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pw@k p@=k xQP Q]k w xQP ẁv Qy |=Q@ p=}Uwv=v s=Q; u=} QH Q=Wi Ci= w CQ=QL
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pN=O QDtwQm}t 100 w 50 '35 '20 '1 hrDNt |=yQ]k QO C=QP Q=DiQ |UQQ@x@
"CU= xOW xDN=OQB =yv; Q@ Q]k Q}F-=D w C=QP Q}Ut w 18600 ROrwv} Q =@ xDiW; u=} QH
� 7 pmW QO "CU= xOt; hrDNt |=yQ]k |=R=x@ C=QP CmQL Q}Ut 7 pmW QO
xOy=Wt "CU= xOW xO=O u=Wv QDtwQm}t � 1 Q]k =@ C=QPwv=v CmQL Q}Ut hr=
=@ "OQ=O =yxR=Ov= Q}=Ux@ C@Uv =Q |oOvwW VNB u} QDW}@ xR=Ov= u}= QO xQP OwW|t
w xOQm |] =Q p=v=m pw] =Qoty CQwYx@ =OD@= '|OwQw R= Oa@ C=QP QFm = OwHwu}=
lQD |DUOm} =@} QkD sm =QD =@ =Q p=v=m 'xm} Qw]x@ xOW VNB |H} QOD Qw]x@ TBU
R= "OvQ=O Qw[L |v}}=B w q=@ xQ=w}O l}ORv |QDtm C=QP p=v=m xv=}t QO "Ov=xOwtv
|}=Qoty u=R}t R= QDtwQm}t 20 Q]k =@ C=QP |=Q@ OwW|t xOy=Wt ? � 7 pmW
xm} Qw]x@ OvQ=O Qw[L p=v=m |}q=@xt}v QO QDW}@ C=QP w xOW xDU=m C=QP C} QFm =

"hrDNt |=yQ]k |=R=x@ C=QP CmQL Q}Ut "7 pmW
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"xrB CWB x@=OQo QO hrDNt |=y Q]k =@ xQP Qw[L "8 pmW

u=Wv u}= xm Ovvm|t OQwNQ@ p=v=m |v}}=B xQ=w}O x@ xrB CWB R= |QDQwO xrY=i QO
"OW=@|t p=}U x@ C=QP QDtm MU=B w j@=]D xOvyO

COW x@ (St << 1)lJwm Q=}U@TmwDU= OOa =@ C=QP '|rm xH}Dv u=wvax@
p=@vO =Q R=o |=y x@=OQo l}ORv R= w OvwW|t pQDvm R=o R=i |@=OQo Q=DN=U \UwD
T=}kt x@=Wt |v=tR T=}kt =@ C=QP "OQm RmQtDt u=wD|tv =Q |D=QP u}vJ "Ovvm|t
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(St >> 1) nQR@ TmwDU= OOa =@ C=QP "OvwW|t RmQtDt ?=OQo |]}Lt x}L=v
T=}kt QO |@=OQo CmQL x@ Ovv=wD|tv =yv; "OvDUy QDQ=O}=B OwN CmQL ^iL QO

