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w x}=B Rri u=ty =} Rri xLiY�|Rri |xLiY OvJ =} wO '1|Q=Hiv= |Q=mWwH Ov}=Qi QO
pYDt Qo}Om} x@ 'xOWO=H}= xQHivt |}xO=t \UwD xm |O=} R Q=Wi QO �u=QB xLiY

xHwD=@ R}v w 'x]w@ Qt C=@U=Lt w 2Q)@|UQ=i p=YD= |iQat ut[ Q=DWwv u}= QO "OvwW|t
s=mLDU= "OwW|t s=Hv= Tt w sw}v}twr; C=Rri |Q=Hiv= |Q=mWwH OwHwt \@=wQ x@
G}=Dv 'C}=yvQO "OwW|t |UQQ@ |WQ@ |xOW|L=Q] |=yV}=tR; =@ xOWO=H}= p=YD=
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|}=yxmD x@ sw}v}twr; TvH R= |D=a]k '|Q=Hiv= |Q=mWwH Ov}=Qi |] j}kLD u}= QO
|m} R}i w |m}v=mt X=wN "Ov=xOW pYDt Q)@|UQ=i j} Q]x@ Xr=N Tt TvH R=
R= |D=LiY |R=UxO=t; =@ =yV}=tR; [24]"CU= xOW xOQw; 1 pwOH QO C=Rri u}=
�pw]�ZQa�Ct=N[� QDt|r}t 150�100�10 O=a@= x@ Tt w sw}v}twr; TvH

"OW s=Hv= xHQO 7 5 |NB |=}=wR =@

Ov}=Qi x@ \w@ Qt C=@U=Lt
Q_v QO xrLQt xU ?r=k QO u=wD|t ,=twta =Q |Q=Hiv= |Q=mWwH Ov}=Qi Q=DN=U

[8]%CiQo
&xQHivt |xO=t Q=Hiv= "1

&u; <=RH= =} u=QB |xLiY |Q}o?=DW w pmW Q}}eD "2
"jwi |xawtHt QO C=LiY u}@ OQwNQ@ "3

|m}v=mtX=wN w ẁv %R= Ov=CQ=@a|Q=mWwH Ov}=Qi s=Hv= QO =yQDt=Q=Bu} QDsyt
|=yQDt=Q=B 'xQHivt |xO=t Q=Hiv= CaQU w |r=oJ 'TvH 'x}=B w u=QB |xLiY
x@ xQHivt |xO=t sQH C@Uv |DQ=@ax@� xQHivt |xO=t |Q=PoQ=@ C@Uv 'OQwNQ@
|xv}y@ ?=NDv= w u}}aD "C=LiY u}@ OwHwt |}=wy |xrY=i w '�u=QB Rri sQH

"CU= pw@k p@=k s=mLDU= =@ |WwH O=H}= ut[Dt jwi |=yQDt=Q=B xawtHt

OQwNQ@ |x]kv CaQU w Cr=L *p=kDv= CaQU �hr=
pmW|Hwt|mQDWtpYi x@|@=}CUO Qw_vtx@ 'OQwNQ@ |x]kv *Cr=Lp=kDv=CaQU
ROrwv} Q OOa ?=NDv= =@ �� |m} SQwr=Dt w |m}v=mt X=wN Q_vx]kv R= �� pw@k p@=k w
1 |x]@=Q R= xO=iDU= =@ '�CU= 13 1 Q@=Q@ xm � Tt x@ sw}v}twr; p=YD= |=Q@ �Re�

[24]"p=YD= OQwt C=Rri |m} R}i w |m}v=mt X=wN "1 pwOH
Cu�C10200� AL�1100� C=Rri |m}v=mt X=wN�x}=B Rri� �u=QB Rri�

8 93 2 7 gr=Cm3 |r=oJ
4900 6400 m=s CwY CaQU
1085 650 Co ?wP |=tO
91 95 215 91 Cal=KgKo xS} w |=tQo
89 80 55 41 Cal=mS�1 Co |DQ=QL C}=Oy
115 69 GPa nv=} pwOt

0 340 0 334 uwU=wB ?} Q[
94 47 Hv RQm} w |DNU
275 110 MPa |WWm VvD
220 105 MPa s}rUD VvD
132 69 Mpa |WQ@ VvD

