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xDU@ '|v=yo =v |=Qo =w `]kt QO "CU= |QwWvt p=v=m x@ C@Uv |QwWvtQ}e p=v=m QO
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Q@ "OwW|t |v=QL@ jwi u=} QH |W@vH |SQv= lqyDU= Ea=@ w CU= x=Qty |O=} R
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CUOu}}=B ?; jta x@ Vt=Q; |=yxJ[wL QO |m}rwQO}y VQB C}@FD w p}mWD
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C=L}[wD x]@=Q QoVywSB
D� = 0 5(�1 +

q
1 + 8Fr21)

DB = D�
p
B [1]�1973� Ov=Q@ Qy

B = b1
b2

E12 = Fr21=Ks DB = 1
2 (�1 +

p1 + 8E12) [5]�1998� u=Q=mty w u}Dt
Ks = 1� 4 23 [log(B) log(Fr1)]

E21 = Fr12
k1(1�k2) cos �

DB = 1
2 (�1 +

p1 + 8E12) [7]�2008� u=Q=mty w u}Dtr=O@ak1 = 1� 0 37 ln(B)(1 23 + ln(Fr1))

k2 = 0 52(0 1 + 0 35Fr1 � 0 05Fr21) sin �(�)�1

E21 = Fr2
cos � ( CsFr2 + Ce)

DB = 1
2 (�1 +

p1 + 8E12) [6]�2004� O}tLr=Ce = (1 + 0 25Ln(B))1+Ln(Fr)

Cs = 9 941(tan �)2(1� 0 441LnBFr1 5)

[8]%OW x�=Q= 1 |x]@=Q pmW x@ (Fr1) u=} QH |x}rw= OwQi OOa R= |a@=D CQwYx@
" = 0 16Fr12 � 0 8Fr1 + 1 (1)
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V}=Ri= xm O=O u=Wv G}=Dv "OW |UQQ@ w xar=]t |m}rwQO}y VQB C=YNWt QO
|m}rwQO}y VQB pw] w x} wv=F jta Vy=m Ea=@ Twmat ?}W w |Q@ R `=iDQ=
VQB C=YNWt |wQ Q@ Cw=iDt |Q}oQ=Qk pLt w `=iDQ= =@ x}=B ?; QF= [12]"OwW|t
xDiQo Q_v QO =@ w OW|UQQ@ uQ=kDt=v w uQ=kDt |v=yo =v |=Qo =w QO xDUUo |m}rwQO}y
V}=Ri= =@ xm OvO=O u=Wv G}=Dv x}=B ?; |Q}oQ=Qk pLt w `=iDQ= Oa@|@ QDt=Q=B uOW
Q}F-=D Q=@ u}rw= |=Q@ u}vJty [13]"O@=}|t Vy=m VQB |x} wv=F jta 'QwmPt QDt=Q=B
|xOwOLt '|}=Qo =w C@Uv 4 QO xDUUo |m}rwQO}y VQB C=YNWt QO Q@ R QDU@
w OW |UQQ@ 2013 p=U QO 1 =D 0 5 |Q@ R u=tr= |@Uv `=iDQ= w 10 =D 2 OwQi
OwOL QO xDUUo VQB GwORt jta Vy=m Ea=@ Q@ R QDU@ O=H}= xm O=O u=Wv G}=Dv
|v=yo =v |=Qo =w `]kt QO |WQ@ VvD ?} Q[ |v}@V}B |=Q@ "OwW|t �20 =D �16

[14]%OW x�=Q= 2 |x]@=Q R}v Q@ R QDU@ =@
" = 0 072Fr13 103 � 3 076LnB (2)

|}=Qo =w C@Uv 4 QO pmW |Rwr Q@ R QDU@ =@ |H} QOD |=Qo =w `]kt Q}F-=D
xm O=O u=Wv G}=Dv w OW |UQQ@ w xar=]t R}v |m}rwQO}y VQB C=YNWt QO
VQB p}mWD |=Q@ R=}v OQwt ?=}=B jta w |m}rwQO}y VQB pw] '?=Dre pw]
pt=wa R= |W=v |SQv= lqyDU= u=R}t [15]"O@=}|t Vy=m =Qo =w Q@ R QDU@ |wQ Q@
|UQQ@ "OW xar=]t 2017 p=U QO R}v l@Wt C=LiY w lwr@ '|m}rwQO}y VQB
x@ �40 pNrND =@ l@Wt |xLiY xm O=O u=Wv =ypOt |=Q@ |SQv= lqyDU=
u}vJty "Ovm|t lryDUt Vt=Q; |xJ[wL QO =Q |QDW}@ |SQv= �50 pOt C@Uv

