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�O=DU=� �u=} Q}ov=yH =[Q}ra
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OW xDiQo Q_v QO 13100 Q@=Q@ u=} QH ROrwv} Q OOa "CU= xOW |R=Ux}@W |OOa CQwYx@
?}=Q[ Q}_v |}=yQDt=Q=B ,=D}=yv "CU= QOvr}U h=Q]= uQ=kDt=v |=yx@=OQo VR} Q pt=W xm
|oDiW; pOt "CU= xDiQo Q=Qk |UQQ@ OQwt K]U |wQ Q=Wi ?} Q[ `} RwD w ;Q@ '=UB

|}=Q=m |@=} RQ= |=Q@ "OW xDiQo Q=m x@ ROrwv} Q VvD |=ysQD |x@U=Lt Qw_vtx@ K!� sst
QO L pw] x@ xLiY l} =OD@= 'QOvr}U Q@ OQ=w |v=Uwv |=ywQ}v Vy=m QO |Ov@ Qm}B u}=

xLiY |xv}y@ pw] =D OW xO=O Q}}eD u; pw] w pYDt |rY= QOvr}U x@ u=} QH CUOu}}=B
p@=k Q}F-=D '|rQDvm |xLiY uOW xi=[= xm O=O u=Wv G}=Dv "O}; CUO x@ u=} QH pQDvm |=Q@

?} Q[ \UwDt Q=Okt w ;Q@ ?} Q[ C=v=Uwv |xvt=O w OQ=O u=} QH Q=DN=U Q@ |yHwD
|rQDvm QOvr}U l} swO CtUk QO "OyO|t Vy=m |yHwD p@=k Q=Okt x@ =Q QOvr}U |=UB

QOvr}U =D u; |xrY=i w CiQo Q=Qk u; CUOq=@ QO |rY= QOvr}U Q]k R= QDsm |Q]k =@
C@Ft Q}F-=D pY=wi R= |[a@ QO |rQDvm QOvr}U xm OW XNWt "OW xO=O Q}}eD |rY=
pY=wi |xty QO xm |r=L QO OQ=Ov sDU}U |;Q@ ?} Q[ C=v=Uwv |xvt=O Q@ |v=OvJ

x@ QOvr}U xt=O= QO "OyO|t Vy=m =Q sDU}U |=UB ?} Q[ |rQDvm QOvr}U 'xOW |UQQ@
x@ |xv}y@ |=y|Ov@ Qm}B QO xOvvm =OH |xLiY w |rQDvm QOvr}U u=tRty ?}mQD x=Qty

p@=k Vy=m Ea=@ |Ov@ Qm}B u}= xm O=O u=Wv G}=Dv "CiQo Q=Qk |UQQ@ OQwt xOt; CUO
R= =UB ?} Q[ Vy=m QO ,=YwYN u; |};Q=m w xOW sDU}U pm |=UB w ;Q@ ?}=Q[ xHwD
"CU= QDy@ ?D=Qt x@ '|}=yvD x@ xOvvm =OH |xLiY w |rQDvm QOvr}U |=yCr=L R= s=OmQy
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VR} Q 'p=aiQ}e pQDvm 'QOvr}U h=Q]= u=} QH 'VwWet u=} QH %|O}rm u=oS=w
"|rQDvm QOvr}U 'xOvvm =OH |xLiY 'x@=OQo

xtOkt "1
=@ w u=Um} CQOk =@ uQ=kDt |x@=OQo wO R= pmWDt 'Q=O}=B |WOQoR=@ |x}L=v l}
ROrwv} Q O=Oa= |xOwOLt QO "OvyO|t p}mWD Qo}Om} hr=Nt |=DU=Q QO VOQo
QOvr}U K]U |v}}=B w |}q=@ CtU wO R= |RQt |=yx}q 40 � Re � 150
u}= QO "Ovm|t O=H}= uQ=kDt=v |WQ@ |x}q wO w OwW|t =OH uQ=kDt=v CQwYx@
QOvr}U h=Q]= u=} QH |wor= OR} Q|t xm |}x@=OQoQy "OwW|t Q=O}=B=v 2xr=@vO Cr=L
|x@=OQo Q}Ut '150 ROrwv} Q OOa =D "Ovm|t |v=Uwv =Q =UB w ;Q@ ?}=Q[ w uQ=kDt=v =Q
|=Q@ Tvqw@ QwD x@ Q=Po 150 � Re � 300 |xOwOLt QO &CU= s=Q; utQ=m
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QOvr}U pwL u=} QH pQDvm |=Q@ xv=o =OH Qw] x@ |rQDvm QOvr}U w xOvvm =OH |xLiY
xr}Uw wO u}= R= |@}mQD |xO=iDU= |rw 'xDiQo Q=Qk |UQQ@ OQwt u}kkLt \UwD
h=Q]= u=} QH |UQQ@ Q@ xwqa Q[=L j}kLD QO "CU= xO}UQv s=Hv= x@ uwvm =D
|}=Q=m |UQQ@ x@ '=RHt CQwYx@ |rQDvm QOvr}U w xOvvm =OH |xLiY =@ QOvr}U
u=} QH hQ] R= QOvr}U x@ OQ=w |=ywQ}v Vy=m QO =yu; u=tR sy ?}mQD OQmrta