"[5]|Oa@ wO w|Oa@ xUCr=L QOhQ=mU= p=YD= pw=ODt u=tO}J R=|}xvwtv "2pmW

=yx@r |oOWsN CQwYx@ =Q =yu; QO |NB |x} w=R u=wD@ xm |}=yjQw p=YD= R}v w
u=wvax@ p=YD= |xw}W u}= R= [7w6]"CU= xOW xOy=Wt �2 pmW Ovv=t� OQm O=H}=
|O=} R C=k}kLD '=DU=Q u}ty QO "CU= xOW xO=iDU= Q=DWwv u}= QO j}kLD VwQ l}
|=yQDt=Q=B Q}F-=D |UQQ@ x@ |}xDUO "CU= xOW x�=Q= |Q=Hiv= |Q=mWwH XwYNQO
'|Q=Hiv= |Q=PoQ=@ C@Uv =} xQHivt |xO=t Ct=N[� |Q=Hiv= |Q=mWwH hrDNt
|x}rw= |x} w=R 'u=OvU w u=QB w x}=B C=LiY TvH w Ct=N[ '|}=wy |xrY=i
|DQ=QL C=}rta \}=QW 'xQHivt |xO=t ẁv 'Qi=@ |xLiY TvH w Ct=N[ 's}_vD
Ctw=kt� |m}v=mt ^=Lr R= sy �� xOWp}mWD *VwH hrDNt X=wN Q@ �xQ}e w
'|oDUN \}=QW w |WJ}B s=mLDU= '|WtN s=mLDU= '|WQ@ Ctw=kt '|WWm
|m} SQwr=Dt ^=Lr R= sy w �xQ}e w |oOQwN Q@=Q@ QOCtw=kt '|vwQm}t |HvU|DNU
�xQ}e w =yxv=O |oO}Wm *CyH 'Ot=H |=ypwrLt w l}r=DtQDv}= |=yR=i p}mWD�
X=YDN= �xQ}e w pmW|Hwt 'h=Y |xOWO=H}= Kw]U� |UOvy Q_v R= R}v w

[14�8]"OQ=O
|OQ@ Q=m w |OQwt |xar=]t x@ ,=iQY =yVywSB w C=k}kLD R= Qo}O |}xDUO
OQwtxS} w |OQ@ Q=m QO =Q pw@kp@=k w ?U=vt p=YD= u=mt= w OR=OQB|t ẁ[wt l}
Ov=xDW=O =yV}=tR; |R=Ux}@W Q@ |aU R}v |Q=}U@ u}kkLt [15]"Ov=xO=O Q=Qk |@=} RQ=
<=RH= |=yQ=Ri=sQv |xr}Uwx@ xRwL u}= QO =Q OwN C=@U=Lt w C=k}kLD G}=Dv w

[18�16]"Ov=xOQm |@=} RQ= OwOLt
|=yOv}=Qi Qo}O w |Q=Hiv= |Q=mWwH XwYNQO |Q=}U@ C=k}kLD u=Q}= QO
ltmx@ p=:}U |=Q=O uR=Nt QO |Q}oCWv w [19]|Q=Hiv= |yOpmW Ovv=t |Q=Hiv=
|OQ@ Q=m =yC}r=ai u}= R= |Q=}U@ xm [20]CU= xDiQo CQwY |Q=Hiv= |Q=mWwH
TvHsyQ}e |=yxrwr p=YD= QO |Q=Hiv= |Q=mWwH |=yOQ@ Q=m u}vJty "Ov=xOW

[23�21]"CU= xOw@ |v=Q}= u}kkLt |NQ@ j}kLD ẁ[wt
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=tH "CU= sm =L \}=QW u}= Q@ �� u=QB w x}=B C=Rri |xS} w |=tQo '?wP |=tO '|DQ=QL

[8]"CU=xOW u=}@ OQwNQ@ |xv}W}@ CaQU uDi=} |=Q@ u}kkLt \UwD 6 |x]@=Q

VP:Max = (tmpUf )
12

0=082� VC
�
K Ch Uf
� tf

� 14
(6)

%xH}DvQO
,! VP:Max Al = 650 51m=s
|xLiY OQwNQ@ CaQU x@ \w@ Qt C=@U=Lt QO xv}W}@ w xv}tm OQwNQ@ |=yCaQU
OQ}o|t Q=Qk xO=iDU= OQwt xQHivt |xO=t Ct=N[ u}}aD w |Q=Hiv= |Q=PoQ=@ 'u=QB

"OvwW u}}aD |DUQOx@ O}=@ w
OQwNQ@ CaQU �O

C=t=Rr= |t=tD Ov=wD@ xm OQm ?=NDv= j}kO u=vJ O}=@ =Q u=QB Rri OQwNQ@ CaQU
QO OQwNQ@ |SQv= |xOwOLt "OQw; sy=Qi =Q pw@k p@=k w |wk p=YD= x@ |@=}CUO

"OW=@ xv}tm w xv}W}@ Q}O=kt u}@ O}=@ K]U OL=w
'OwW|t xO=O C@Uv OQwNQ@ CaQU |xv}tm x@ xm OQwNQ@ Q=Wi R= |Q=Okt
ptar=QwDUO wVwQ "CU= R=}v OQwt lQDWt pYi QO xvwop=}U Cr=L O=H}= |=Q@
CaQU hqDN= OYQO10 uOQmxi=[= =@ [25]OQwNQ@ CaQU u}}aD QO |O=yvW}B

%OwW|t pY=L xv}tm OQwNQ@ CaQU x@ xv}W}@ w xv}tm OQwNQ@
VP = VP:Min + 0=1� (VP:Max � VP:Min)

,! VP 1 = 314 52m=s (7)

