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k "CU= C@=F Q=Wi QO p=}U |DQ=QL C}iQ_ Qou=}@ CP w xOw@ =tO hQat T R}v
|R=UxO=U ZQi u}= =@ jwi CqO=at "CU= Ot=H sUH QO Vv=UQ ?} Q[ R}v
CQ=QL p=kDv= p�=Ut R= |Q=}U@ QO "OW=@ sm VvD R= |W=v |DQ=QL VNB xm Ov=xOW
"CU= |tHL |SQv= O}rwD Qou=}@ R}v Q000 "CU= swUQt ZQi u}= 'O=R; |}=Hx@=H
"CU= Q} R \@=wQ j@=]t |aWaWD CQ=QL p=kDv= |=Q@ xO=iDU= OQwt CqO=at

"Ov=xOW xDiQo Q_v QO QOm w Rw}i}O '|QDUm =N 'Kw]U x}rm 'xr�Ut u}= QO
%`WaWD CqO=at

J = "eb(T ) + �dG (4)

G = Gm(T ) +Gamb +Gext (5)

eb(T ) = �T 4 (6)

|OwQw Q=W Qou=}@G wCU= sUH R= xOW GQ=N|W@=D Q=W Qou=}@ J CqO=at u}= QO
w uwt=Q}B \}Lt `WaWD Gamb w Kw]U u}@ p@=kDt `WaWD Qou=}@ Gm "CU=
?} Q[ |xOvyOu=Wv " u}vJty "CU= |HQ=N `@vt R= |W=v `WaWD Qou=}@Gext

|R=Ux}@W 'xr=kt u}= T=U= Q@ u}vJty "CU= xOW xO=iDU=K� omega SST
|D=@U=Lt |xv} Ry R= u=Wv xm CU= xOQ@ u=tR xDiy 2 OwOL QO |W}=tQU Ov}=Qi

"OQ=O xO=iDU= OQwt pOt |q=@ Q=}U@
sQo TQB |DQ=QL |xQwm l} QO V}=tQU Ov}=Qi |R=Ux}@W x@ 12nv}B w�=} S
Star � Q=Ri=sQv QO |Oa@xU |xUOvy l} R= xar=]t u}= QO [8]"CU= xDN=OQB
Q=Ri=sQv R= xUOvy |Ov@Vt Qw_vt x@ u}vJty "CU= xOW xO=iDU= CCM+

Qw_vt x@ "CU= xOW xDiQo Q_v QO `WaWD QF= w xOW xO=iDU= ICEM� CFD

|xv} Ry "CU= xOW xO=iDU= K � epsilon pOt R= R}v |oDiW; |R=UpOt
"CU= xOw@ O=} R Q=}U@ xO=iDU= OQwt pOt |D=@U=Lt

VywSB u}= QO [9]"Ov=xDN=OQB 14CNB |xQwm |R=UpOt x@Vv=Q=mty w 13Q*}}v=t
|HvUCLY |@ QHD pOt l} =@ |xU}=kt j} Q] R= xOt; CUO x@ G}=Dv =OD@=
p=mW= w u=tO}J =@ C=a]k |w=L xm hrDNt O=a@= =@ |=yxQwm TBU w xOW
pwUt=m Q=Ri=sQv R= |R=Ux}@W Qw_vt x@ "CU= xOW |UQQ@ Ov=xOw@ uwo =vwo
"CU= xOW xDiQo Q_v QO R}v sUH pmW Q}}eD w `WaWD C=QF= w xOW xO=iDU=
|xUOvy l} R= w xOW xDiQo Q_v QO s=Q; CQwYx@ xQwm pN=O QO p=}U u=} QH
l} R= xQwm |=tO pQDvm |=Q@ "CU= xOW xO=iDU= |QwLt uQ=kDt w |Oa@ wO
|@ QHD G}=Dv =@ |@ wN |Q=oR=U |R=Ux}@W G}=Dv "CU= xOW xO=iDU= PID QrQDvm
xQwm u}= OQmrta |R=Ux}@W QO pwUt=m Q=Ri=sQv |}=Q=m Qou=}@ Ov=wD|t xm OQ=O