"s} R=OQB|t
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|m}D=tv}U |xD} RwmU} w � w CaQU Uj 'u=tR t '|m}D=DU= Q=Wi p u; QO xm
Qou=Wv xOW Qy=_ 2 |xrO=at CU=Q CtU w =yDv= QO xm |i=[= CQ=@a "CU=
(� 0ui 0uj) ROrwv} Q |=yVvD u}= 2 |xrO=at uOW xDU@ |=Q@ "CU= |oDiW; QF=
|}=v=wD p}rO x@ K! � sst |oDiW; pOt R= j}kLD u}= QO "OwW |R=UpOt O}=@
V}=OH |=Q=O w Twmat Q=Wi u=}O=Qo |=Q=O |=yu=} QH |R=Ux}@W QO pOt u}=
xOW xO=iDU= OwQ|t Q=tW x@ syt |oS} w l} QOvr}U h=Q]= u=} QH QO xm u=} QH
xOW p=ta= (u = U 'v = 0) CN=wvm} CaQU \QW |OwQw RQt QO [15w14]"CU=

%OwW|t u=}@ CN=wvm} CaQU u}= ?UL Q@ ROrwv} Q OOa "CU=
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(3)

D w|m}t=v}O |xD} RwmU} w � '|r=oJ � 'O=R; u=} QHCN=wvm}CaQUU u; QO xm
ANSYS FLUENT17 2 Q=Ri=sQv QO =y|R=Ux}@W |xty "CU= QOvr}U Q]k
|=yQoVR=OQB |wQ xt=vQ@ |=QH= |=Q@ |R=wt VR=OQB "OW s=Hv= |R=wt CQwYx@ w
Q=m u}= |=Q@ "OQ}o|t CQwY |QwxQy@ V}=Ri= w C=@U=Lt u=tR Vy=m |=Q@ xv=oOvJ
QopL R= Q[=L j}kLD QO "OW ?=NDv= =v@t Q=Wi w ha=[t CkO =@ s�=OQ}e QopL
|R=UxDUUo CkO "CU= xOW xO=iDU= Q=Wi w swDvtwt CqO=at pL |=Q@ pB wm
|=yQ}eDt u=}O=Qo "OW ?=NDv= 2 |x@DQt R= u=tR QO sy w u=mt QO sy CqO=at
Q@ |vD@t VwQ x@ C@Uv xm C=a@ Qt pk=OL VwQ x@ =ypwrU RmQt QO xOW pL
"OW |R=UxDUUo 'OQ=O |QDsm ?P=m Pwiv w QDW}@ CkO 4Two � u} Qo pwrU
\QW "OW ?=NDv= 10�6 R}v jr]t |}=Qosy |=Q@ swDvtwt w sQH |=yxOv=t|k=@
QO u}vJty "CU= xOW p=ta= QOvr}U K]U Q@ (u = 0:� = 0) VRer sOa
uQ=kD |RQt \QW R}v |@v=H |=yxQ=w}O QO w \}Lt Q=Wi |RQt \QW |HwQN
VwQ R= =yQ}eDt |x}rw= |yOQ=Okt |=Q@ "CU= xOW p=ta= ( @u@y = 0:� = 0)

w =yptar=QwDUO R= |}xawtHt VwQ u}= x@ x}rw= |yOQ=Okt "OW xO=iDU= O} Q@}y
u=O}t l} O=H}= |=Q@ =Q TqBq |xrO=at VwQ u}= "CU= |RQt |@=}u=}t |=yVwQ
|xOvvmpYw xm Q=Wi u=O}t l} w xO}J}B |UOvy |=yxvt=O =@ Q_=vDt *CaQU