"|v=yo =v |=Qo =w `]kt QO xDUUo VQB "1 pmW

?}DQD x@ y2 w y1 'xDUUo VQB j=ta= C@Uv DB = y2
y1 '1 pwOH QO

p=v=m ZQa ?}DQD x@ b2 w b1 '`]kt |}=Qo =w C@Uv B 'VQB |x} wv=F w x}rw= jta
|xrO=at j=ta= C@Uv D� 'u=} QH |x}rw= OwQi OOa Fr1 'CUOu}}=B w CUOq=@
`]kt |}=Qo =w QF= ?}=Q[ Cs w Ce 'k2 'k1 'Ks '|LqY= OwQi OOa E1 'Qovq@

"CU= p=v=m hm ?}W � w
xO=iDU= |vD@ Kr=Yt R= Vt=Q; |=yxJ[wL CN=U QO xmu}= x@ xHwD =@
|}=yVwQ R= xO=iDU= =@ xm CU= u}= Q@ |aU |}=QH= |=yxv} Ry Vy=m |=Q@ 'OwW|t
Vt=Q; |xJ[wL O=a@= '=yxJ[wL |=yDv= w xv=}t '=OD@= QO =yx}=B?; w =ylwr@ Ovv=t
O=a@= Vy=m |=Q@ xm CU= |}=yVwQ Qo}O R= R}v xJ[wL QDU@ |Q@ R "O@=} Vy=m
=@ hrDNt |Q@ R |=yu=tr= pmW Q}F-=D 'Q}N= |=yp=U QO w CU= xHwD OQwt xJ[wL
Q=Qk |}xvwo x@ Q@ R <=RH= xm|}=Hu; R= "CU= xOW |UQQ@ Cw=iDt |=y`=iDQ= w sm =QD
=yu=tr= u}= 'CU= p=v=m CUOu}}=B w CUOq=@ K]U R=QDsy =yu; G=D xm OvQ}o|t
|q=@ |=yCaQU QO 'x}=B?; w lwr@ =@ xU}=kt QO 'xJ[wL O=a@= Vy=m Q@ xwqa
u}rw= |=Q@ Q@ R QDU@ R= xO=iDU= [8]"OvDUy QwO x@ |}=RxQiL |xO}OB Q]N R= u=} QH
x�=Q= Q@ R QDU@ |WQ@ VvD ?} Q[ u=}@ |=Q@ |}x]@=Q w |UQQ@ 1968 p=U QO Q=@
OW s=Hv= Q=OGwt QDU@ |wQ Q@ |m}rwQO}y VQB |UQQ@ R}v 2002 p=U QO [9]"OW
h=Y QDU@ Q@=Q@ 10 ,=@} QkD 'Q@ R QDU@ |WQ@ VvD ?} Q[ xm OvO=O u=Wv G}=Dv w
|@ Q[t CQwYx@ |WQ@ VvD uDiQo Q_v QO =@ p=U u=ty QO u}vJty [8]"CU=
h=Y QDU@ |=Q@ (") |WQ@ VvD ?} Q[ 'VQB R= p@k |m}D=DU=wQO}y |wQ}v R=
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"V}=tR; |m} R}i pOt w Q@ R QDU@ R= |Oa@ xU |=tv "3 pmW

"Q@ R QDU@ |wQ Q@ xDUUo VQB "4 pmW

|O=a@= R}r=v; "2"2
Q=PoQ}F-=D Q@ R QDU@ =@ |v=yo =v |oOWR=@ QO VQB C=YNWt QO |irDNt |=yQDt=Q=B
3 |x]@=Q CQwYx@ u=wD|t =Q QF-wt |=yQDt=Q=B '|y=oW}=tR;\}=QW|UQQ@ =@ "OvDUy