"OW Ovy=wNv RmQtDt u}vJty w OvyO MU=B OwHwt p=}U |v=tR
w |Oa@ wO Cr=LwO QO C=QPwv=v |oDiW; CaQU |=Q@ |=xU}=kt '9 pmW QO
`]kt GvB QO [39]nvwi u}m w} xar=]t R= pY=L G}=Dv w |@ QHD G}=Dv =@ |Oa@xU
xar=]t QO |w "CU= xDiQo s=Hv= x=H = f2; 5; 7; 9; 12g C=YDNt =@ p=v=m
u; |=Q@ w xDiQoQ_v QO pQDvm sHL l} |oDiW; CaQU uOQw; CUOx@ |=Q@ OwN
xO}O nvwi xar=]t QO |Q=}U@ hqDN= |Oa@ wO Cr=L QO "CU= xDWwv |rwtQi
xm OvDUy Q=OQwNQ@ |QDW}@ |oOvm =QB R= |Oa@xU G}=Dv C@Uv x@ =yxO=O w OwW|t
QO |Oa@xU G}=Dv 'xOW s=Hv= |R=Ux}@W QO "CU= xOW u; |q=@ |=]N Ea=@
'OwHw u}= =@ "OW=@|t l}ORv |@ QHD |=yxO=O x@ |Oa@ wO G}=Dv R= QDW}@ \=kv QFm =
w CU= QDtm Q=}U@ 'nvwi |Oa@ wO G}=Dv R= |R=Ux}@W |Oa@ wO G}=Dv |=]N xv}W}@
|UQQ@ w xQP Q=DiQ |UQQ@ |=Q@ 'u}=Q@=v@ "OW=@|t |R=Ux}@W |q=@ CkO xOvyOu=Wv

"CU= |QDq=@ CkO |=Q=O |Oa@xU |R=UpOt |oDiW; CaQU
x@=OQo 'QDtwQm}t � 20 R= QDtm Q]k =@ C=QP 'OW xQ=W= u; x@ QDV}B xmQw]u=ty
QDoQR@ Q]k =@ C=QP x@ C@Uv |QDW}@ |Q}PB Q}F-=D =@ w TwULt Qw]x@ =Q xrB CWB
20 '10 '1 Q]k xU |=Q@ xrBCWB|ivtCaQU Q=Okt 10pmW QO "Ovvm|t T=UL=
"CU= xOW xU}=kt 'CU= xDiQo Q=Qk x@=OQo QO x=H = f2gC=YDNt QO QDtwQm}t

"C=QP Q]k ?ULQ@ TmwDU= OOa Q=Okt "5 pwOH
Tt xQP
8800 |r=oJ

100 70 50 35 20 1 �QDtwQm}t�Q]k
13/02 5/2 3/7 1/2 0/7 0/0021 TmwDU= OOa

16 x]@=Q =@ u=wD|t =Q p=}U |v=tR T=}kt [38]'uwD}= w QrUi V}=tR; x@ xHwD=@
%O=O u=Wv

�f = 5H0
U0

(17)

=OH |WQ@ x}q QO nQR@ x@=OQo R= |Qw@a |@} QkD Tv=mQi l} T=U=Q@ xm} Qw]x@
x@ uwD}= w QrUi \UwD xOW KqY= C=QP |m}t=v}O uWUmr} Q u=tR "CU= xOW

%CU= Q} R KQW

�p =
�pd2

p

18�
�
1 + 0 15Re0 687

p

� (18)

|@ QHD |=yxDi=} T=U= Q@ xm CU= C=QP u}ov=}t ROrwv} Q OOa Rep x]@=Q u}= QO
"OwW|t x@U=Lt x}v=F Q@ QDt 1/2 |[Qi VRer CaQU u}ov=}t =@ uwD}= w QrUi
xYNWt u=tR R= QDtm Q=}U@ C=QP uWUmr} Q u=tR 'OW=@ St << 1 Qo =
CaQU C=Q}}eD x@ MU=B |=Q@ |i=m u=tR C=QP 'u}=Q@=v@ "CU= u=} QH u=O}t =@ \@DQt
'Qo}O hQ] R= "OvDUy CaQU pO=aD QO ,=@} QkD p=}U w C=QP 'u}=Q@=v@ "OvQ=O =Q p=}U
OvQ=Ov p=}U CaQU C=Q}}eD x@ MU=B |=Q@ |v=tR ,=U=U= C=QP 'OW=@ St >> 1 Qo =