p=aiQ}e pQDvm xm |r=L QO CU= |HQ=N |SQv= OvtR=}v p=ai pQDvm "OQ}o|t CQwY
p=ai Q}e pQDvm QO xO=iDU= OQwt |=yQ=R@= xrtH R= "OQ=Ov R=}v |HQ=N |SQv= x@
QOvr}U h=Q]= u=} QH [3]"OQm xQ=W= |rQDvm QOvr}U w xOvvm =OH |xLiY x@ u=wD|t
|Dq=}U |xO}J}B |=yxO}OB OwHw w |UOvyt `}=vY QO xOQDUo OQ@ Q=m Cra x@
"CU= xDiQo Q=Qk |O=} R u}kkLt xHwD OQwt x@=OQo VR} Q w u=} QH V}=OH Q}_v
Q}PB=v sm =QD u=} QH CaQU w Q=Wi |=yu=O}t |m}t=v}O C=YNWt u=QoVywSB
sHL VwQ x@ |OOa CQwYx@ =Q |wQ}=O QOvr}U CWB xDiW; w s=Q; |=ys} SQ QO
3900 w 1000 ROrwv} Q O=Oa= QO xDiW; u=} QH [4]"OvO=O Q=Qk |UQ@ OQwt OwOLt
u}vJty w K � " realized w OQ=Ov=DU= K � " |W=WDe= pOt R= xO=iDU= =@
O}}-=D R}v =UB w ;Q@ ?}=Q[ |x@U=Lt QO =ypOt u}= |}=v=wD w |UQQ@ K! � sst
CQwY x@ sy '3900 ROrwv} Q QO QOvr}U l} |wQ u=} QH |UQQ@ G}=Dv "OW
PIV w d=O s}U =@ |@ QHD CQwYx@ sy w �nQR@ |=yx@=OQo |R=Ux}@W� |OOa
Ck@=]t u}kkLt R= |NQ@ nQR@ |=yx@=OQo |R=Ux}@W G}=Dv =@ xm [5]O=O u=Wv
|@ QHD |UQQ@ "OQ=O Cw=iD |Q=Okt Qo}O |NQ@ |@ QHD G}=Dv =@ xJQo = OQ=O |@ wN
xm |wQ}=O QOvr}U l} CUO u}}=B |xr=@vO u=} QH |wQ xOvvm =OH |xLiY QF=
QiY R= L=D |xrY=i xm |r=L QO [6]'xOW xO=O Q=Qk p=v=m QO uQ=kDt CQwYx@
xm O=O u=Wv 'Ow@ 3000 =D 2400 u}@ R}v ROrwv} Q OOa w OW xO=O Q}}eD 1 5 =D
L=D = 1 QO w xDW=Po Q}F-=D xr=@vO |=y|oDiW; |Q=O}=B |wQ xOvvm =OH |xLiY
=@ QOvr}U l} h=Q]= u=} QH |UQQ@ QO u}vJty "OvOW wLt CaQU C=v=Uwv
u=} QH C=YNWt |wQ ROrwv} Q OOa w xLiY pw] Q}}eD QF= [7]'xOvvm =OH |xLiY
wLt ,qt=m x@=OQo VR} Q 'OW=@ QDW}@ |v=QL@ pw] R= xLiY pw] Qo = xm O=O u=Wv
\ki |wor= wO |=Q=O xLiY pw] x@ xHwD =@ ;Q@ w =UB ?}=Q[ C=Q}}eD "OwW|t
QDsm |=yROrwv} Q QO pw= |wor= "OW=@|t |�RH V}=Ri= =@ |rm Vy=m w |Wy=m
xm |t=ovy u}vJty "OyO|t |wQ QDq=@ |=yROrwv} Q QO swO |wor= w 180 R=
?UL Q@ ;Q@ w =UB ?}=Q[ w x@=OQo Tv=mQi 'CU= QOvr}U Q]k Q@=Q@ xLiY pw]
QOvr}U wO h=Q]= u=} QH |@ QHD |UQQ@ "OUQ|t OwN |rLt |xv}tm x@ ROrwv} Q
?ULQ@ ROrwv} Q OOa xm |r=L QO [8]'Ov=xOW xO=O Q=Qk Q=w}O l}ORv xm sy QU CWB
C@Uv w OQm Q}}eD 6 =D 1 5 R= RmQt =D RmQt |xrY=i C@Uv w Ow@ 6300 Q]k
u=} QH xm O=O u=Wv 'Ow@ Q}eDt 2 =D 0 15 R= R}v QOvr}U w Q=w}O u}@ |xrY=i
'xt=O= QO "OQ=O |oDU@ Q=w}O =D xrY=i w RmQt =D RmQt |xrY=i |=yQDt=Q=B x@ ,=O}OW
=@ w Cw=iDt |=yQ]k =@ sy QU CWB QOvr}U wO R= xOvQPo u=} QH |UQQ@ QO
w OW xDW=O xov C@=F CUOu}}=B QOvr}U Q]k [9]'OwOLt sHL VwQ R= xO=iDU=
Q]k ?ULQ@ ROrwv} Q OOa xm |r=L QO "OQm Q}}eD 0 1D �D R= |DUOq=@ Q]k
R= R}v |rY= QOvr}U w |rQDvm QOvr}U u}@ |xrY=i &Ow@ 150 w 100 |rY= QOvr}U
|tyt Q}F-=D Q]k C@Uv w xrY=i C@Uv xm OW XNWt 'OQm Q}}eD 0 1D � 4D
u=} QH |UQQ@ QO "OQ=O x@=OQo VR} Q Tv=mQi w Q=Wi `} RwD '=UB ';Q@ ?}=Q[ Q@
VwQ l} R= '1000 ROrwv} Q OOa =D |wQ}=O QOvr}U l} h=Q]= GRr w s�=OQ}e
xO=iDU= |}=k@= |=yVwQ w Q=Wi � CaQU uw}UqwtQi T=U=Q@ 2 |x@DQt |OOa
|xr}Uw x@ QOvr}U CWB x@=OQo VR} Q p=aiQ}e pQDvm u}kkLt u}vJty [10]"OW
|UQQ@ |@ QHD CQwYx@ =Q hrDNt |=ypw] =@ 'pYDt |xOvvm =OH |xLiY l}
w OW |Q}o xR=Ov= 6300 ROrwv} Q QO PIV l}vmD =@ u=} QH |=yxO=O [11]&OvOQm
xLiY pw] xm O=O u=Wv G}=Dv "OW xDiQo Q_v QO Q}eDt 2 4 =D 0 2 R= xLiY pw]
QOvr}U wO |m}t=v}OwQ}; C=YNWt |UQQ@ "OQ=O u=} QH C=YNWt Q} |tyt QF=
6 5 � 104 ROrwv} Q OOa QO CN=wvm} u=} QH QO |@ QHD CQwYx@ syQU CWB
|xrY=i x@ COW x@ |DUOu}}=B QOvr}U |=UB w ;Q@ |v=Uwv |wQ}v xm O=O u=Wv [12]
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Ovyt ROrwv} Q QO =yvD QOvr}U R= xOvQPo u=} QH |=Q@ xm@W R= pqkDU= G}=Dv "1 pwOH