"OW=@
1200 u=tR COt QO CNB xQwm |R=Ux}@W x@ Vv=Q=mty w 15TQ=Ovm
|R=Ux}@W |=Q@ xO=iDU= OQwt Q=Ri=sQv x@ Q=DWwv u}= QO [10]"Ov=xDN=OQB x}v=F
|=yQ=Ri=sQv R= ?}DQD x@ 'Vt O=H}= w xUOvy O}rwD |=Q@ =t= CU= xOWv |}xQ=W=
|Oa@ wO pOt l} R}v w xOW xO=iDU= AnsysMeshing w Siemens NX
Realizable K�epsilon pOt R=|oDiW; |R=UpOt |=Q@ "CU= xDW=O OQ@ Q=m
xOW xO=iDU= p;xO}= R=o pOt R= p=}U Q=DiQ |m}t=v}OwtQD |xar=]t Qw_vt x@ w
'CU= Q=PoQ}F-=D xQwm |DQ=QL Q=DiQ Q@ u; TvH w xQwm |xQ=w}O xJQo = "CU=
u}vJty "CU= xOW Q_v hQY Ot=H Kw]U |R=UpOt R= VywSB u}= QO =t=
|R=Ux}@W u}= G}=Dv R= "CU= xOW |R=UpOt pNrNDt CQwYx@ j}=a |xQ=w}O
xOW xO=iDU= xQwm pN=O QO hrDNt C=a]k ?U=vt Vv}J w |Q=Po}=H QO

"CU=
O}rwD QO xO=iDU= OQwt |q=@ Q=Wi |=yxQwm |R=Ux}@W ẁ[wt =@ [11]`HQt
R= xar=]t u}= QO "CU= xOW x�=Q= pwUt=m 2019 p=U Tv=Qivm QO '=y=v=UQQ@=
|x]kv "CU= xOW xO=iDU= |QwLt uQ=kDt w |Oa@ wO |xUOvy l} QO s=Q; u=} QH
QO "CU= |aWaWD CQ=QL p=kDv= C=QF= R= |WwBsWJ QO 'VywSB u}= ha[
xOW KqY= xO=iDU= OQwt |xQwm pmW xOt; CUO x@ G}=Dv R= xO=iDU= =@ C}=yv

"CU=
q=@ Q=Wi w =tO QO sQo TQB |DQ=QL |xQwm xm =Hv; R= 'OW QmP QDV}B xJv=vJ
Q@xv} Ry |y=oW}=tR; T=}kt QO |DL 'xQwm OQmrta |@ QHD |xar=]t 'Ovm|t pta
hrDNt |=yQDt=Q=B Q}F-=D |v}@V}B Qw_vt x@ |OOa pL R= xO=iDU= wQ u}= R= w xOw@
u; G}=Dv xm |OOa C=ar=]t OwOat u}vJty "CU= C}ty= R�=L u; OQmrta Q@
sOa ?@U xm Ov=xOw@ x=Qty |}xOvvmxO=U |=yZQi =@ s=OmQy 'CU= xOW QWDvt
CUO x@ G}=Dv ,=twRr '|} wU R= "CU= xOW C}ak=w =@ xO=iDU= OQwt pOt pt=m j@=]D
sQo TQB |DQ=QL |=yxQwm `=wv= Qo}O x@ s}taD p@=k 'X=N xUOvy l} |=Q@ xOt;

"CU}v
sQo TQB |DQ=QL |xQwm l} R= |Y=N |xUOvy 'VywSB u}= QO wQ u}= R=

87



"""O
Qmrt

aQ@
Q=Po

Q}F- =D
|=y

QDt=Q
=B|

OOa
|xa

r=]t�W 1 = 1
�2 = 0 0828

2 = 0 044
�K2 = 1
�W 2 = 0 856
�0� = 0 09
a1 = 0 31

(16)

QO w xOW h} QaD xv=o =OH CQwYx@ jwi CqO=at R= l} Qy 'pwUt=m Q=Ri=sQv QO
p=kDv= w 16=tO sy Q}e u=} QH l} R}i R= ltm x@ xO=iDU= OQwt |=yQ}eDt x}rm C}=yv