QO u=w=Qi |=yQ}eDt OwHw p}rOx@ xm CU= u; R= |m =L |Q=Hiv= |Q=mWwH C}y=t
'u=tRsy Qw]x@ =yu; |t=tD uDiQo Q_vQO 'Qo}Om} Q@ =yu; |r@=kD QF= w Ov}=Qi u}=
C=Rri p=YD= xm O@=}|t C}ty= |v=tR ẁ[wt u}= "CU= |vOWv w umttQ}e
l} uDiQoQ_vQO u}=Q@=v@ "CU= ?wr]t R}v hrDNt |=y|r=oJ =@ TvHsyQ}e
'CU}v QwOkt ,qta |Q=Hiv= |Q=mWwH QO OL=w w XNWt |rtar=QwDUO =} xrO=at
|xQHivt |xO=t R= xO=iDU= =@ XNWt |D=Rri |Q=mWwH XwYNQO u=wD|t |rw
QO xm u=vJ "OR u}tND =Q pw@k p@=k p=YD= x@ |@=}CUO |=ypOt |OwOL =D 'u}at
OQwNQ@ CaQU |x@U=Lt x@ xHwD=@ p=YD= O=H}= 'OW Oy=wN u=}@ =yV}=tR; s=Hv=
Q=Okt uOQw; CUOx@ |=Q@ |@ QHD VwQ 'u}=Q@=v@ "CU= xOw@ jiwt=v 7 |xrO=at QO
%CU= xOW x�=Q= xv}W}@ w xv}tm OQwNQ@ CaQU u}ov=}t |x@U=Lt 'OQwNQ@ CaQU
VP =

�
VP:Max + VP:Min

2
�

,! VP 2 = 463 85m=s (8)

xQHivt |xO=t Ct=N[ u}}aD Qw_vtx@ |Q=PoQ=@ CqO=at QO 'xOt; CUOx@ CaQU
xOt; CUOx@ *CaQU wO Qy |@=} RQ= =@ 'j}kLD u}= QO "OQ}o|t Q=Qk xO=iDU= OQwt
C:}kiwt =@ =Q pw@k p@=k p=YD= \}=QW 'xOvQ=ov \UwD xOWx�=Q= VwQ xm OW xOy=Wt

"OQm xOQw;Q@

xQHivt |xO=t Ct=N[ w |Q=Hiv= |Q=PoQ=@ �y
CaQU u}}aD =OD@= 'xQHivt |xO=t Ct=N[ w |Q=Hiv= |Q=PoQ=@ |x@U=Lt |=Q@
�OW x�=Q= p@k VN@ QO xm � OQwNQ@ CaQU |x@U=Lt =@ "O@=}|t CQwQ[ OQwNQ@

[25]%OwW|t x@U=Lt

VT =
�2� 106 � 9=81�Re � (HV b +HV f )

�b + �f

� 12

,! VT = 1765 24m=s (1)

[8]%=@ CU= Q@=Q@ OQwNQ@ |x]kv CaQU u}=Q@=v@8>>>><>>>>:
VC = VT + 200 , VT < 2000 m

s

VC = VT + 100 , 2000 � VT � 2500 m
s

VC = VT + 50, 2500 < VT ms

,! V C = 1865 24m=s (2)

OQwNQ@ CaQU pk=OL �?
|Q}tN�|v=UWm pmW Q}}eD |=Q@ sRq |W@vH |SQv= O=H}= R= u=v}t]= T=U=Q@
|r=oJ =@ TvHsyQ}e C=Rri |Q=mWwH |=Q@ 3 |x]@=Q 'p=YD= w CH O=H}= w

[25]%CU= xOW x�=Q= hrDNt

VP =
�
�UT
�

� 12
(3)

x@U=Lt u}vJ 'Cw}vwowy Q=Wi |x]@=Q R= xO=iDU= =@ 'C=Rri R= s=OmQy QO Q=Wi u=R}t
%OwW|t

P = 1
2�VPU (4)

R= "OwW|t x@U=Lt Qo}O Rri QO OQwNQ@ CaQU 'QDnQR@ Q=Wi uOQw; CUOx@ =@
QO 'QDnQR@ OQwNQ@ Q=Wi =@ Q_=vDt OQwNQ@ CaQU w O}OH OQwNQ@ CaQU ẁtHt

[25]%OwW|t xO=iDU= xv}tm OQwNQ@ CaQU |x@U=Lt8<: P1 < P2 ) VP:new = P2/U1�1
P2 < P1 ) VP:new = P1/U2�2

)
(

P1 < P2 ) VP:Min = VP:new + 1
2VP 2

P2 < P1 ) VP:Min = VP:new + 1
2VP 1

(5)

Rri pmW Q}}eD |=Q@ sQv Rri lQDWt pYi QO sRq Q=Wi O=H}= R= 'VwQ u}= QO
%xH}DvQO "OwW|t pY=L u=v}t]= QDCNU