%CWwv
f1(�;Q; �; g; b1; b2; y1; y2; H; Lj ; I; �; ") = 0 (3)

l@Wt C=LiY R= p@k `v=t |=ylwr@ =yu; QO xm |}=ypOt OvO=O u=Wv =y|UQQ@
lwr@ uwO@ Q_=vDt |=ypOt x@ C@Uv |QDW}@ |SQv= lqyDU= 'CU= xOW xO=iDU=

[16]"Ovvm|t O=H}=
u=tr= `=iDQ= w pmW Q}F-=D R= xm |D=Oy=Wt w xDiQo s=Hv= C=ar=]t T=U= Q@
xOt; CUO x@ Vt=Q; |xJ[wL O=a@= w |m}rwQO}y VQB C=YNWt Q@ |Q@ R
C=}YwYN Q@ ODttQ}e xkvRwP |Q@ R |=yu=tr= Q}F-=D uwvm =D xm OW xOy=Wt 'CU=
|oO}J}B w |}=[i |xS} w C=}YwYN p}rO x@ |iQ] R= "CU= xOWv |UQQ@ VQB
|}xkvRwP |=yu=tr= QF= |UQQ@ 'Q[=L |xar=]t R= hOy 'xDUUo VQB QO C=@U=Lt
R}v w uQ=kDt |v=yo =v |=Qo =w |=yxJ[wLQO xDUUo VQB C=YNWt QO ODttQ}e
C=ar=]t G}=Dv w =Qo =w h=Y QDU@ R= pY=L G}=Dv =@ Q[=L |xar=]t G}=Dv |xU}=kt