"OvwW|t pB wm sy =@ 17|aWaWD CQ=QL

xO=iDU= OQwt |xUOvy "3
Vy=m Qw_vt x@ xr�Ut u}= QO wQ u}= R= "CU= xv=wDU= pmW x@ xar=]t OQwt |xQwm
"CU= xOW xO=iDU= |QwLt uQ=kDt w |Oa@ wO |xUOvy l} R= |D=@U=Lt |xv} Ry
xQwm QO xO=iDU= OQwt j}=a w C}i=Qo TvH R= xQwm u}= QO xO=iDU= OQwt Cvtr=
'Cvtr= p@=kt QO "CU= �18|D}i=Qo |wDB� xOW xrwr |D}i=Qo C=LiY TvH R=
QO xm xQwm |RmQt VN@ "OQ=O Q=Qk uO@}rwt TvH R= |}xv=wDU= *|DQ=QL 19QBU l}
Qw_vt x@ "CU= xvwtv |Q}oQ=Qk pLt 'CU= xOW xO}t=v 20sQo |x}L=v xr=kt u}=
|}=QHt sQo |x}L=v u} Q} R CtUk QO '|D}i=Qo j}=a |m}v=mt Ctw=kt V}=Ri=
R= `v=t w xO=O p=kDv= j}=a |HQ=N VN@ x@ =Q |rN=O VN@ Q=Wi xm OQ=O OwHw
|v}U OOa wO 'xR=U |v}}=B CtUk QO "OwW|t j}=a u}iQ] QO Q=Wi hqDN= O=H}=
R}v |HQ=N xDUwB "OvQ}o|t Q=Qk u; QO xQwm |@v=H |=RH= xm OQ=O Q=Qk |vO@}rwt
xOvvmlvN sDU}U =@ uwQ}@ R= w xDW=O Q=Qk j}=a xQ=w}O R= QDt|r}t 5 |xrY=i x@
xO=O u=Wv 1 pmW QO u; O=a@= w xO=iDU= OQwt |xUOvy "CU= T=tD QO �OQo@;�

"CU= xOW
xDiQo Q_v QO 0 3W=K:m2 =@ Q@=Q@ |D}i=Qo |wDB |DQ=QL Vv=UQ ?} Q[

"xr�Ut QO xO=iDU= OQwt O=a@= w xUOvy "1 pmW

C@=F R}v � "CU= ?PH ?} Q[ =@ Q@=Q@ u; Q=Okt |QDUm =N sUH QO xm CU= p}Uo
7 |x]@=Q R= K]U Qy |=Q@ |aWaWD CQ=QL p=kDv= u=R}t C}=yv QO "CU= utRDrw@

%OwW|t x@U=Lt
q = "(G� eb(T )) (7)

x@ 'CU= q=@ sQo TQB xQwm pN=O Q=Wi w =tO xm u; x@ xHwD =@ xr�Ut u}= QO
pOt R= 'R=o |m}t=v}OwtQD |=yxir-wt |x@U=Lt |=Q@ 'xr�Ut pL CkO V}=Ri= Qw_vt
j@=]t xO=iDU= OQwt CqO=at |rm pmW "CU= xOW xO=iDU= SRK |ak=w R=o

[12]%CU= 8 |x]@=Q
P = RT

V � b+ c
� �
V 2 + �V+ 2 (8)

xOW xO=iDU=K�omega SST pOt R=|oDiW; |xar=]t Qw_vt x@ xr=kt u}= QO
OwW|t ?wULt K � omega pOt |xDi=} Ow@y@ |xNUv 'pOt u}= [13]"CU=
|xQ=w}O R= QwO \=kv QO w K � omega pOt =@ x@=Wt |xQ=w}O CQw=Ht QO xm
\UwD |oDiW; |=yQDt=Q=B pOt u}= QO "Ovm|t ptaK� epsilon pOt =@ x@=Wt

"OvwW|t h}YwD 14�9 \@=wQ
(u:r)! = r:[(�+ �T�!)rK] + 


�T
�P �

���0!2 + 2(1� fv1)�!2�
! rK:r!