,! VP:min = 277 19m=s

OQwNQ@ |xv}W}@ CaQU �G
w x@ Q[ |SQv= |}q=@ |xOwOLt *C=@U=Lt |x}rw= |=v@t '?=Pt R=i O=H}= \}=QW
|WN@ uOWTw@Lt p}rOx@ 'xOWO=H}= |=tQo "CU= xv}W}@ OQwNQ@ CaQU ,=D}=yv
=} ?=Pt Rri QO xOWO=H}= CQ=QL "OwW|t QPoOwR CQ=QL O=H}= Ea=@ 'CH R=
nvy; p}rOx@ w 'QPoOwR CQ=QL u}= Q}F-=D CLD u=QB w x}=B Rri wO Qy R= |}=yVN@
umtt |Rri C=@}mQD |NQ@ QO =Q xOvvmW w OOQD |=yR=i O=H}= 'uOWOQU `} QU
C}=Oy Q}_v �� OQwNQ@ lQDWt pYi QO C=Rri |m} R}iwtQD |=yC}Y=N "OR=U|t
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%x@ OwW|t p}O@D 10 |xrO=at 'K]U
Vo
VP

= 2
R

+ 1 (11)

xQHivt |xO=t sQH R=CU= CQ=@a w 'OwW|t xO}t=v �|Q=PoQ=@C@Uv�R u; QO xm
%CWwv u=wD|t |SQv= |=k@ CqO=at uDiQoQ_vQO =@ "u=QB |xLiY K]U OL=w sQH Q@

CE = 1
2M � V

2
P + 1

2�e
YoZ
o

�
(Vo + VP ) Y

Yo
� VP

�2
dY (12)

%Ci=} CUO 13 |xrO=at x@ u=wD|t '|SQv= x@ \w@ Qt C=_Lqt uDiQo Q_v QO =@ w
CE = 1

2M � V
2
P + 1

6C
�
V 3
o + V 3

P
�

(Vo + VP )
(13)

[4]%=} w

Vp =
p2E

"�1 + 2
R

�3 + 1
6 �1 + 1

R

� + 1
R

#� 12
(14)

R}v w |SQv= R= |a@=D u=wvax@ =Q u=QB |xLiY CaQU '|vQH xOt; CUOx@ |xrO=at
%R= CU= CQ=@a 14 |xrO=at |xOW xO=U pmW "OyO|t CUO x@ |Q=PoQ=@ Q=Okt

VP =
p2E

� 3R2

R2 + 5R+ 4
� 12

(15)

[4]%Ci=} Q}}eD 16 |xrO=at x@ 3uQDU= \UwD 15 |xrO=at

VP =
p2E

" 5
3R

2

R2 + 5R+ 5
4

# 12
(16)

'�xQHivt |xO=t |awv�wiv; QO xm CU= xQHivt |xO=t |SQv= Q=Okt E u; QO xm
CaQU Q=Owtv u=wD|t [8]"CU= 203KJ/Kg Q=Okt |=Q=O 'p}} wR=o �6 =@ x=Qty
CUOx@ 5 pmW Ovv=t '|Q=Hiv= |Q=PoQ=@ ?ULQ@ w jwi |=y|vLvt QO =Q OQwNQ@

"OQw;
xQHivt |xO=t sQH C@Uv R= CU= CQ=@a xm �R� |Q=PoQ=@ h} QaD x@ xHwD =@
j@] w 6 pmW x@ xHwD =@ =Q xQHivt |xO=t Ct=N[ u=wD|t 'u=QB |xLiY sQH x@

%OQm x@U=Lt 17 |x]@=Q
R = me

mf
= �eve
�fvf

= 0=7� `e � dWe � te
2=7� `f � dWf � tf = 0=7� te

2=7� tf (17)

"u}kkLt Qo}O |=ypOt QO |Q=PoQ=@ ?ULQ@ OQwNQ@ CaQU|vLvt "5 pmW

'?U=vt|Q=PoQ=@ |xrO=at QO xOW xDiQo Q_v QO OQwNQ@ CaQU Q=Okt |yOQ=Qk =@ w
"O};|t CUOx@ xQHivt |xO=t Ct=N[ Q=Okt

|xLiY CaQU u}@ \=@DQ= XwYNQO |v=w=Qi |@ QHD w |@ QHDxt}v CqO=at
w swO |v=yH nvH R= Oa@ 'C=ar=]t u}rw= "CU= xOW x�=Q= |Q=Hiv= |Q=PoQ=@ w u=QB
hrDNt \}=QW CLD u=QB |xLiY CaQU x@ \w@ Qt C=@U=Lt uO=Ou=Wv Qw_vtx@

[4]"OW s=Hv= '|Q=Hiv= |Q=PoQ=@
xS} w |SQv= O}=@ =OD@= &CiQo Q_v QO =Q x}[Qi wO O}=@ C=@U=Lt s=Hv= |=Q@
QO |W@vH |SQv= x@ '|}=}t}W CQwYx@ w x}rw= Cr=L R= =Q xQHivt |xO=t �E�
w u=QB Rri u}@ |W@vH |SQv= xm CU= u}= Q@ ZQi ',=}v=F "OQm p}O@D |}=yv Cr=L
|D@=F CaQU 'CN=wvm} |r=oJ Cr=L QO xQHivt O=wt R= pY=L |R=o CqwYLt
xm |R}J =} w O=R; K]U l} Ovv=t 'uQ=kDt |xUOvy l} |=Q@ "Ovm|t O=H}= =Q
|xrO=at l} u=wD|t '�3 pmW� OQ=O OwHw u=QB |xLiY |Q=Hiv= |Q=PoQ=@ u}L