"CU= u}W}B

=yVwQ w O=wt "2
|y=oW}=tR; C=YNWt "1"2

0 45 `=iDQ= w QDt 0 3 ZQa 'QDt 5 pw] x@ |y=oW}=tR; swri l} QO =yV}=tR;
"OW s=Hv= xe=Qt x=oWv=O l}rwQO}y x=oW}=tR; QO `k=w QiY hm ?}W =@ w QDt
u=} QH O=H}= CyH "Ow@ h=iW Tro|UmrB TvH R= swri |=yxQ=w}O w hm TvH
x@ 'QDt|r}t 3 Ct=N[ x@ |Rri |xJ} QO l} R= Q[=L |xar=]t QO |v=QL@ jwi
xJ} QO Z=@kv= Q}F-=D hPLCyH �VQB p}mWD� Q@ R QDU@ pLt R= QDt 0 5 |xrY=i
`=iDQ= '12 =D 4 OwQi |xOwOLt O=H}= |=Q@ "OW xO=iDU= u=} QH |x}rw= jta Q@
`=iDQ= =@ xJ} QO "OW xDiQo Q_v QO QDt|Dv=U 1 7 w 1 3 u=R}t x@ xJ} QO |oOWR=@
|}=Qo =w |=yC@Uv =@ |QwWvtQ}e w |QwWvt p=v=m |=Q@ QDt|Dv=U 1 3 |oOWR=@
Qw_vt 0 33 |}=Qo =w C@Uv |=Q@ 'QDt|Dv=U 1 7 |oOWR=@ `=iDQ= =@ w 0 5 w 0 67
CQwYx@ 0 33 w 0 5 '0 67 |v=yo =v |}=Qo =w |=yC@Uv O=H}= Qw_vt x@ "OW
'10 w 7 5 '5 |=yZQa =@ 'xW}W TvH x@ |}=yx@aH R= [14w6]'`]kt QO uQ=kDt
"OW xO=iDU= �xJ} QO R= Oa@ w p@k� swri hQ] wO QO QDt|Dv=U 20 `=iDQ= w 50 pw]
u=} QH Q@ Owta `]kt =@ ODttQ}e Q@ R |=yu=tr= R= QDU@ uDN=UQ@ R CyH u}vJty
n =Ro} R V}=Q; w �10 sm =QD 'QDt|Dv=U 3 w 1 5 `=iDQ= =@ �2 pmW� xkvRwP pmW x@
|xv}W}@� OW xO=iDU= QDt|Dv=U 120 pw] x@ Vt=Q; |xJ[wL QO [14]'7�6�7
0 33 |}=Qo =w C@Uv QO h=Y QDU@ =@ |QwWvtQ}e p=v=m QO xDi=} p}mWD VQB pw]
Q_vQO QDt 1 2 Q@ R QDU@ pw] T=U= u}ty Q@ 'Ow@ QDt 1 11 u; Q=Okt w O=O MQ
Q}}eD pLt QO� VQB |xHvB R= |Q@ R |=yu=tr= h}OQ u}rw= |xrY=i "�OW xDiQo
�QDt|Dv=U 3 w 1 5� =yu=tr= `=iDQ= |xR=Ov= x@ R}v �xDUUo VQB p}mWD |=Q@ `]kt
R=QD sy =yu; G=D xm OvOW xO=O Q=Qk |}xvwox@ |Q@ R |=yu=tr= [17w14]"OW xO=O Q=Qk
w p}mWD |=Q@ R}v swri CUOu}}=B QO "OvW=@ xJ[wL CUOu}}=B w CUOq=@ K]U
|xrY=i x@ |} wWm |xJ} QO l} R= `]kt Q}}eD pLt QO VQB |xHvB pLt C}@FD
QO Q@ R QDU@ R= |rm |=tv '3 pmW "OW xO=iDU= Q@ R QDU@ s=tD= pLt R= QDt 2 3
' ẁtHt QO "OyO|t u=Wv =Q |Q@ R |=yu=tr= |Q}oQ=Qk |xwLv w |y=oW}=tR; swri
x=oW}=tR; QO xOW xDN=U Cw=iDt |m} R}i |=ypOt |wQ Q@ hrDNt V}=tR; 99
Q}O=kt w s=Hv= QwmPt |}=Qo =w |=yC@Uv =@ |QwWvtQ}e w |QwWvt |=yp=v=m |=Q@
|Q}oxR=Ov= V}=tR; Qy |=Q@ |m}rwQO}y VQB pw] w x} wv=F jta 'x}rw= jta '|@O
QO "OW xDiQo Q_v QO x}v=F QO QD}r 9 17 =D 2 5 =yV}=tR; |@O |xOwOLt "OW
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=@ xOW x�=Q= |@ QHD \@=wQ "CU= xOW x�=Q= 2 pwOH QO QwmPt |@=} RQ= |=yQ=}at

"CU= xOW u}}aD =]N w |aU =@ w pUm = Q=Ri=sQv QO Solver QwDUO R= xO=iDU=
O=OaD n 'xOW x@U=Lt Q}O=kt xcal '|y=oW}=tR; Q}O=kt xexp '2 pwOH QO
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Ea=@ w CU= x=Qty |WQ@ VvD V}=Ri= =@ Q@ R QDU@ QO |m}rwQO}y VQB p}mWD
p}rO u}ty x@ "OwW|t VQB pw] w x} wv=F jta Vy=m '|SQv= lqyDU= V}=Ri=
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|xrO=at R}v w [8]xOW xDiQo Q_v QO F� = 0=5"
y21 CQwYx@ 'OwW|t pY=L
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|=Q@ 0 33 w 0 5 '0 67 |}=Qo =w |=yC@Uv =@ Q@ R |QwWvt Q}e w |QwWvt p=v=m
w �6 '�6 8 '�29 ?}DQD x@ 1=15 � H=y1 � 1=68 |Q@ R |=yu=tr= `=iDQ=
'�43 ?}DQD x@ 2=3 � H=y1 � 3=37 |Q@ R |=yu=tr= `=iDQ= |=Q@ w �7 5

"CU= xOW x@U=Lt �12 8 w �12 6 '�14 4
xOW x�=Q= Q@ R QDU@ |wQ Q@ VQB pw] x@ \w@ Qt xOW x�=Q= \@=wQ '5 pwOH QO
pw] R= |k}kO u}tND Ovv=wD|t x]@=Q wO Qy CU= XNWt u; j@=]t xm 'CU=
|x]@=Q R= pY=L G}=Dv '|QwWvtQ}e p=v=m QO xm CU= xHwD p@=k "OvyO x�=Q= =Q VQB

