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x@U=Lt R} QQU |oDiW; C}a[w 'R} QQU CUOq=@ QO 'xt=O= QO "OW|t p}rLD
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=yu; |xrtH R= xm 'CU= xDiQo CQwY =yR} QQU uwo =vwo `=wv= |xv}tR QO
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'?; p=}U l}D=tv}U CHRr v '?; |r=oJ � '?; |L]U VWm � 'R} QQU
CyHQO CaQU |=yu=Uwv v0 '=ypw] QwLt CyH QO CaQU |=yu=Uwv u0
QO CaQU u '=y`=iDQ= QwLt CyH QO CaQU |=yu=Uwv w0 '=yZQa QwLt
CyH QO CaQU w w =yZQa QwLt CyH QO CaQU v '=ypw] QwLt CyH

"OvDUy =y`=iDQ= QwLt
|B |x}[k w 10 |x]@=Q x@ xHwD =@ "Ov=xOW |Ov@s}UkD xDUO 2 QO =yQDt=Q=B
XNWt 11 |x]@=Q QO O=Oa= u}= "OQw;CUOx@ =Q xwQo 7 O=OaD u=wD|t s=yov}m =@
=@ |rw "OvDUy Q=PoQ}F-=D R} QQU |xO}OB QO xm Q@ w w ROrwv} Q 'OwQi O=Oa= %Ov=xOW
w Q@ w O=Oa= R= 'uOw@ R}J=v p}rO x@ u=wD|t =w=U; w wH=Q=ov=Q C=ar=]t x@ xHwD
OvDUy Q=PoQ}F-=D |v=tR QwmPt O=Oa= =yu; Q_v j@] xm =QJ 'OQm Q_vhQY ROrwv} Q
jta 'QwmPt VywSB QO "OwW QDtm QDt|Dv=U 3 R= R} QQU |wQ Q@ ?; jta xm
x@ "CU= xOW xDiQo Q_v QO |@O ?} Q[ OQw;Q@ |=Q@ QDt|Dv=U 5 ?; |xv}tm
|iQ] R= "OW |Q}o|B O=Oa= Qo}O |wQ Q@ Q[=L C=ar=]t hOy Qw_vt u}ty
O} wQi OOa w CU= |v=QL@ Q} R ,=@r=e =yR} QQU CUOq=@ p=v=m QO u=} QH uwJ
?} Q[ |=Q@ |]@=wQ |x�=Q= QO R}v O} wQi OOa =Pr 'CU= 1 x@ l}ORv w QDtm
x=wNu]w C=ar=]t pFt |D=ar=]t xD@r= "OwW xDW=Po Q=vm Ov=wD|t R} QQU |@O
R= |m} xmv}= p}rO x@ "CU= xDU@=w OwQi OOa x@ |@O ?} Q[ xm OQ=O OwHw
R=}v OwQi OOa |x@U=Lt |=Q@ w CU= u=} QH j}kO |Q}oxR=Ov= 'R} QQU h=Oy=
x@ OwQi OOa R= xO=iDU= 'CU}v XNWt |@O uwJ w CU= CaQU uDW=O x@
"Ovm |Q}owrH |OQ@ Q=m |x]@=Q |x�=Q= R= Ov=wD|t CaQU uOw@v XNWt p}rO
|@O ?} Q[ pwtQi QO xO=iDU= |=Q@ |}=yv O=Oa= 'xOW QmP ?r=]t x@ xHwD =@

"CU= xOW XNWt 12 |x]@=Q QO
Cd = f(h; h2; P; w;B; v0; �; �; v; Vave) (10)

Cd = f(gh
2

�
; g

0 5h1 5

v
Vavep
gh
; b
B
y
h
w
P
h
P

) (11)

Cd = f( b
B
y
h
w
P
h
P

) (12)

'OvwW|t x@U=Lt |DwY GvUCaQU R= xm CaQU <=RH= |=yQDt=Q=B u}vJty
%OvW=@ Q=PoQF= |oDiW; COW QO 13 |x]@=Q CQwYx@ Ovv=wD|t

Tv = f(u0; v0; w0; u; v; w; Vave) (13)

Tmwmr} w |oDiW; pwtQi u=wD|t hrDNt C=yH QO CaQU hPL =@ 'u; QO xm
|U} wvR=@ 14 |x]@=Q j@=]t [15]'OwW|t xOy=Wt `H=Qt|NQ@ QO xm =Q �1993�

"l} T=}kt =@ R} QQU CL=Ut |x@U=Lt "2 pmW
QwmPt ?} QkD R= xO=iDU= 'OW=@ QDW}@ R} QQU G=D `=iDQ= xJ Qy "OwW|t Q_vhQY
Twv}Um `@=D Q=Owtv Q} R CL=Ut uDiQo Q_vQO =@ u}vJty "Ow@ Oy=wN QDK}LY