"OQ}o|tv Q=Qk p=}U R=i Q}F-=D CLD C=QP CaQU w
|=Q@ ?}DQDx@ QDtwQm}t 100 w 70 '50 '35 '20 '1 |=yQ]k =@ |Ut |=yxQm
CUQyi 5 pwOH QO xmQw]v=ty hrDNt |=yTmwDU= OOa =@ C=QP |R=Ux}@W
u=} QH OQ=w |v=tR 'xR=Ov=sy |=yxQm R= |=xawtHt Qy "Ov=xOW ?=NDv= 'CU= xOW
=@ Q@=Q@ C=QP x}rw= CaQU "OW=@ xOW =Qoty R=o R=i |R=Ux}@W xH}Dv xm OwW|t
pO=aD QO C=QP xm OwW|t pY=L u=v}t]= w CU= xOW s}_vD |rLt p=}U CaQU

"OvDUy R=o u=} QH =@ |m}t=v}O
u=} QH u=O}t QO =Q hrDNt TmwDU= O=Oa= QO wv=v C=QP CmQL Q}Ut '8 pmW
0/00211 TmwDU= OOa =@ u=} QH QO QDtwQm}t 1 Q]k =@ xQP Qw[L "OyO|tu=Wv
=@ =Q OwN qt=m xQP "CU= xOt; hr= � 8 pmW QO CU= 1 R= QDmJwm Q=}U@ xm
C=QP R= |O=} R Qw[L Oy=W u=wD|t 'u}=Q@=v@ w xOQm j@]vt u=} QH CaQU C=Q}}eD
0/704 TmwDU= OOa QDtwQm}t 20 x@ xQP Q]k V}=Ri= =@ "s}W=@ xrB CWB x@=OQo QO
|QDtm C=QP ? � 8 pmW j@=]t "CU= 1 x@ l}ORv Q=}U@ |OOa xm OwW|t
|=Q@ C=QP u}= "OvwW|t x}=B p=}U u=} QH x=Qty w xOQm T=UL= =Q xrB CWB x@=OQo
R= Ovvm|t T=UL= =Q x@=OQo xm sy |D=QP w xDi=} Vy=m Q=}U@ QDtwQm}t 35 Q]k
C=QP QFm = A � 8 pmW j@=]t w OvwW|tv xO}Wm u; pN=O x@ w xOQm Qw@a u; RQt
x@ w Ovvm T=UL= =Q u; Qw[L xm u}= uwO@ Ov=xOQm Qw@a x@=OQo Q=vm R= Q]k u}= =@
OOa C � 8 pmW QDtwQm}t 50 Q]k =@ C=QP |=Q@ "OvyO MU=B 'x}=B p=}U C=Q}}eD
RQt R= |DL xm u}= uwO@ C=QP u}= '1 R= QDW}@ Q]k |=Q@ w CU= 3/7 TmwDU=
MU=B =yvD w xO=O xt=O= OwN Q}Ut x@ OvOQoR=@ xrB CWB CtU x@ w Ovvm Qw@a x@=OQo
QDW}@ =@ "CU= xOw@ x@=OQo R= Oa@ p=v=m |v}}=B xQ=w}O =@ OQwNQ@ R=o R=i C=Q}}eD x@ =yv;
Q]k V}=Ri= =@ C=QP �I � 8 pmW w G � 8 pmW� 100 w 70 x@ C=QP R}=U uOW
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CU= CaQU p}=iwQB xv}W}@ CtUk QO K" |oDiW; |=ypOt hqDN= u} QDW}@
|=y pOt u}@ QO "O@=}|t V}=Ri= p=v=m pw] QO |wQW}B =@ =]N Q=Okt u}= xm
hqDN= =@ 'u; R= Oa@ w OQ=O SST pOt =Q |@ QHD G}=Dv =@ j@=]D u} QDW}@ K!
'u=}=B QO w OW=@|t ?U=vt u=} QH |oDiW; |R=Ux}@W |=Q@ BSL pOt 'sm |r}N
pOt R= xar=]t u}= QO 'u}=Q@=v@ "OQ}o|tQ=Qk swU x=o}=H QO K! OQ=Ov=DU= pOt