"OQm pL u=tRsy |SQv= |=k@ pY= x@ xHwD =@ =Q |twDvtt |rO=aD
|xLiY QO |O}rwD |=yR=o CaQU 'OwW|t xOy=Wt 4 pmW QO xm u=vJ
CaQU x=ov; 'OwW ZQi |]N 'CaQU `} RwD Qo = "CU= QiY xQHivt |xO=t uwQO

%CiQo Q_v QO u}vJ xrY=i ?ULQ@ u=wD|t =Q

V = (Vo + VP ) Y
Yo
� VP (9)

%CWwv u=wD|t swDvtt |=k@ uwv=k ZQi =@

�M � VP + �e

YoZ
o

�
(Vo + VP ) Y

Yo
� VP

�
dY = 0 (10)

OL=w QO xQHivt |xO=t sQH u=wvax@ 'C ZQi w �eY0 = c CQ=@a |v} Ro}=H =@

"|Q=Hiv= |Q=mVmwQ V}=tR; s=Hv= l}D=tW "3 pmW

[4]"u=QB Rri w xQHivt |xO=t QO xOW xDiQoQ_vQO u=tr= "4 pmW
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"""w
|Qk

=@Ow
aUt

O}U
'|v=

tRp
=tH

QO |Q=Hiv= |Q=PoQ=@ x@ \w@ Qt |=yQ=Owtv w u=tO}J '=yV}=tR; |L=Q] "7 pmW
"hrDNt |=yu=tO}J

=yu; x@ |Oa@ Cq=kt QO xm xOt; CUOx@ |Dw=iDt G}=Dv C=a]k |=yu=mt Qo}O
"OW Oy=wN xQ=W=

G}=Dv |UQQ@
|OQ=wt T=U=Q@ =yV}=tR; R= pY=L G}=Dv OW QQkt 'xOW s=Hv= |R} Qxt=vQ@ T=U=Q@
xQ=W= xmu=vJ "OQ}o Q=Qk |UQQ@ OQwt CkOx@ 'CN=OQB s}y=wN u;x@ xt=O= QO xm
xOWx@U=Lt |=y|Q=PoQ=@ CLD C=LiY p=YD= sOa =} p=YD= |UQQ@ |=Q@ 'OW

"u=QB |xLiY w xQHivt |xO=t Ct=N[ R= xOW xDiQoQ_vQO u=tr= "6 pmW
w |vQH pOt wO QO xQHivt |xO=t Ct=N[ w |Q=Hiv= |Q=PoQ=@ Q}O=kt "2 pwOH

"uQDU=
VP �463 85 m/s VP �314 52 m/s

�te� xQHivt |xO=t Ct=N[ �R� |Q=PoQ=@ |Q=PoQ=@ pOt
1 61 0 86 |vQH31 04 16 6
2 55 1 06 uQDU=49 16 20 04

CqO=at R= uOw@ C@=F p}rOx@ 'W w ` Q}O=kt OwW|t xO}O C=@U=Lt QO xm u=vJ
%u}=Q@=v@ "Ov=xOW hPL

R = 0=7� te
2=7� tf = te

3=857� 5 = te
19=28 (18)

� [10+0]=2 = 5 mm |va}� |NB Ct=N[ u}ov=}t 'C=@U=Lt s=Hv= QO
Ct=N[ Q=Okt 'R Q=Okt R= xO=iDU= =@ w OW xDiQo Q_v QO u=QB Rri Ct=N[ u=wvax@

"Ot; CUOx@ QDt|r}t ?ULQ@ xQHivt |xO=t
|xO=t Ct=N[ w |Q=Hiv= |Q=PoQ=@ =@ \@DQt C=@U=Lt R= pY=L G}=Dv
VwQ wO x@ xm � xv}tm |=yCaQU uDiQoQ_vQO =@ uQDU= w |vQH pOt wO QO xQHivt

"CU= xOWxO=O u=Wv 2 pwOH QO �xOt; CUO x@

|Q=mWwH s=Hv= w =yV}=tR; |L=Q]
O=wtCt=N[ x@ xHwD =@ 'C=LiY p=YD= sOa =} p=YD= |=Q@ x}rw= |=yV}=tR;
"OW s=Hv= |Q=Hiv= |Q=mVmwQ Cr=L QO 2 pwOH QO xOW xO=Ou=Wv |xQHivt
|WQ@ s=mLDU= Q@ u; QF= w |Q=PoQ=@ C=Q}}eD |UQQ@ Qw_vtx@ '|Oa@ |=yV}=tR;
|Q=PoQ=@ O=H}= Qw_vtx@ Q=Hiv= |x_iLt QO C=Q}}eD O=H}= =@ w 'p=YD= lQDWt pYi
QO QDt|r}t 75 OwOL ZQa =@ p=YD= Ov=@ x@ |@=}CUO Qw_vtx@ "OW s=Hv= 'Q}eDt
C=LiY u}@|}=wy |xrY=i w OW ?=NDv= xHQO 7 5|NB |x} w=R 'u=QB w x}=B C=Rri
=@ |Dw=iDt |=yu=mt [8]"OW xDiQo Q_v QO �QDt|r}t 5� u=QB Rri Ct=N[ hYv
|@=} RQ= OQwt w OW =OH |}=yxvwtv w ?=NDv= j]=vt u; QO |Q=PoQ=@ uDiQoQ_vQO
QO |Q=OQ@xvwtv |=yu=mt x=Qtyx@ |Q=Hiv= |Q=PoQ=@ |=yQ=Owtv "CiQoQ=Qk |WQ@
QO '=yV}=tR; |L=Q] x@ xHwD =@ xm OwW|t Qw;O=} "CU= xOW xO=O u=Wv 7 pmW
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"""O
=H}=