(9)

P � = min(PK ; 10��0!k)

! PK = �T [ru : (ru+ (ru)T )� 2
3 (r:u)2]� 2

3�Kr:u
(10)

�T = � a1K
max(a1!; SfV 2)

(11)

S =
p2S : S

! S = 1
2 (ru+ (ru)T )

(12)

fv1 = tanh(�14); �1
= min[max(

p
K

�0�!lW ; 500�
�!lW 2 ); 4��!2K

CDK!lW 2 ]; CDK!
= max( 2��!2

! r!:rK; 10�10)

(13)

fv2 = tanh(�22)
! �2 = max( 2pK

�0�!lw ;
500�
�!lw2 )

(14)

w � 'xS} w hqD= MQv Qou=}@ ! 'Tvqw@ QwD |W@vH |SQv= Qou=}@ K 'jwi \@=wQ QO
fv2 w fv1 "OvDUy |Uvqw@ QwD |xD} RwmU} w w p=}U |xD} RwmU} w ?}DQD x@ �T
O}rwD MQv Qou=}@ R}v P � "OvDUy xQ=w}O R= QwO w l}ORv |L=wv QO |@=}u=}t `@=wD
R}v ?}=Q[ Q}=U "CU= xQ=w}O u} QD l}ORv =D xrY=i Qou=}@ lw w |SQv= |tHL

%OvwW|t u}}aD Q} R CQwYx@ '|@ QHD Q}O=kt ?ULQ@
� = fv1�1 + (1� f)�2
! � = �; 
; �K ; �!

(15)

%=@ OvQ@=Q@ R}v xDiQ Q=m x@ |@ QHD C@=wF Q}O=kt
�1 = 0 075

1 = 5

9
�K1 = 1
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"ZQiV}B |RQt \}=QW "3 pmW

|RQt \}=QW "5
xQ=w}O� |HQ=N xQ=w}O |=tO ZQiV}B CQwYx@ xr�Ut u}= QO '3 pmW x@ xHwD =@
�OQo@; |xQ=w}O |=Q@ R=Ht |=tO |xv}W}@ =@ Q@=Q@� u} wrm xHQO 400 =@ Q@=Q@ �OQo@;
CU= QmP x@ sRq "CU= xOW xDiQo Q_v QO u} wrm 2500 =@ Q@=Q@ Cvtr= |=tO w
'x}v=F 1000 u=tR COt hQ_ Cvtr= w OQo@; xQ=w}O |=tO CU= xOW ZQi xm
|wQ u}vJty "Ovm|t =O}B V}=Ri= |}=yv Q=Okt =D u} wrm 300 |x}rw= Q=Okt R=
'Cvtr= |q=@ |=tO x@ xHwD =@ "CU= xOW p=ta= VRer sOa \QW 'Kw]U s=tD
u}= R= "OQ=O |DQ=QL |xQwm pN=O CqwLD QO |}=RUx@ Vkv |aWaWD CQ=QL p=kDv=
'EL@ OQwt |RQt \}=QW "CU= xOW xDiQo Q_v QO Kw]U s=tD QO `WaWD QF= wQ
xOW xO}t=v ZQiV}B |RQt \}=QW 'Q=DWwv QO Q=YDN= CyH 'xr=kt |xt=O= QO

"CU=

x}rw= \}=QW "6
V}=Ri= u=tR CWPo =@ xQwm pN=O R=o w =yxQ=w}O |=tO 'Cvtr= uOW uWwQ R= TB
|=Q=O xQwm Q=DiQ wQ u}= R= "Ovm|t p}t C@=F Q=Okt l} x@ C}=yv QO w xOQm =O}B
?U=vt x}rw= \QW l} =D CU= sRq wQ u}= R= "CU= u=tR =@ Q}eDt w =QPo C}y=t
=@ Q@=Q@ ?}DQD x@ xQwm pN=O R=o x}rw= Q=Wi w =tO 'ZQiV}B CQwYx@ "OwW u}}aD
x}rw= Q=Wi "CU= xOW xDiQo Q_v QO p=mU=B=ot 50 w �\}Lt |=tO� u} wrm 300
'xt=O= QO "OwW|t u}t-=D Ovm|t j} QRD xQwm pN=O x@ =Q R=o xm |QwUQBtm ltm x@
V}=Ri= ?wr]t Q=Okt =D =tO O=}OR= xH}Dv QO w Cvtr= =@ CQ=QL pO=@D QF= QO R=o Q=Wi
QO Q=YDN= C}=aQ CyH x@ xr=kt xt=O= QO 'xQ=W= OQwt x}rw= \}=QW "Ovm|t =O}B