"CU= xOW xO=iDU= |oDiW; |R=Ux}@W |=Q@ K! SST

CFX Q=Ri=sQv =@ xrB CWB u=} QH xr=Ut |R=Ux}@W "3"3
|UQQ@ w CFX Q=Ri=sQv QO xDiW; u=} QH QO p=}Uwv=v |R=Ux}@W CyH 'xt=O= QO
"OW |R=Ux}@W CFX QO xr=Ut u}= |@ QHD |=yxO=O =@ pY=L G}=Dv j@=]D u=R}t
xO=iDU=Cv�wri pL QO |r@kVt w xUOvy u=ty R= xU}=kt\}=QW uOw@ u=Um} |=Q@
� |Qr} w= OQm} wQ w OwOLt sHL VwQ =@ pL w OW=@|t |Oa@ wO xUOvy "CU= xOW
xUOvy OwQw |=Q@ w xOw@ =}=B CQwYx@ pL "CU= xOW s=Hv= xy=QwO CQwYx@ |Sv=Qo q
uQ=kD xv} Ro R= 'Ovm|t pL =Q |Oa@ xU |=yxUOvy\ki xm CFX Q=Ri=sQv x@ |Oa@ wO
xUOvy x@ =Q |Oa@ wO xUOvy Q=mOwN Qw]x@ Q=Ri=sQv '?}DQDu}=x@ "CU=xOW xO=iDU=
"OQ=Ov pL xH}Dv |wQ |v=OvJ Q}F-=D xm Ovm|t p}O@D |mJwm Q=}U@ jta =@ |Oa@xU
QO |rw@k p@=k w ?wN j@=]D OwW|t xOy=Wt 12 pmW R= xmQw]u=ty
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Q=Ri= sQv pL w |}=Qoty CaQU |=}=Rt R= u=wD|t CyH u}= R= "OQ=O OwHw CFX

"OQm xO=iDU= =}=B p�=Ut QO =YwYNt CFX

u=wD|t '13 pmW QO "OW |HvU Q=@Da= [40]Cwv=Q w p}@ wv |R=Ux}@W =@ xH}Dv
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QO CFX w Cv�wri Q=Ri= Cv�wri Q=RitQv wO |R=Ux}@W G}=Dv xU}=kt "12 pmW

"u=} QH CaQU ?ULQ@ x=H = f2; 5; 7g C=YDNt =@ p=v=m `]kt Q=yJ
"13 pmW |=Q@ =]N QwPHt u}ov=}t xW} Q "6 pwOH

x=H = f9g x=H = f5g x=H = f2g xO=O
0/057926 0/050574 0/065083 |R=Ux}@W
0/037287 0/050099 0/03599 [40]Cwv=Q w p}@ wv
0/062328 0/039394 0/086676 [41]uQ=mty w u=J

x=H = f2; 5; 9g C=YDNt =@ p=v=m `]kt xU QO x |=DU=Q QO CaQU Q=Owtv
xH}Dv u=wvax@ =Q QrUi xar=]t xH}Dv u=wD|t Q=Owtv u}= QO "CU= xOW xO=O u=Wv

"OQm xOy=Wt R}v =Q [41]u=Q=mty w u=J |xar=]t xH}Dv w |@ QHD
13 pmW |=yxO=O |=Q@ =Q =]N QwPHt u}ov=}t xW} Q u=wD|t '6 pwOH QO

x=H = C=YDNt =@ p=v=m `]kt Q=yJ QO |oDiW; |=ypOt xU}=kt "11 pmW
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"u=} QH CaQU ?ULQ@ x=H = f2; 5; 7; 9g C=YDNt =@ p=v=m `]kt Q=yJ

"x |=DU=Q QO CaQU p}iwQB "13 pmW
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s�qa CUQyi
&xQP |tHL QUm %'

