDWLRQ RI WKH IRUPXOD DFFXUDF\ ZLWK H[SHU
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7TDEOH &RPSDULVRQ DQG HUURU RI FDOFXODWHG UHVXOWYV

([SHULPH )UDJPHQ\ ([SHULPHt &DOFXODW 5HODWLY/I
JURXS UHVXOW' f

7DEOH SUHVHQWY D FRPSDUDWLYH DQDO\VLR/QEHWZHHQ W
DQG WKH H[SHULPHQWDO GDWD 7KH FRPSDULVRQ VKRZV WKD!
DUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQW DO YIH M X O R/
DW WKH LQLWLDWLRQ HQG DQG WKH PLGGOH VHREWLRK IRU *UR
LV PXFK VPDOOHU WKDQ WKH HUURU RU WKW R D VOKRHU -ILROUGP]
IRUPXOD 7KHUHIRUH (TXDWLRQ FDQ DFFXUDWRIO\ UHIOH
PXOWL)OD\HU ULQJ FDVLQJ ZDUKHD G\D RF>GUDIFHAUR QW ¥ H] 1SV RM®!
DQJOH RI WKH PXOWL)OD\HU ULQJ FDVLQWRJIVKDHQ WV VKK G OL\Q
IRUPXOD DQG WKH -LDQJ IRUPXOD

5HJDUGLQJ WKH LVVXH WKDW WKH HUURV OUWHB \§ RRQOL YK
DW WKH LQLWLDWLRQ HQG LW LV VSHFXODWHG WKDW D ODUJI
WKH H[SORVLRQ DW WKH QRQ)LQLWLDWLRQ HQGUH QBDMWBKH XQ
WR D FKDQJH LQ WKH SURMHFWLRQ DQJOH 7KHUHIRUH EDVHC

H[KLELWY KLJK DFFXUDF\
O9DOLGDWLRQ RI PRGHO XQLYHUVDOLW\
JROORZLQJ WKH GHULYDWLRQ LQ 6HFWLRQX (TXDWLRQx

SUH)FRQWUROOHG IUDJPHQW ZDUKHDG ZLWIO F\PXQW U)YFD\® U
ZDUKHDGV IRU ZKLFK WKH IUDJPHQW GLPHQVLRQV DUH NQR