"CU= xOW xQ=W= u; x@ 2 pmW QO xm OQm x@U=Lt =Q R} QQU CL=Ut u=wD|t
|Uwv}Um |=yR} QQU |=Q@|@O |x@U=Lt |x]@=Q '6 x]@=Q R= |Q}op=QoDv= R=TB

%O};|t CUOx@ 8 w 7 |=yx]@=Q CQwYx@

Q =
y=h1Z
y=0

V2AdA =
y=h1Z
y=0

V2bdy (6)

Q =
y=h1Z
y=0

p2g(y)[w + 2bcos(2n � �y
2H )]dy (7)

Q = Cd

s
2g
�
y +

V 212g
�
� (wy + 2S � (Sin

��y
H

�
+ y) (8)

uOw@ C@=F ZQi =@ Q[=L VywSB QO |oDUw}B |xrO=at pL CU= QmP x@ sRq
"OW GQ=N p=QoDv= R= p2g(y)

u=wD|t =Q R} QQU |wQ R= u=} QH QO Q=PoQ}F-=D |rY= |=ypt=a %|O=a@= p}rLD ��
R}v w R} QQU |xR=U |xUOvy x@ \w@ Qt pt=wa 'p=}U ẁv x@ \w@ Qt pt=wa x@
QO xm QF-wt |=ypt=a '9 |x]@=Q QO "OQm l}miD u=} QH |oS} w x@ \w@ Qt pt=wa

"Ov=xOW CUQyi 'OwW|t xOy=Wt 3 pmW
ẁv x@ xm |}=yQDt=Q=B %OvwW|t |Ov@s}UkD CtUk xU QO =yQDt=Q=B |O=a@= R}r=v;

|=yQDt=Q=B w OvQ=O |oDU@ u=} QH ẁv x@ xm |}=yQDt=Q=B 'OvQ=O |oDU@ p=}U
|}=yQDt=Q=B u}vJty "�3 pmW� OvDUy xR=U pmW w Q=DN=U x@ \w@ Qt xm|UOvy
'OvDUy Q=PoQ}F-=D |m}rwQO}y \}=QW QO xm Ov=xOW |v}@V}B Q[=L VywSB QO xm

"Ov=xOW |iQat 9 |x]@=Q QO
(h; h2; P; w;B; �; �; v; u0; v0; w0; u; v; w; Vave) (9)

P 'R} QQU CUOu}}=B QO ?; jta h2 'R} QQU CUOq=@ QO ?; jta h 'u; QO xm
b 'R} QQU |} wro QO |oOWR=@ ZQa w '?; `=iDQ= y 'p=v=m hm R= R} QQU `=iDQ=
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�1 CkO =@ GvUjta \UwD ?; K]U R=QD u}vJty "CU= xOW s=Hv= u=} QH
CUOq=@ QO CaQU |=yQ=OQ@ w u=} QH u=O}t p}rLD "OW CW=OQ@ QDt|r}t
�ADV� |Oa@xU GvUCaQU |xOW |Q}oxR=Ov= |=yxO=O R= xO=iDU= =@ R}v R} QQU

"�6 pmW� CU= xOW s=Hv=
%R= Ov=CQ=@a |RDQy=ot 50 |=yx=oDUO |=y|oS} w

&RDQy=ot 5 =D 0 1 |x}v=F QO C�=Qk O=OaD "1
&?amtQDt|r}t 0 09 �pQDvm sHL "2

&QDt|Dv=U 5 %xvwtv sHL C}akwt =D Tr=B |xOvDUQi |xrY=i "3
"252�122�32�12�3 (Cm�Sec)|R} Qxt=vQ@p@=kCaQU|xOwOLt "4
|Q=Po?wUQ C}a[w Q@ R} QQU u=} QH \}=QW uO=Ou=Wv |=Q@ Q[=L VywSB QO
CaQU x@ s�=k CaQU C@Uv w |oDiW; COW R= R} QQU |xQ=w}O CWB QO
CaQU |=yxO=OCW=OQ@ |=Q@ R} QQUCUOq=@ QO xOW s}UQD |xm@W QO\UwDt