"CU= xDW=O VQB pw] |y=oW}=tR; G}=Dv =@ |QDj}kO |oDU@ty '\@DQt

VQB u=tOv=Q "4"3
QO xm 'O};|t CUO x@ 10 |x]@=Q R= VQB u=tOv=Q u=ty =} u=} QH |@Uv |SQv= Ci=
"OvDUy u=} QH CUOu}}=B w CUOq=@ XwYNt |SQv= ?}DQD x@ (E2) w (E1) u;

� = E1 � E2
E1

� 100 (10)

|=yC@Uv |=Q@ OwQi OOa p@=kt QO |m}rwQO}y VQB u=tOv=Q '12 pmW QO
|=yCr=L s=tD QO u; j@=]t xm OwW|t xOy=Wt hrDNt |=y`=iDQ= w |}=Qo =w
V}=Ri= =@ VQB u=tOv=Q V}=Ri= OvwQ 'u}W}B C=ar=]t w Q[=L |xar=]t |}=Qo =w
"CU= xO=O u=Wv =Q OwN |QDW}@ ?}W =@ QDtm |=yOwQi Q}O=kt QO 'OwQi OOa
w [6]'�2004� O}tLr= C=ar=]t =@ Q[=L |xar=]t u=tOv=Q G}=Dv |xU}=kt R=

=@ Q[=L |xar=]t |x}wv=F jta |@Uv Vy=m \UwDt Q}O=kt |xU}=kt "10 pmW
"hrD�Nt |}=Qo =w |=yC@Uv QO u}W}B u=QoVywSB

Cw=iDt |=yu=tr= pmW =@ Q@ R QDU@ OwHw Ov=wD|t Qt= u}= Cra "OQ=O l}Uqm
"OW=@ QDU@ |WQ@ VvD V}=Ri= QO `=iDQ= Q}F-=D w u=QoVywSB Q}=U C=ar=]t x@ C@Uv
|Q@ R `=iDQ= |xOwOLt QO x} wv=F jta |@Uv Vy=m QDt=Q=B Q=Okt |xv}W}@ \UwDt
Q@=Q@ u; Q=Okt w xO=O MQ 0 33 |oOWR=@ C@Uv QO w 2=3 � H=y1 � 3=37

"CU= xOw@ �59 5
|QwWvt p=v=m |=Q@ VQB j=ta= C@Uv |]N \@=wQ '4 pwOH QO u}vJty
?} Q[ 'u; j@=]t xm 'CU= xOW x�=Q= Q@ R QDU@ =@ |QwWvtQ}e w (B = 1)

(NRMSE) xOW |R=Up=tQv C=a@ Qt u}ov=}t QPH |=]N w (R2) |oDU@ty
"OyO|t u=Wv =Q xOW x�=Q= \@=wQ CkO w CLY w OQ=O |rw@k OQwt Q}O=kt

VQB |@Uv pw] "3"3
Q}O=kt 'h=Y w Q@ R QDU@ =@ |v=yo =v |=Qo =w QO VQB pw] |xU}=kt w |UQQ@ |=Q@
|=yu=tr= `=iDQ= w |}=Qo =w |=yC@Uv |=Q@ 'OwQi OOa p@=kt QO VQB |@Uv pw]
|@Uv pw] Q}O=kt 'u; j@=]t xm 'OwW|t xOy=Wt 11 pmW QO hrDNt |Q@ R
j@] �USBR h=Y QDU@ =@ |QwWvt p=v=m VQB pw]� ODtt \N CQwYx@ VQB
'Q}N= pmW x@ xHwD =@ [6]"CU= xOW u}}aD Ljy1 = 220 tan h(Fr1�1)

22 ) |x]@=Q
V}=Ri= OwQi OOa V}=Ri= =@ |}=Qo =w |=yC@Uv |t=tD QO VQB |@Uv pw] Q}O=kt
w Q[=L |xar=]t h=Y QDU@ x@ \w@ Qt VQB |@Uv pw] |xU}=kt =@ "CU= xDi=}
pmW j@=]t |QwWvtQ}e p=v=m QO xm OwW|t xOy=Wt �|QwWvt p=v=m � USBR