"CU= xOW xO}t=v ZQiV}B x}rw= \}=QW 'Q=DWwv

"pL xUOvy |Ov@xm@W "2 pmW
|DQ=QL p}Uo ?} Q[ w 0 8 =@ Q@=Q@ C}i=Qo p}Uo ?} Q[ u}vJty [4]"CU= xOW

"CU= xOW xDiQo Q_v QO 0 1 =@ Q@=Q@ uO@}rwt

|Ov@xm@W "4
=@ |=y=QHt OwHw p}rO x@ xr�Ut u}= QO 'OwW|t xOy=Wt 2 pmW QO xm u=vJ
|xm@W ẁv wO w u=tR=U|@ |Ov@xm@W R= p=}U CmQL |=Q@ hrDNt Ct=N[
Vt R= xO=iDU= CQwY QO xm CU= QmP x@ sRq "CU= xOW xO=iDU= |a@ Qt w |FrFt
QHvt xr�Ut u}= w xOQm =O}B V}=Ri= Q@=Q@ GvB =D Vt O=OaD 'xUOvy u}= QO u=tR=U =@
|x}L=v 'sm Ct=N[ =@ |=yp=v=m QO "OwW|t xr�Ut |D=@U=Lt |xv} Ry V}=Ri= x@
"CU= xOW xO=iDU= |a@ Qt |xm@W R= 'QBU w Cvtr= h=Q]= |L=wv R}v w V}=tQU
|FrFt xm@W R= 'Ov=xm@W xR=Ov= C=Q}}eD |=Q=O xm |}=yCtUk |Ov@xm@W Qw_vt x@
CaQU u=O}t w =tO u=}O=Qo x@U=Lt QO CkO V}=Ri= Qw_vt x@ "CU= xOW xO=iDU=
xm =yCtUk Q}=U QO "CU= xOW xO=iDU= |RQt x}q xm@W R= 'xQ=w}O CQw=Ht QO
QDV}@ OWQ MQv =@ w QDnQR@ |=yxm@W R= CU= QDlJwm u; QO CaQU w =tO u=}O=Qo
u=tR COt w xr�Ut |D=@U=Lt |xv} Ry 'CkO ^iL u}a QO =D CU= xOW xO=iDU=

"Ovm =O}B Vy=m pL
C3 'C2 'C1 |=ys=v x@hrDNt xm@W xU 'xm@W R= pqkDU= |xar=]t Qw_vt x@
w C2 '|=yxm@W QO "CU= xOW xO=O u=Wv C1 xm@W 2 pmW QO "CU= xOW O}rwD
|=yu=tr= Q@=Q@ 3 w 2?}DQD x@ xO=iDU= OQwt u=tr= u} QDnQR@ w u} QDlJwm xR=Ov=C3
C2 'C1 |=yxm@W QO xO=iDU= OQwt u=tr= O=OaD "CU= C1 xm@W QO xO=iDU= OQwt
CUO x@ G}=Dv "CU= OOa 26139 w 44255 '111665 =@ Q@=Q@ ?}DQD x@ C3 w
=}=Bx@W Cr=L QO xQwm Q=Wi w =tO \UwDt 'OQo@; |xQ=w}O R= |HwQN Q=W |=Q@ xOt;
xD@r= xm OQ=Po|t x_iLt Q=Wi Q@ =Q QF= u} QDW}@ 'xm@W xR=Ov= Q}}eD xm OyO|t u=Wv
pkDUt G}=Dv =Pr w CU= OYQO 1 R= QDsm QwmPt |Ov@ xm@W xU QO Q}}eD u}= u=R}t

"CU= xOw@ Vt R=
R= xr�Ut '|D=@U=Lt |xv} Ry Vy=m Q@ xwqa xm u; |=Q@ xt=O= QO ?}DQD u}= x@
Cr=L u}= QO "CU= xOW xO=iDU= C2 |xm@W R= OW=@ Q=OQwNQ@ |rw@k p@=k CkO
C}i}m \UwDt w 89 9 =@ Q@=Q@ 21|oO}@=wN Q=}at ^=Lr R= Vt C}i}m \UwDt
|RQt x}q QO w CU= 71 9 22|Q_vt C@Uv |xOvvm ^=Lr Q=}at ^=Lr R= Vt