"�7 pmW� OW xO=iDU= R} QQU p=v=m QO
xHwD =@� p=v=m |=OD@= R= |QDt 4 5 |xrY=i QO u=} QH %xOW s=Hv= |=yV}=tR; ��
"CU= xDi=} xaUwD �p=v=m pw] QO p}iwQB uOW u=Um} w CaQU p}iwQB |UQQ@ x@
R= |QDt 4 5 |xrY=i QO w |W}=tR; p=v=m \Uw QO ,=@} QkD =yR} QQU wQ u}= R=
u}= "OvOW s=Hv= |v=QL@ Q} R \}=QW QO =yV}=tR; |x}rm w ?Yv p=v=m |=OD@=
|xm@W l} 'R} QQU CWB QO CaQU Q}O=kt CW=OQ@ |=Q@ xm CU= sRq QmPD
Q_v QO R} QQU R= |QDt|Dv=U 2 |xrY=i x@ |QDt|Dv=U 2� 2 O=a@= x@ |[Qi
|=tv '7 pmW "CU= xOW s=Hv= =y|Q}oxR=Ov= 'xm@W T-=Q \=kv QO w OW xDiQo

[17w16]"OyO|t u=Wv =Q CaQU p}iwQB CW=OQ@ `]kt w |Uwv}Um R} QQU

25 |U=mav= |DwY VwQ x@ GvUCaQU |Q}oxR=Ov= x=oDUO Q}wYD "6 pmW
"RDQy=ot

"CaQU |Ov@xm@W |Q}oQ=Qk C}a[w "7 pmW

%OQm

TV = (u02 + v02 + w02)1 2

3Vave (14)

ZQa 'QDt 10 pw] x@ |O=a@= Q_vOQwt |y=oW}=tR; swri %|y=oW}=tR; swri ��
Tro|UmrBTvH R= swrihm w Q=w}O "OQ=O QDt|Dv=U 40 `=iDQ= w QDt|Dv=U 30
QwDwt l} |xr}Uw x@ |y=oW}=tR; swri "CU= QDt|r}t 10 Ct=N[ x@ h=iW
|xr}Uw x@ u; QO |@O C=Q}}eD w xOW x}PeD x}v=F Q@ QD}r 50 |xv}W}@ =@ AtB
u=Wv =Q swri C}a[w '4 pmW "CU= xDiQo CQwY x}PeD AtB u=wD C=Q}}eD

[15]"OyO|t
|xQ=w}O =@ R}D x@r R} QQU pOt xU 'p=v=m O=a@= x@ xHwD =@ %|y=oW}=tR; |=ypOt ��
|=ypOt u=wvax@ Cw=iDt |oOWR=@ ZQa =@ Twv}Um `@=D pm}Us}v |oOQWi
"�5 pmW� OvOW ?=NDv= Oy=W pOt u=wvax@ |r}]DUt R} QQU pOt l} w |rY=
|y=oW}=tR; |=ypOt 'VQ@CrwyU R}v w QwmPt |xR=U Q@ xOQ=w |wQ}v x@ xHwD =@
C=@F |=Q@ 'xOvQ=Oyov |=yx}=B "OvOW xDN=U QDt|r}t 2 Ct=N[ =@ uy; jQw R=
xOW |iQat =ypOt |=yxR=Ov= '5 pmW QO "OvOW xO=iDU= OwN u=mt QO R} QQU

"CU=

"|y=oW}=tR; swri QO R} QQU |Q}oQ=Qk C}a[w "4 pmW

"|y=oW}=tR; |=ypOt "5 pmW
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F=D|x@U=Lt w R} QQU QO CaQU OQw;Q@ =@ "�1976 T)@� Ovm|t x�=Q= =Q R} QQU G=D
=Q Cd ?} Q[ u=wD|t Q_=vDt |@O |Q}oxR=Ov= Q}O=kt R}v w 8 |x]@=Q R= CL=Ut

%OQm x@U=Lt 16 |x]@=Q R= xO=iDU= =@
V1 = Cd

p2gy (15)

Qeq =
p2g(y)� (wy + 2S � (Sin

��y
H

�
+ y)

Cd = Qex
Qeq

= Qexperimental
(
p2gy � (wy + 2S � (Sin

��y
H

�
+ y))

(16)

QO |@O ?} Q[ C=Q}}eD "OvDUy |Qw�D |@O Qeq w |ak=w |@O Qex 'u; QO xm
"CU= xOW s}UQD 8 pmW QO �h=p� |@Uv jta C@Uv Q@=Q@