125



"""|
=yu

=tr=
=@Q@

RQD
U@Q

}F- =D
|y=

oW}
=tR;

|U
QQ@

"|oO�WR=@ |=yC@U�v |t=tD <=R= x@ OwQi p@=kt QO VQB |@Uv pw\ "11 pmW

"|@Uv `=iDQ= Q}O=kt w |oOWR=@ |=yC@Uv |t=tD <=R= x@ OwQi p@=kt QO VQB u=tOv=Q "12 pmW

126



2/
1|

xQ=t
W'

36
�2

|xQ
wO'

�13
99

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt u=} QH |OwQw CH OQwNQ@ COW R= 'OW |QwWvtQ}e |=yp=v=m QO u=} QH uOW

V}=UQi Ea=@ Ov=wD|t u=tR QwQt x@ xm 'xDUUo VQB QO p=v=m |Q=vm |xQ=w}O x@
%CU= xOt; CUO x@ CQwY u}= x@ |rm G}=Dv "CU= xDi=} Vy=m 'OwW p=v=m |xQ=w}O
1=15 � H=y1 � |Q@ R `=iDQ= |xOwOLt QO Q@ R QDU@ |WQ@ VvD ?} Q[ "1
0 5 '0 67 |}=Qo =w |=yC@Uv =@ |QwWvtQ}e w |QwWvt p=v=m |=Q@ 1=68
|xOwOLt QO w Q@=Q@ 11 12 '10 99 '10 02 '9 89 ?}DQD x@ 0 33 w
'13 07 ?}DQD x@ Q@ R QDU@ |WQ@ VvD ?} Q[ R}v 2=3 � H=y1 � 3=37
h=Y QDU@ =@ |QwWvt p=v=m |WQ@ VvD ?} Q[ Q@=Q@ 13 2 w 13 13 '13 19

"CU= xOw@
Q}O=kt "CU= xOW VQB GwORt jta Vy=m ?Hwt QDU@ |WQ@ VvD V}=Ri= "2
|t=tD |=Q@ h=Y QDU@ =@ xU}=kt QO Q@ R QDU@ VQB GwORt jta Vy=m \UwDt
1=15 � |Q@ R |=yu=tr= Oa@|@ `=iDQ= |xOwOLt QO |oOWR=@ |=yC@Uv
w �17 =D �12 ?}DQD x@ 2=3 � H=y1 � 3=37 w H=y1 � 1=68
Q@ R QDU@ =@ |QwWvtQ}e p=v=m u}vJty "CU= xOt; CUO x@ �30 4 =D �20
?@U 'h=Y QDU@ =@ |QwWvt p=v=m =@ xU}=kt QO 0 33 |oOWR=@ C@Uv QO

"CU= xOW �59 5 OwOL QO GwORt jta Vy=m
`=iDQ= QO Q@ R QDU@ =@ |QwWvtQ}e w |QwWvt p=v=m QO |m}rwQO}y VQB pw] "3
|t=tD |=Q@ 2=3 � H=y1 � 3=37 w 1=15 � H=y1 � 1=68 |@Uv
=D �6 12 w �29 =D �6 ?}DQD x@ h=Y QDU@ x@ C@Uv |}=Qo =w |=yC@Uv

"CU= xDi=} Vy=m �43
|=yC@Uv |t=tD |=Q@ Q@ R QDU@ =@ |QwWvtQ}e w |QwWvt p=v=m QO VQB u=tOv=Q "4
h=Y QDU@ =@ |QwWvt p=v=m x@ C@Uv '|a=iDQ= |xOwOLt wO Qy QO |}=Qo =w
C@Uv QO u; Q=Okt |xv}W}@ xm 'CU= xDi=} V}=Ri= �29 =D �10 OwOL QO

"CU= xO=O MQ 0 33 |}=Qo =w
VQB p}mWD u=mt= =@ Q@ R QDU@ =@ =Qo =w |=yxJ[wL 'xOW QmP OQ=wt x@ xHwD =@ "5
Q@ 'OvDUy QwO x@ |}=RxQiL |xO}OB Q]N R= xmu}= Q@ xwqa =yu; QO xDUUo
"OvW=@ USBR A}D |=yxJ[wL |=Q@ |@U=vt u} Ro}=H Ovv=wD|t R=}v ?UL