|xr
}Uw

x@|
Q=Hi

v=|
Q=Po

Q=@|
=yp

OtK
qY

="p=YD= xOwOLt QO hrDNt C=a]k QO s}rUD|WQ@ VvD "3 pwOH
�MPa� s}rUD|WQ@ VvD xmD xQ=tW

P5 P4 P3 P2 P1
64 64 64 64 64 1
64 64 64 64 64 2
58 64 64 64 54 3
46 64 64 64 38 4
33 64 64 64 26 5
24 52 57 56 10 6
11 42 48 47 V}=OH 7

V}=OH 31 37 32 V}=OH 8
V}=OH 20 25 19 V}=OH 9
V}=OH 10 15 12 V}=OH 10
V}=OH V}=OH 9 V}=OH V}=OH 11

� V}=OH V}=OH � � 12

"C=a]k `=wv= QO xOWv w xOWpYDt |=yOwOLt "4 pwOH
pYDt |xOwOLt xOW pYDt |xOwOLt

xa]k |xQ=tW�mm� xOWv �mm�
swU |xk]vt swO |xk]vt pw= |xk]vt

19 74 26 62 26 58 P1
0 37 97 37 97 P2

7 59 35 85 32 50 P3
11 39 37 97 26 58 P4
14 43 34 94 26 58 P5

x@ Q[ u} QDlJwm =@ wCU= xO=Ov MQ |r=YD= xvwoI}y x}L=v u}= QO "swU |xk]vt
"OvwW|t xDN}Uo sy R= Rri wO '|} wQ}v w

u=Wv hrDNt |L=wv w |r=YD= |=yxOwOLt QDXNWt CQwYx@ 4 pwOH QO
w|Q=Hiv=|Q=PoQ=@ uOQw; CUOx@ |=Q@ 'OW xOy=Wt xm u=vJ "CU= xOW xO=O
OQwt|Q=PoQ=@ pOt QO xv}W}@ w xv}tm|=yCaQU u}ov=}t 'xQHivt |xO=t Ct=N[
Q=Qk|@=} RQ= OQwt |vQH pOt x=Qtyx@ =Q pOt u}= u=wD|t uwvm = "CiQo Q=Qk xO=iDU=
OwW xO=O C@Uv |v=mt x@ xv}tm OQwNQ@ CaQU xm CU= u}= |k]vt ZQi "O=O
R}v =Q hrDNt |L=wv p=YD= sOa "CU= xDiQov CQwY p=YD= I}y u; QO xm
CUOx@ |L=wv u; s=mLDU= uOw@ QiY w 'VQ@ |=yV}=tR; G}=Dv R= u=wD|t

"OQw;
j]=vt u; QO |Q=PoQ=@C@Uv |x@U=Lt w p=YD= sOa |=Q=O |L=wv |xU}=kt =@
QO|Q=PoQ=@C@Uv x@ xHwD=@ OQwNQ@CaQU |x@U=Lt R}v w �17 |xrO=at x@ xHwD =@�
OQwt C=aq]= "OQm|@=} RQ= =Q =ypOt w 'xOy=Wt =Q =yCw=iD u=wD|t x]w@ Qt|=ypOt

"CU= xOW x�=Q= 5 pwOH QO Q_v
|v}@V}B QO uQDU= pOt QDsm |=]N 'OwW|t \=@vDU= 5 pwOH R= xmu=vJ
pOt |xOWKqY= `k=w QO uQDU= pOt =Q} R 'OUQ|t Q_vx@ |k]vt OQwNQ@ CaQU

xm OW xOy=Wt w 's=Hv= |Q=Hiv= |Q=mVmwQ |=yV}=tR; 'xv}tm |=yCaQU QO
x}v=F Q@ QDt 314 52 |xv}tm OQwNQ@ CaQU QO 'uQDU= w |vQH pOt wO QO
V}=Ri= XwYNQO xOWs=Hv= C=@U=Lt 'Qo}O CQ=@ax@ "OWv s=Hv= |r=YD= I}y
=Q jiwt p=YD= \}=QW 'xv}tm CaQU x@ xv}W}@ w xv}tm *CaQU *hqDN= *OYQO10