C=Q}}eD 'xOW |Q}oxR=Ov= |@O ?} Q[ xm OyO|t u=Wv |r}]DUt R} QQU G}=Dv
|=ypOt QO xm |DQwY QO "OyO|tv u=Wv CUOq=@ jta C=Q}}eD x@ C@Uv |tm
x@ 'OW=@ QDnQR@ w xJ Qy w CU= O=} R ?; `=iDQ= C=Q}}eD x@ C}U=UL '|Uwv}Um
QO ?; `=iDQ= V}=Ri= =@ w OwW|t QDW}@ C}U=UL u=R}t 'u=} QH `]kt ẁv p}rO
|=ypOt|xU}=kt w 8pmW x@ xHwD =@ xDmvu}= "O@=}|tVy=m|@O?} Q[CUOq=@
|Q}ouw}UQoQ R= '17 |x]@=Q "CU= OwyWt ,qt=m w=b = 0 2 w w=b = 0 1
|=Q@ |@O ?} Q[ |x@U=Lt |=Q@ hrDNt |oOWR=@ QO |y=oW}=tR; |=yxO=O u}@
xO=iDU= w 9 pmW \@=wQ x@ xHwD =@ '|Uwv}Um pm}Us}v |xQ=w}O =@ |=yR} QQU
?} Q[ |HvUCLY |=Q@ "CU= xOt; CUOx@ xOW xO=O VR=Q@ CqO=at R=
OvOW xU}=kt |D=Oy=Wt ?} Q[ Q}O=kt =@ G}=Dv '17 |r}rLD |x]@=Q R= xOt; CUOx@

"�10 pmW�
C0d = �0 08( h

P
)� 0 025(w

P
) + 0 5 (17)

"hrDNt Q}O=kt QO R} QQU ?} Q[ C=Q}}eD "8 pmW

"hrDNt |=ypOt QO |oOWR=@ =@ R} QQU ?} Q[ Q@ CqO=at VR=Q@ "9 pmW

15 w 12 5 '10 '7 5 '5� R} QQU CUOq=@ QO ?; K]U R=QD 5 |=Q@ =yV}=tR;
|Q}oxR=Ov= CUOu}}=B QO |tHL VwQ x@ |@O u=tRsy "OvOW s=Hv= �QDt|Dv=U
'1 pwOH QO xm 'OvOW |R} QKQ] =ypOt |=Q@ V}=tR; 20 O=OaD u}vJty "OW
=@ 'xt=O= QO "Ov=xOW xO=O K}[wD OwHwt \}=QW w |r=tH= CQwYx@ =yV}=tR;
|Q}oxR=Ov= |@O w |Uwv}Ums}v |xQ=w}O =@ R}D x@r R} QQU Q@ sm =L \@=wQ x@ xHwD
|aU w x@U=Lt |@O ?} Q[ R} QQU CUOq=@ QO ?; `=iDQ= QO p=v=m QO xOW
=@ "OW R} QQU CUOq=@ QO ?; `=iDQ= w |oOWR=@ x@ xHwD =@ |}x]@=Q |x�=Q= QO
|Uwv}Um pm}Us}v R} QQU |xvO@ Q}}eD Q}F-=D 's�=k CyH QO CaQU uOQm Oa@|@
u=} QH C}a[w |UQQ@ xm CU= sRq QmPD u}= "OW |UQQ@ u=} QH C}a[w Q@
xOW s=Hv= R} QQU |Q}o@; `=iDQ= |xv}W}@ QO |DwY GvUCaQU R= xO=iDU= =@

"CU=
|=yR} QQU =@ u; |xU}=kt w |Uwv}Um |=yR} QQU |wQ R= |Qw@a u=} QH p}rLD =@
s�=k u=} QH C=Q}}eD OvwQ w u=} QH |m}rwQO}y C=}YwYN '|r}]DUt Oy=W
pmW xm OyO|t u=Wv x}rw= p}rLD "OW |UQQ@ w EL@ =yR} QQU CQw=Ht QO
w x} wv=F |=yu=} QH C=Q}}eD O}OWD ?@U |Uwv}Um |=yR} QQU |xQ=w}O X=N
|@=} RQ= pYit CQwYx@ xt=O= QO xm OwW|t R} QQU CWB QO |oDiW; COW

"CU= xOW

EL@ w G}=Dv "4
|@O Q=Okt 'R} QQU CUOq=@ Oy Q}}eD =@ |@O ?} Q[ |x@U=Lt |=Q@ %R} QQU ?} Q[
QO CaQU 15 |x]@=Q "OwW|t |Q}oxR=Ov= |tHL CQwYx@ R} QQU CUOu}}=B QO

"xOW s=Hv= |=yV}=tR; "1 pwOH
Q P h w=b R} QQU pOt

(l=s) (cm) (cm) (cm)

3 9 5
7 3 7 5
11 13 10 � Oy=W

15 5 12 5
21 6 15
3 8 5
6 6 7 5
9 5 13 10 0 1 pOt
12 2 12 5
14 3 15
4 9 5
8 3 7 5
12 2 13 10 0 1 2 pOt
14 3 12 5
16 5 15
5 5 5
10 3 7 5
14 2 13 10 0 2 3 pOt
18 7 12 5
20 7 15
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