&(kg=m3) |r=oJ %�
&(kg=m3) p=}Uwv=v QF-wt |r=oJ %�eff
&(kg=m3) �xQP� swO R=i |r=oJ %�p

&(kg=m3) �p=}U� pw= R=i |r=oJ %�f
&(kg=m3) p=}Uwv=v |r=oJ %�nf

&(N=m2) |WQ@ VvD %�
&C=QP Q]k C@Uv %�D

&C=QP |m}t=v}O uWUmr} Q u=tR %�p
&p=}U |v=tR T=}kt %�f

&(kg=m s) |m}t=v}O xD} RwmU} w %�
&(kg=m s) p=}U |m}t=v}O xD} RwmU} w %�f

&(kg=m s) p=}Uwv=v |m}t=v}O xD} RwmU} w %�nf
&(m) p=}U u}ov=}t O=R; Q}Ut %�

&OL=w Tv=} Q=w w QiY u}ov=}t =@ pkDUt |Uw=o |iO=YD O=Oa= %�
&(m2=s) |m}D=tv}U xD} RwmU} w %v

&(s�1) |oDiW; Tv=mQi %!
&(m3) pwrU sHL %�V

&(m2) C=QP K]U CL=Ut %Ap
&s=yov}v=m K}LYD %Cc

&(J=kg K) |}=tQo C}iQ_ %Cp
&(J=kg K) x}=B p=}U |}=tQo C}iQ_ %Cpbf

&(J=kg K) C=QPwv=v |}=tQo C}iQ_ %Cpp
&(J=kg K) p=}Uv=v |}=tQo C}iQ_ %Cpnf

&(m) p=}U C=QP Q]k %df
&(m) xQP Q]k %dp

&QBv OOa %e
&(N) |vw=Q@ |wQ}v %fB
&(N) =UB |wQ}v %FD

&(N) RQwiwtQD |wQ}v %fth
&(m) p=v=m `=iDQ= %h
&(m) xrB `=iDQ= %H

&(m=s2) C=QPwv=v |vw=Q@ CaQU %uB
&(m=s2)x |=DU=Q QO |oDiW; CaQU %u0

&xQPQ]k w |@Uv CaQU T=U= Q@ ROrwv} Q OOa %Rep
&(m2=s2) |oDiW; |W@vH |SQv= %K

&utRDrw@ C@=F %KB

&(W=mK) p=}Uwv=v |=Q@ QFwt |DQ=QL C}=Oy %Keff

&(W=mK) p=}U |DQ=QL |}=v=UQ %kf
&(W=mK) xQP |DQ=QL |}=v=UQ %kp

&uU=v OOa %Kn
&(m) O=R; pw] %lBF
&(kg) xQP sQH %mp

xm O}OH QFwt X=wN =@ xDUw}B 'p=}U l} R=i lD VwQ QO =t= "OW=@|t |QDW}@
=yvD CqO=at w xOW h} QaD OW=@|t |tHL OYQO w xQPwv=v w p=}U X=wN `@=D
xiQYx@ u=tR w C=@U=Lt QO VwQu}= xJ Qo = "OOQo|t pL R=ilD p=}U l} |=Q@
QO "OwQ|t q=@ =]NOYQO w xOW sm |} wH xiQY u}= |=R= QO CkO '=t= OW=@|t
|=Q@ w xOw@ OYQO 19 CaQU |=]N st} Rm =t DPM OQm} wQ |=Q@ xr�Ut u}=
|=ywQ}v DPM pL QO "O@=}|t V}=Ri= OYQO 25 x@ =]N Q=Okt u}= R=ilD VwQ
OQ=w =Q uti=U |wQ}v xm|v=tR "OW=@|t p=ai nQO w |R=Ht sQH 'Q=Wi u=}O=Qot
|O=} R |=]N Q=JO x@=OQo VN@ QO CaQU Q=Owtv OwW|t xOy=Wt 'xOwtv pL
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