"�8 pmW� Ovm|tv xOQw;Q@

p=YD= lQDWt pYi s=mLDU=|UQQ@ =yV}=tR; �hr=
x@ p=YD= Ov=@ 'xOW O=H}= s=mLDU= w p=YD= lQDWt pYi |a[wt |UQQ@ |=Q@
xmD Qy QO|Q=PoQ=@ "OW s}UkD '9 pmW Ovv=t sw}v}twr; CtUk QO =RHt|}=yxmD
|xr}Uwx@ wQ}v p=ta= w ?U=vt QJUm}i QO xOW xO} Q@ xtUD uO=OQ=Qk |xr}Uwx@

"OW s=Hv= 'Q=Wi V}=tR; x=oDUO

p=YD= lQDWt pYi|UQQ@ V}=tR; R= pY=L G}=Dv�?
xOW xOQw; 3 pwOH QO '9 pmW Ovv=t x]w@ Qt C=a]k QO VQ@ |=yV}=tR; G}=Dv

"CU=

pOt |x�=Q= w p=YD= lQDWt pYi|UQQ@ �G
%OQm |Ov@s}UkD xk]vt xU x@ =Q p=YD= K]U xOwOLt u=wD|t |rm Qw]x@

|va} 'sw}v}twr;|WQ@ s=mLDU= Q@=Q@ p=YD= Ctw=kt u=mt u}= QO "pw= |xk]vt
&CU= '64MPa

&O}t=v �Q}eDt s=mLDU=� |x}L=v u=wD|t =Q xk]vt u}= "swO |xk]vt

"sw}v}twr; C=LiY p=YD= sOa "8 pmW

|UQQ@ QO P3 xvwtv w |Q=PoQ=@ u=mt x=Qtyx@ VQ@ V}=tR; l}D=tW "9 pmW
"xOW s=Hv= hQ=mU= p=YD= s=mLDU=
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"""w
|Qk

=@Ow
aUt

O}U
'|v=

tRp
=tH "xOW KqY= ?} Q[ =@ |vQH w uQDU= |Q=PoQ=@ |=ypOt QO <=]N OYQO w OQwNQ@ CaQU |@=} RQ= "5 pwOH

OQwNQ@ CaQU u} QDsm =@ =]N OYQO x]w@ Qt pOt |Q=PoQ=@ C@Uv QO OQwNQ@ CaQU p=YD= sOa u=mt xvwtv xQ=tWuQDU= pOt |vQH pOt uQDU= pOt |vQH pOt R X tf

��7 36 �14 89 429 71 532 96 2 10 33 15 7 4 P1
��7 89 �14 09 427 23 529 21 2 07 76 10 P2
��4 95 �18 52 440 87 549 80 2 24 68 36 9 P3
��6 82 �15 69 432 17 536 66 2 13 64 56 8 5 P4
��7 18 �15 16 430 54 534 20 2 11 61 30 8 1 P5
��6 84 �15 67 "CU= xOW x@U=Lt x}v=F Q@ QDt 463 85 'xv}tm OQwNQ@ CaQU

u}ov=}t |=ypOt R= xOt; CUOx@ CaQU w OQwNQ@ u} QDsm CaQU p[=iD Q@=Q@ hqDN= OYQO
"CU= xv}tm OQwNQ@ CaQU Q@ s}UkD x]w@ Qt

"|LqY= ?} Q[ p=ta= =@ O}OH |Q=PoQ=@ |=ypOt "6 pwOH
|Q=PoQ=@ pOt |LqY= ?} Q[ O}OH pOt

OQwNQ@ CaQU pk=OL
|vQH pOt QO 5 pwOH R= OQwNQ@ CaQU u}ov=}t � 15 x]@=Q = 0 864) Vp =

p2E h 2 24R2
R2+5R+4

i 12

OQwNQ@ CaQU pk=OL
uQDU= pOt QO 5 pwOH R= OQwNQ@ CaQU u}ov=}t � 16 x]@=Q = 1 073) Vp =

p2E
�

1 92R2
R2+5R+ 54

� 12

|Q}oxH}Dv
sy=Qi |]}=QW 'V=|UOvy C}y=t p}rOx@ Q)@|UQ=i p=YD= 'OW xOy=Wt xm u=vJ
|xrLQtl} QO =Q Q}eDt u=QB |xLiY w xQHivt |xO=tCt=N[ u=wD|t xm OQw;|t

"OR lLt 'OvQ=O OwHw =yQ}eDt u}= =yu; QO xm =Q|DqO=at w OQm|@=} RQ= Q=Hiv=
u}@ p=YD= O=H}= x@ \w@ Qt C=@U=Lt s=Hv= |=DU=Q QO x}rw= |L=Q] T=U=Q@
x@ xHwD=@ p=YD= u}= 'Q=_Dv= j@=]t 'Q)@|UQ=i Cr=L QO Tt w sw}v}twr; C=LiY
s=mLDU= 'C=LiY |wQ OOaDt |=yV}=tR; =@ TBU w 'O=H}= xOWs=Hv= C=@U=Lt
xv}tm OQwNQ@ CaQU uO=O C@Uv =@ TBU "OW |@=} RQ= |:tm CQwYx@ p=YD= u=mt
|=ypOt TBU w |@=} RQ= |Q=Hiv= |Q=PoQ=@ |=ypOt 'p=YD= Ok=i |=yu=mt x@