=@ |@Uv |SQv= Ci= xm CiQo xH}Dv u=wD|t [14]'�2013� u=DUH@ w |U}v
`=iDQ= |xOwOLt =@ Q@ R QDU@ xm |Qw]x@ 'CU= xDi=} V}=Ri= |Q@ R `=iDQ= V}=Ri=
=Q VQB u=tOv=Q u} QDW}@ 'Q[=L |xar=]t QO 2=3 � H=y1 � 3=37 |@Uv
'1=15 � H=y1 � 1=68 |xOwOLt QO w xDW=O Q}N= |xar=]t wO x@ C@Uv
|U}v C=ar=]t G}=Dv =@ w [6]'�2004� O}tLr= VywSB x@ C@Uv u=tOv=Q u} QDW}@
uDiQo Q_v QO =@ "CU= xDW=O |m}ORv Q=}U@ |oDU@ty [14]'�2013� u=DUH@ w
VQB u=tOv=Q QO |}=Qo =w C@Uv Q}F-=D |UQQ@ w �O w G '? 'hr=� 12 pmW
|QwWvt p=v=m =@ xU}=kt QO 'Q@ R QDU@ =@ =Qo =w |=yp=v=m xm OW xOy=Wt |m}rwQO}y
QO w OvQ=O |QDW}@ VQB u=tOv=Q '|Q@ R `=iDQ= wO Qy QO Q@ R w h=Y QDU@ =@
OwQi Q}O=kt |t=tD <=R= x@ xm |}=Hu; R= 0 33 C@Uv '|}=Qo =w |=yC@Uv u}@
'CU= xDW=O =Q ?=}=B jta Q=Okt u} QDtm '|}=Qo =w |=yC@Uv Q}=U =@ xU}=kt QO
\UwDt Q=Okt u}vJty "CU= xOW pt=W R}v =Q VQB u=tOv=Q Q}O=kt u} QDW}@
|QwWvtQ}e w |QwWvt p=v=m QO w 1=15 � H=y1 � 3=37 QO VQB u=tOv=Q
�84 w�82 '�77 '�74 Q@=Q@ ?}DQD x@ 0 33 '0 5 '0 67 |}=Qo =w |=yC@Uv =@

"CU= xOw@
QmP |}=Qo =w |=yC@Uv |=Q@ R}v 2=3 � H=y1 � 3=37 |Q@ R `=iDQ= QO
xOw@ �85 5 '83 2 '�80 '�78 Q@=Q@ ?}DQD x@ VQB u=tOv=Q \UwDt 'Q}N= |xOW
�66 8 h=Y QDU@ =@ |QwWvt p=v=m QO VQB u=tOv=Q \UwDt xm |}=Hu; R= "CU=
w |QwWvt p=v=m '(B = 1) h=Y QDU@ =@ |QwWvt p=v=m =@ xU}=kt QO 'CU=
VQB u=tOv=Q V}=Ri= ?@U |}=Qo =w |=yC@Uv |t=tD QO Q@ R QDU@ =@ |QwWvtQ}e
0 33 |}=Qo =w C@Uv QO u; Q=Okt |xv}W}@ xm 'CU= xOW �29 =D �10 OwOL QO

"CU= xO=O MQ

|Q}oxH}Dv "4
|QwWvt p=v=m |=Q@ Q@ R QDU@ =@ hrDNt |y=oW}=tR; pOt 99 'Q[=L |xar=]t QO
|=yu=tr= `=iDQ= wO =@ 0 33 w 0 5 '0 67 |}=Qo =w |=yC@Uv =@ |QwWvtQ}e w
s]qDt w hm |WQ@ VvD V}=Ri= Ea=@ xmu}= Q@ xwqa Q@ R QDU@ "OW V}=tR; |Q@ R

=yCWwv=B
1. repelled hydraulic jump
2. spatial hydraulic jump
3. transitional hydraulic jump
4. classical hydraulic jump
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