"3900
St �C1 Cd pwrU =OaD xm@W

0 226 1 558 1 540 45000 CWQO
0 227 1 540 1 528 99000 \UwDt
0 227 1 542 1 528 185000 R} Q

"3900 ROrwv} Q QO QOvr}U R= xOvQPo u=} QH |=Q@ G}=Dv |xU}=kt "2 pwOH
St �C1 Cd u=oOvU}wv

0 227 1 54 1 52 Q[=L
0 235 � 1 59 [16]`HQt
0 244 � 1 65 [17]`HQt
0 215 � � [18]`HQt
0 210 � 1 04 [19]`HQt

R= xO=iDU= =@ xm CU= x@=OQo VR} Q Oa@ uwO@ Tv=mQi |xOvyOu=Wv p=ywQDU=
CUO x@ ;Q@ ?} Q[ |v=tR |QU QO OwHwt ?r=e Tv=mQi Q@ |vD@t x} Qwi R}r=v;

%O};|t
St = fD

U
(4)

"CU= O=R; u=} QH CaQU U w x@=OQo VR} Q Tv=mQi f 'QOvr}U Q]k D u; QO xm
%OvOW x@U=Lt u}vJ sDU}U |;Q@ w =UB ?}=Q[

CD(system) = CD(rod)� 0 5�U 2 � d+

CD(cylinder)� 0 5�U 2 �D (5)

CL(system) = CL(rod)� 0 5�U 2 � d+

CL(cylinder)� 0 5�U 2 �D (6)

QOvr}U w QOvr}U |=UB ?} Q[ ?}DQD x@ CD(rod) w CD(cylinder) u; QO xm
QOvr}U w QOvr}U |;Q@ ?} Q[ ?}DQD x@ CL(rod) w CL(cylinder) w |rQDvm
?=NDv= |R=Ux}@W |xt=O= |=Q@ �\UwDt� |xm@W 1 pwOH x@ xHwD =@ "CU= |rQDvm
"CU= xOW x�=Q= G}=Dv Qo}O =@ u; |xU}=kt w |R=Ux}@W u}= G}=Dv 2 pwOH QO "OW

|@ wN j@=]D u=Qo}O G}=Dv =@ |vwvm |R=Ux}@W G}=Dv OwW|t xOy=Wt xmu=vJ
"OQ=O

"CU= xOW |R=Ux}@W 13100ROrwv} Q OOa QO QOvr}U h=Q]= u=} QH xt=O= QO
"CU= QOvr}U h=Q]= u=} QH |=Q@ |v=QL@ Q} R u=} QH s} SQ =@ Q_=vDt ROrwv} Q OOa u}=
QO 13100 ROrwv} Q |=Q@ QOvr}U h=Q]= u=} QH |xD}U}DQw w Q=Wi R=QDsy \w]N
xO=O u=Wv 4 pmW QO QOvr}U K]U |wQ |@Uv Q=Wi ?} Q[ `} RwD w 3 pmW
xO=Di= j=iD= QOvr}U CWB x@=OQo |@ w=vD VR} Q OwW|t xOy=Wt xm u=vJ "CU= xOW
CQwYx@ xm CU= |WQ@ |=yx}q p}rO x@ x@=OQo VR} Q uOw@ |@ w=vD u}= w CU=
QOvr}U x@ =Q ?w=vDt |;Q@ |wQ}v l} u=tRty w xOW =OH QOvr}U K]U R= ?w=vDt
|} wrH |x@r QO xm OyO|t u=Wv R}v Q=Wi R=QDsy \w]N u}vJty "Ovvm|t OQ=w
QDsm Q=Wi Q=Okt QOvr}U CWB QO w QDW}@ Q=Wi Q=Okt QOvr}U uwmU |x]kv w
p@=k |=UB |wQ}v l} QOvr}U CWB w wrH Q=Wi hqDN= ?@U u}ty x@ w CU=