"OvOW G=QNDU= |LqY= ?}=Q[ p=ta= =@ O}OH
xS} wx@ �� |Q=Hiv= |Q=mWwH Ov}=Qi Q@ \rUD |=Q@ OwW|t O=yvW}B |rmQw]x@
|Q=PoQ=@ XwYNQO xOWx�=Q= C=@U=Lt s=Hv= =@ =OD@= �� |Q=Hiv= |Q=mVmwQ
|Q=Hiv= |Q=mWwH 'OQwNQ@ CaQU R}v w xQHivt |xO=t Ct=N[ u}}aD w |Q=Hiv=
u}= QO xm xJv; Ovv=t 'Ov}=Qi |R=UpOt =@ x=ov; &OwW s=Hv= Q)@|UQ=i Cr=L QO
hQY R= VwQ u}= "Ci=} CUO |rw@k p@=k s=mLDU= x@ u=wD|t 'OW x�=Q= Q=DWwv
=]N w |aU =@ ,qwtat xm |Q=Hiv= |Q=mWwH C=W}=tR; s=Hv= QO h=Ro |=yxv} Ry

"Ovm|t |Q}owrH 'OwW|t s=Hv=

s�qa CUQyi
|W@vH |SQv= %CE
?wP |x]kv %tmp

xS} w |=tQo %Ch
C=Rri QO CwY CaQU %U

"O}OH |=ypOt x=Qtyx@ uQDU= w |vQH |Q=Hiv= |Q=PoQ=@ |=yQ=Owtv "10 pmW

C}ak=w u}= "OQ=O Ov}=Qi Q@ sm =L \}=QW =@ |QDW}@ j@=]D u}=Q@=v@ w CU= |vQH
xv}tm OQwNQ@ CaQU =@ xU}=kt QO xOWx@U=Lt OQwNQ@ CaQU |=]N Q=Okt R=
xHwD=@ "O};|t CUOx@ 'CU= OYQO10 R= QDsm xm p=YD= sOa u=mt =@ ?U=vDt
"OQm p=ta= CqO=at u}= QO =Q |@} Q[ u=wD|t 'xOWx@U=Lt |=y=]N u}ov=}t x@

"OvwW|t KqY= 6 pwOH j@=]t O}OH |=ypOt u}=Q@=v@
xOW xO=O u=Wv 10 pmW QO |r@k |=ypOt x=Qtyx@ O}OH CqO=at Q=Owtv
COW =@ uQDU= pOt xm Cio u=wD|t 'OwW|txOy=Wt 10 pmW QO xm u=vJ "CU=
'O}OH |xOt; CUOx@ |=ypOt wQu}= R= "CU= xOQm K}LYD =Q |vQH pOt |O=} R
u=wD|t "OvQ=O |QDW}@ OQwNQ@ CaQU 'u=Um} |Q=PoQ=@ QO uQDU= pOt x@ C@Uv
Q=Okt R= u; KqY= ?} Q[ Q=Okt |rw OwW KqY= Ow@ sRq |vQH pOt xm Cio
|=v@tQ@ O}OH |=ypOt u}=Q@=v@ "OW=@ QDsm O}=@ 'uQDU= \UwD xOW xDiQo Q_vQO
C=Rri QO |Q=Hiv= |Q=mWwH Ov}=Qi R= |QDj}kO Q}O=kt 'uQDU= w |vQH |=ypOt

"OyO|t x�=Q= =Q Tt x@ sw}v}twr;
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x@|
Q=Hi

v=|
Q=Po

Q=@|
=yp

OtK
qY

=xQHivt |xO=t sQH %me

Q=Hiv= |x_iLt QO xQHivt |xO=t ZQa %We

u=QB Rri sQH %mf

u=QB |xLiY ZQa %Wf

Cw}vwowy Q=Wi %P
|NB |=OD@= R= xrY=i %X

|Q=Hiv=|Q=PoQ=@ %R
xQHivt |xO=t QO QiY CaQU \N R= xrY=i %Y

ROrwv} Q OOa %Re
x}=B Rri|r=oJ %�b

xQHivt |xO=t Ct=N[ %te
xQHivt |xO=t|r=oJ %�e

u=QB Rri Ct=N[ %tf
u=QB Rri|r=oJ %�f

C=LiY u}@|}=wy |xrY=i %d
xQHivt |xO=t uwQO |O}rwD |=yR=o CaQU %V0

|vQH XwYNt |SQv= %E
VwH |x]kv|wQW}B CaQU %VC

RQm} w|DNU %HV
xQHivt |xO=t Q=Hiv= CaQU %VD

|DQ=QL C}=Oy ?} Q[ %K
x}=B |xLiY x@ u=QB |xLiY OQwNQ@ CaQU %VP

Q=Hiv= |x_iLt QO xQHivt |xO=t pw] %`e
G=wt x@ Cr=L p=kDv= CaQU %VT

u=QB |xLiY pw] %`f
xQHivt |xO=t sHL %ve

swDvtt %M
u=QB |xLiY sHL %vf

CWwv=B
1. explosion welding (EXW)
2. scarf joint
3. stern

`@=vt
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