"CU= xOW xO=iDU= QDt|r}t 0 1 Ct=N[ =@ x}q 6 R=
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r=]tQO ?}DQD x@ |aWaWD CQ=QL p=kDv= [19]25'l = uw xr=kt =@ x@=Wt xt=O= QO
|R=wt |xLiY wO u=}t w |@amt lwr@ l} pN=O QO '`]=kDt xLiY xU u}@
QO C=LiY R= l} Qy R= |Qw@a |DQ=QL Q=W w =tO Q=Okt "CU= xOW |R=UpOt
xU}=kt |OOa pL R= pY=L Q}O=kt =@ w xOW x@U=Lt |OOa CQwYx@ =}=B Cr=L
xO=iDU= OQwt |OOa pOt |=]N xm OyO|t u=Wv xOt; CUO x@ G}=Dv "CU= xOW

"CU= OYQO 1 R= QDsm |r}rLD \@=wQ =@ xU}=kt QO

G}=Dv "8
xOW x�=Q= ZQi V}B x}rw= w |RQt \}=QW |=Q@ xr�Ut pL R= pY=L G}=Dv xt=O= QO
|UQQ@ sQo TQB |DQ=QL |xQwm OQmrta Q@ hrDNt |=yQDt=Q=B Q}}eD Q}F-=D u; R= TB w

"CU= xOW

ZQi V}B x}rw= w |RQt \}=QW R= xO=iDU= =@ xr�Ut pL "1"8
QO R=o \UwDt |=tO w sQo x}L=v QO R=o \UwDt |=tO C=Q}}eD Q=Owtv 6 pmW QO
w |RQt \}=QW x@ xHwD =@ 'OwW|t xOy=Wt xJv=vJ "CU= xOW s}UQD x_iLt pm
CtU x@ x}v=F 1100 CWPo R= Oa@ =tO \UwDt Q=Okt 'xr�Ut QO xO=iDU= OQwt x}rw=
2500 OwOL QO sQo x}L=v \UwDt |=tO Q=Okt "CU= xOQm p}t C@=F Q=Okt l}

"CU= u} wrm 1200 x_iLt \UwDt |=tO Q=Okt w u} wrm
"CU= xOW xO=O u=Wv xQwm pN=O QO uwoQ; R=o Q=Wi C=Q}}eD Q=Owtv 7 pmW QO
R}v Q=Wi '=tO uOW C@=F =@ 'CU=tO V}=Ri= R= QF-=Dt Q=Wi V}=Ri= xm u; x@ xHwD =@
Q=@ 1500 =@ Q@=Q@ x_iLt |}=yv Q=Wi "CU= xOW p}=tDt C@=F Q=Okt l} CtU x@

"CU=
"CU= xOW xO=O u=Wv 1500 x}v=F QO uwoQ; R=o |=tO `} RwD QwDv=m '8 pmW QO
Q_v QO xQwm Q=DiQ uOW =}=B x@W Q=}at u=wvax@ =tO \UwDt Q=Okt VywSB u}= QO
|v}}=B |=yVN@ QO =tO C=Q}}eD 'xQwm Q=DiQ uOW =}=B x@W R= TB "CU= xOW xDiQo
|rN=O |=yVN@ R= u=} QH ,qta =Q} R &Ow@ Oy=wN R}J=v Q=}U@ u=tR CWPo =@ xQwm
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1. hot isostatic pressure (HIP)
2. forging
3. quenching
4. tempering
5. dwell
6. dwell time
7. tungsten-rhenium
8. rhodium
9. akerberg
10. 2-D axisymmetric
11. avure technologies
12. Xiaoping
13. maniere
14. sintering furnace
15. chandras
16. non-isothermal 
ow
17. heat transfer with surface-to-surface radiation
18. graphite felt
19. shield
20. hot zone
21. skewness
22. aspect ratio
23. Catton
24. evans
25. Van Eck
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