"|RQt \}=QW w xvt=O |UOvy O=a@= "1 pmW

|r}]DUt |xm@W w QOvr}U h=Q]= xOW O=H}= u=tR=U =@|mwr@OvJ |xm@W "2 pmW
"|L=wv Q}=U QO

pL 'CU= Q=wty CQwYx@ |D=@U=Lt |xvt=O QO u}}=B Q=Wi w q=@ Q=Wi Q}O=kt
pw] x@ |r}]DUt |xvt=O l} 'QOvr}U h=Q]= u=} QH |R=Ux}@W |=Q@ "Ovm|t
u} QDsm xvt=O |=yRQt xm |Qw] x@ '�1 pmW� OW ?=NDv= 30D ZQa w 45D

|OwQw RQt "OW=@ xDW=O =yC}tm Q}=U w wQ}v ?}=Q[ 'x@=OQo VR} Q |wQ =Q Q}F-=D
RmQt &Ov=xDiQo Q=Qk QOvr}U RmQt R= 30D w 15D xrY=i QO ?}DQD x@ |HwQN w
pO=at QOvr}U Q]k &CU= Y = 15D w X = 15D C=YDNt |=Q=O QOvr}U
O=H}= u=tR=U =@ |mwr@ OvJ |xm@W l} QOvr}U h=Q]= "OW ?=NDv= D = 1m
O}rwD |xm@W "CU= xOW xO=O u=Wv 2 pmW QO xvt=O |Ov@lwr@ |xwLv xm OW
s} wW|t QwO QOvr}U K]U R= xJQy w CU= QDR} Q QOvr}U Q=w}O |m}ORv QO xOW
O=H}= CWQO ,=D@Uv |r}]DUt |xm@W l} R}v |L=wv Q}=U |=Q@ "OwW|t QDCWQO

"OW

EL@ w G}=Dv |x�=Q= "3
|HvUQ=@Da= "1"3

xU}=kt G}=Dv Qo}O =@ w x�=Q= 3900 ROrwv} Q OOa QO =yvD QOvr}U |=Q@ G}=Dv =OD@=
QO 3900 ROrwv} Q |=Q@ xm@W R= pqkDU= G}=Dv Qw_vt u}= |=Q@ "CU= xOW
\UwDt 'CWQO hrDNt |xm@W xU Qw_vt u}= |=Q@ "CU= xOW xOQw; 1 pwOH
OOa w =UB w ;Q@ ?}=Q[ Q}_v |}=yC}tm w CiQo Q=Qk xO=iDU= OQwt R} Q w
|xOvyOu=Wv ?}DQD x@ �Cl w Cd pwOH u}= QO "CiQo Q=Qk xU}=kt OQwt p=ywQDU=
OOa u}vJty "CU= ;Q@ ?} Q[ C=v=Uwv |xvt=O u} QDW}@ w =UB ?} Q[ \UwDt
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"L=D Q}}eD =@ pm ;Q@ w =UB ?} Q[ C=Q}}eD "6 pmW

pYDt xOvvm =OH |xLiY =@ QOvr}U R= xOvQPo u=} QH |=Q@ R=QDsy \w]N "7 pmW
"13100 ROrwv} Q OOa QO hrDNt |=ypw] =@ CUOu}}=B

x@ =UB ?} Q[ '( LD > 2) ' LD QDW}@ V}=Ri= =@ TBU w Ci=} V}=Ri= |Q=Okt pm
Vy=m TBU w V}=Ri= =OD@= LD V}=Ri= =@ R}v pm |;Q@ ?} Q[ "Ci=} Vy=m |t=Q;
sDU}U |;Q@ ?} Q[ xm O=Di= j=iD= LD = 1 QO ;Q@ ?} Q[ Vy=m u} QDW}@ "Ci=}
OYQO 48 ,=@} QkD L

D = 1 QO R}v =UB ?} Q[ "Ci=} Vy=m OYQO 97 ,=OwOL
QO =UB ?} Q[ Vy=m u} QDW}@ xD@r= "�6 pmW� Ci=} Vy=m =yvD QOvr}U x@ C@Uv
xD}U}DQw R=QDsy \w]N "Ow@ OYQO 54 ,=OwOL Vy=m u}= xm O=Di= j=iD= LD = 4
u=Wv 7 pmW QO CUOu}}=B pYDt |xLiY x=Qty x@ QOvr}U h=Q]= u=} QH |=Q@

R= xOvQPo u=} QH |=Q@ xD}U}DQw w �p=mU=B� |m}D=DU=Q=Wi R=QDsy \w]N "3 pmW
"13100 ROrwv} Q QO QOvr}U

"13100 ROrwv} Q OOa QO QOvr}U K]U |wQ Q=Wi ?} Q[ `} RwD "4 pmW

w QOvr}U h=Q]= |xDi=}u=tR=U |mwr@OvJ |xm@W w xvt=O |UOvy O=a@= "5 pmW
"xLiY

QO =yvD QOvr}U R= xOvQPo u=} QH |=Q@ p=ywQDU= OOa w =UB w ;Q@ ?}=Q[ "3 pwOH
"13100 ROrwv} Q OOa

St �C1 Cd xm@W xR=Ov= `HQt
0 230 1 733 1 538 u=tr= Q=Ry 99 Q[=L |xr=kt
0 20 � 1 351 u=tr= uw}r}t 8 6 [20]

xOW xOQw; 3 pwOH QO R}v =UB w ;Q@ ?}=Q[ Q}O=kt "OwW|t OQ=w QOvr}U x@ xHwD
"CU=

CUOu}}=B QO xOvvm =OH |xLiY x=Qty x@ QOvr}U "2"3
pYDt QOvr}U |x}=B x@ |RmQt \N |=DU=Q QO |ki= CQwYx@ L pw] x@ |}xLiY
=UB ?}=Q[ C=Q}eD 6 pmW QO "�5 pmW� OQm Q}}eD 4 =D 1 R= LD QDt=Q=B "CU= xOW
|=UB ?} Q[ '2 =D 1 R= LD V}=Ri= =@ "CU= xOW xO=O u=Wv LD C=Q}}eD =@ ;Q@ w
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"CUOq=@ QO|rQDvm QOvr}U x=Qty x@ QOvr}U |=Q@ xD}U}DQw R=QDsy \w]N "10 pmW
"sDU}U w (rod)|rQDvm QOvr}U |=Q@ =UB w ;Q@ ?}=Q[ "5 pwOH

�C1(system) Cd(system) �C1(rod) Cd(rod) C
D

1 932 0 817 0 660 0 557 1 5
1 868 0 896 0 720 0 666 2
1 632 0 877 0 788 0 730 3
1 529 1 008 0 803 0 754 4

u=} QH u}=Q@=v@ "CU= 6500 ,=@} QkD |rQDvm QOvr}U Q]k ?UL Q@ w 13100 Q@=Q@ R}v
R= x@=OQo VR} Q C

D pY=wi |xty |=Q@ w [24�22]OQ=O Q=Qk xr=@vO |x@ Q[ Owt QO
w |rQDvm QOvr}U |=Q@ =UB w ;Q@ ?}=Q[ "�10 pmW� ODi=|t j=iD= |rQDvm QOvr}U
|;Q@ ?} Q[ "CU= xOW x�=Q= 5 pwOH QO �|rQDvm QOvr}U w QOvr}U pt=W� sDU}U
|;Q@ ?} Q[ xm |r=L QO 'Ci=} V}=Ri= OYQO 4 Q=Okt x@ CD = 1=5 QO QOvr}U
OwOL C

D = 4 QO Vy=m u}= Q=Okt xm Ci=} Vy=m C
D � 3 pY=wi QO sDU}U

"Ci=} Vy=m xOW |UQQ@ pY=wi |xty QO sDU}U |=UB ?} Q[ "Ow@ OYQO 11
47 5 ?}DQD x@ CD = 4 w CD = 1 pY=wi QO sDU}U |=UB ?} Q[ Vy=m Q=Okt
12 pmW QO QOvr}U |wQ Q=Wi ?} Q[ `} RwD "�11 pmW� Ow@ OYQO 35 w OYQO
Q=Wi sy CUOq=@ |rQDvm QOvr}U OwW|t xOy=Wt xmu=vJ "CU= xOW xO=O u=Wv
p@=k Vy=m x@ xH}Dv QO w xO=O Vy=m =Q QOvr}U |x}=B Q=Wi sy w uwmU |x]kv
Q=Wi ?} Q[ C

D = 4 QO xm CU= K[=w "CU= xOW QHvt =UB ?} Q[ xHwD
QOvr}U |x}=B Q=Wi ?} Q[ C

D = 2 QO w xDi=} =Q Vy=m u} QDW}@ uwmU |x]kv
"CU= xDW=O =Q V}=Ri= u} QDW}@

xOvvm =OH |xLiY w |rQDvm QOvr}U *u=tR sy ?}mQD "4"3
xOvvm =OH |xLiY 'OW Ci=} QO p@k |=yCtUk |=y|R=Ux}@W G}=Dv R= xmu=vJ
Owt QO |rQDvm QOvr}U xm |r=L QO O=O Vy=m =Q ;Q@ ?} Q[ sy w =UB ?} Q[ sy
|tm Q}F-=D |rw O=O Vy=m |yHwD p@=k Qw] x@ =Q =UB ?} Q[ 'xr=@vO |x@ Q[ u=} QH
|xLiY x=Qty x@ |rY= QOvr}U ?}mQD VN@ u}= QO "CW=O ;Q@ ?} Q[ Vy=m Q@
pQDvm QO |Ov@ Qm}B u}= |}=Q=m =D CiQo Q=Qk |UQQ@ OQwt |rQDvm QOvr}U w xOvvm =OH

|xLiY x=Qty x@ QOvr}U |=Q@ QOvr}U K]U |wQ Q=Wi ?} Q[ `} RwD "8 pmW
"CUOu}}=B pYDt

QOvr}U w QOvr}U h=Q]= u=tR=U=@ |mwr@ OvJ xm@W w xvt=O |UOvy O=a@= "9 pmW
"|rQDvm

"L=D = 1 QO xOt; CUO x@ p=ywQDU= OOa |xU}=kt "4 pwOH
p=ywQDU=OOa ROrwv} Q OOa `HQt

0 162 13100 Q[=L |xr=kt
0 183 20000 [21]

=yCr=L R= s=Om I}y QO x@=OQo VR} Q OwW|t xOy=Wt xmu=vJ "CU= xOW xO=O
|[a@ QO |rw ODi=|t j=iD= QOvr}U R= x@=OQo VR} Q u=vJty w xOWv wLt ,qt=m
Vy=m Ea=@ xH}Dv QO w xOW h}a[ L

D = 4 w L
D = 1 QO =YwYNt =yCr=L

QDsm h}a[D u}= Q=Okt L
D = 3 w L

D = 2 QO xm |r=L QO CU= xOW ;Q@ |wQ}v
nvQQB RtQk w |@; \=kv =@ xm CU= |wk w |@ w=vD x@=OQo VR} Q u=vJty w CU=
x�=Q= 8 pmW QO QOvr}U K]U |wQ Q=Wi ?} Q[ `} RwD "CU= OwyWt 7 pmW QO
?} Q[ |wQ |QF= CUOu}}=B pYDt |xLiY 'OwW|t xO}O xmu=vJ "CU= xOW
=Q QOvr}U |x}=B Q=Wi jr]t Q=Okt |rw OQ=Ov QOvr}U |wrH uwmU |x]kv Q=Wi
"OwW|t =UB |wQ}v Vy=m Ea=@ u}=Q@=v@ w OyO|t Vy=m |yHwD p@=k CQwYx@
=@ L
D = 1 |xrY=i C@Uv QO Q[=L j}kLD QO xOt; CUO x@ p=ywQDU= OOa

"CU= xDiQo Q=Qk xU}=kt OQwt 4 pwOH QO [21]u=Q=mty w OQ=QH |@ QHD |=yxO=O
"CU= x}HwD p@=k ROrwv} Q O=Oa= hqDN= x@ xHwD =@ 'G}=Dv QO xOW Qy=_ Cw=iD

|rQDvm QOvr}U x=Qty x@ QOvr}U "3"3
( dD = 0=5) |rY= QOvr}U Q]k R= QDsm |Q]k =@ |rQDvm QOvr}Ul}CtUk u}= QO
RmQt =D RmQt |xrY=i "OW xO=O Q=Qk QOvr}U CUOq=@ QO |RmQt \N |=DU=Q QO
|rY= QOvr}U Q]k ?UL Q@ ROrwv} Q OOa "�9 pmW� OQm Q}}eD 4 =D 1 5 R= (CD )
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QOvr}U 'QOvr}U h=Q]= u=tR=U =@|mwr@OvJ |xm@W w xvt=O|UOvy O=a@= "13 pmW
"xLiY w |rQDvm

"CUOq=@ QO|rQDvm QOvr}U x=Qty x@ QOvr}U |=Q@ xD}U}DQw R=QDsy \w]N "14 pmW

"sDU}U w (rod)|rQDvm QOvr}U |=Q@ =UB w ;Q@ ?}=Q[ "6 pwOH
�C1(system) Cd(system) �C1(rod) Cd(rod) C

D

0 910 0 390 0 0296 0 332 2
0 5553 0 664 0 779 0 731 4

x@=OQo VR} Q xOW |UQQ@ pY=wi R= s=Om I}y QO u}vJty "ODi=|t j=iD= |rQDvm
xOW QDh}a[ |yHwD p@=k Qw] x@ xmr@ CU= xOWv wLt ,qt=m |rY= QOvr}U CWB
xOy=Wt "CU= xOW xO=O u=Wv 15 pmW QO QOvr}U |wQ Q=Wi ?} Q[ `} RwD "CU=
CUOq=@ QO |rQDvm QOvr}U w CUOu}}=B QO xOvvm =OH |xLiY Qw[L xm OwW|t
p@=k |xR=Ov= x@ =Q QOvr}U |x}=B w uwmU |x]kv Q=Wi jr]t QOk |rY= QOvr}U
"CU= xOW QOvr}U |;Q@ w =UB Vy=m Ea=@ u}=Q@=v@ w CU= xO=O Vy=m |yHwD
QO xDi=} |QDW}@ Vy=m uwmU |x]kv Q=Wi C

D = 2 |xrY=i C@Uv QO u}vJty
xDW=O |QDW}@ V}=Ri= QOvr}U |x}=B Q=Wi C

D = 4 |xrY=i C@Uv QO xm |r=L
"CU=

|Q}oxH}Dv "4
w xOvvm =OH |xLiY x=Qty x@ |wQ}=O QOvr}U h=Q]= VwWet u=} QH j}kLD u}= QO
XNWt R= TB "CiQo Q=Qk |UQQ@ OQwt 13100 ROrwv} Q OOa QO |rQDvm QOvr}U

"C=D Q}}eD =@ pm ;Q@ w =UB ?} Q[ C=Q}}eD "11 pmW

"|rQDvm QOvr}U x=Qty x@ QOvr}U |=Q@ QOvr}U |wQ Q=Wi ?} Q[ `} RwD "12 pmW

pw] C@Uv =@ xOvvm =OH |xLiY Qw_vt u}= |=Q@ "OwW XNWt u=} QH p=aiQ}e
OW ?=NDv= CD = 4 w C

D = 2 xrY=i C@Uv wO =@ |rQDvm QOvr}U w L
D = 1

|=yxv} Ro R= |m} |rw CU}v xv}y@ |Ov@ Qm}B ,=twRr =y|Ov@ Qm}B u}= "�13 pmW�
;Q@ ?} Q[ sy w =UB ?} Q[ sy |Ov@ Qm}B u}= xm O=O u=Wv G}=Dv "CU= |r=tDL=
w =UB ?} Q[ C

D = 2 |xrY=i C@Uv QO "OyO|t Vy=m |yHwD p@=k Qw] x@ =Q
"Ci=} Vy=m OYQO 47 w OYQO 75 ?}DQD x@ =yvD QOvr}U x@ C@Uv sDU}U |;Q@
w OYQO 57 ?}DQD x@ sDU}U |;Q@ w =UB ?} Q[ R}v CD = 4 |xrY=i C@Uv QO
pt=W� sDU}U w |rQDvm QOvr}U |;Q@ w =UB ?}=Q[ Q}O=kt "Ci=} Vy=m OYQO 63
\w]N "CU= xOW x�=Q= 6 pwOH QO �xOvvm =OH |xLiY w |rQDvm '|rY= QOvr}U
wO Qy QO xm OwW|t xOy=Wt &CU= xOW xO=O u=Wv 14 pmW QO xD}U}DQw R=QDsy
QOvr}U R= x@=OQo VR} Q 'xr=@vO |x@ Q[ Owt QO u=} QH uOw@ p}rO x@ xrY=i C@Uv
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Ovyt CU= CQ=@a =y|R=Ux}@W u}= R= pY=L G}=Dv Cq=L u}= QO xv}y@ |Ov@ Qm}B uOW

%R=
Q}e pQDvm QO QF-wt w u=RQ= 'xO=U Q=R@= wO |rQDvm QOvr}U w xOvvm =OH |xLiY ��

"CU= u=} QH p=ai
Q=Wi 'QOvr}U R= xOW xDN} Q |=yx@=OQo wLt =} h}a[D =@ CUOu}}=B |xLiY ��

"Ovm|t h}a[D =Q =yx@=OQo VR} Q w xO=O V}=Ri= =Q QOvr}U |x}=B
Ow@tm x@ 'QOvr}U x@ |OwQw u=} QH Q@=Q@ QO `v=t |awv O=H}= =@ |rQDvm QOvr}U ��
uwmU x]kv Q=Wi Vy=m Ea=@ w Ot=Hv=|t QOvr}U |wrH |x}L=v QO swDvtwt

"OwW|t
Q@ OQ=w |=UB |wQ}v Vy=m QO |rQDvm QOvr}U w xLiY u=tRty ?}mQD OQmrta ��

"CU= QDQF-wt w QDy@ |}=yvD x@ s=OmQy R= QOvr}U
|xOvvm =OH|xLiYx=Qtyx@ QOvr}U|=Q@ QOvr}U|wQQ=Wi?} Q[`} RwD "15pmW

"CUOq=@ |rQDvm QOvr}U w CUOu}}=B pYDt

=yCWwv=B
1. blu� body
2. wake
3. sub critical
4. based cell Green-Gauss
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