
�13
98

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt
10

�3
"X

'2|
xQ=t

W'
35

�3
|xQ

wO

O
ri

gi
na

lA
rt

ic
le|}=Hx@=H CQ=QL p=kDv= ?} Q[ u=tRty u}tND

|Q=mRQi C=}rta QO |DQ=QL Q=W w
�Q=}O=DU=� |v=y=Qi |O=@;Ow=O x}tU
l=Q= |DavY x=oWv=O 'l}v�t |UOvyt xwQo

CQ=QL p=kDv= ?} Q[ w Q=mxa]k x@ |OwQw |DQ=QL Q=W u=tRsy u}tND x@ Q=DWwv u}= QO
|Oa@xU w |Oa@ QiY |DQ=QL pOt wO "CU= xOW xDN=OQB |Q=mRQi C=}rta QO |}=Hx@=H
QO x]kv GvB QO =y=tO "CU= xOW � xDiQo Q_v QO AISIH13 TvH R= Q=mxa]k |=Q@ =QPo

w 50mm/min |WQ@ CaQU wO |=Q@ pB wmwtQD R= xO=iDU= =@ Q=mxa]k pN=O
|wH w CUH VwQ R= CqwyHt u}tND |=Q@ w CU= xOW |Q}oxR=Ov= 100mm/min

|=Q@ |DQ=QL pOt wO R= pY=L G}=Dv "CU= xOW xO=iDU= IQU u}th= VwQ w |} wor=
V}=Ri= =@ OyO|t u=Wv G}=Dv "CU= Twmat sD} Qwor= R= pkDUt ,=@} QkD w Cw=iDt CqwyHt

pOt QO '|}=Hx@=H CQ=QL p=kDv= ?} Q[ w O@=}|t V}=Ri= |DQ=QL Q=W '|WQ@ CaQU
CkO =@ sD} Qwor= wO Qy u}vJty "O@=}|t Vy=m swO |DQ=QL pOt QO w V}=Ri= pw= |DQ=QL

"Ov=xOQm OQw;Q@ |DQ=QL pOt w xOW |Q}oxR=Ov= |=y=tO T=U= Q@ =Q pwyHt Q}O=kt |@ wN

sdavoodabadifarahani@gmail.com

u}th= VwQ '|} wor= |wH w CUH VwQ '|Q=mRQi C=}rta %|O}rm u=oS=w
"|}=Hx@=H CQ=QL p=kDv= ?} Q[ '|D=QQL Q=W u}tND 'IQU

xtOkt "1
|=tO|r}rLD pL R= xO=iDU= =@ w |Q=mu}W=t C=}rta QO|DQ=QL `@vtl} CQwY x@
[3]Vv=Q=mty w wO=vQ@ |Q=mM=QwU Ov}=Qi QO "OvOQw; CUO x@ Q=mxa]k QO =Q \UwDt
R= Q=mxa]k |=Q@ |r}rLD pOt l} R= xO=iDU= =@ =Q CQ=QL p=kDv=?} Q[ w |DQ=QL Q=W
p=kDv= VwQ R= xO=iDU= =@ [4]Vv=Q=mty w =RwU "OvOQw; CUO x@ AISIH13 TvH
Q=R@= pLt QO =Q |DQ=QL Q=W w Q=mxa]k |=tO OwOLt <=RH= VwQ w Twmat CQ=QL

"OvOR u}tND xO=Q@ w VQ@
nvU Ov}=Qi QO =Q Q=mxa]k |=tO w |DQ=QL Q=W [5]Vv=Q=mty w nv} Qt}DUwo
w u=Drw= |Q=mRQi Ov}=Qi QO "OvOQm OQw;Q@ OwOLt p[=iD VwQ R= xO=iDU= =@ |vR
=@ AISIH13 Oqwi |=Q@ xO=Q@ � Q=R@= lQDWt pYi QO |}=tO u=O}t [6]Vv=Q=mty
p=kDv= VwQ R= xO=iDU= =@ [7]wyr} wm "OvOR u}tND OwOLt p[=iD VwQ R= xO=iDU=
|Q=mu}W=t C=}rta |UQQ@ x@ |DQ=QL `@vt pOt R= xO=iDU= =@ w Twmat CQ=QL
QO AISIH13 CNU Oqwi |=Q@ =Q Q=mxa]k |=tO [8]Vv=Q=mty w wO=vQ@ "CN=OQB
[9]Vv=Q=mty w u}r "OvOQw;CUO x@ |r}rLD pOtl} R= xO=iDU= =@ |Q=mRQi C=}rta
Q=R@= CmQL uDiQo Q_v QO =@ w |Q=mRQi C=}rta |R=Ht |R=Ux}@W R= xO=iDU= =@
|DQ=QL pOt l} [10] |U}Owo}@ w wroRq "OvOQw; CUO x@ =Q Q=mxa]k |}=tO C=Q}}eD
V}=U Q@ =Q =tO QF= w x�=Q= Q=R@= |=tO X}NWD Qw_vt x@ |Q=mRQi Ov}=Qi |=Q@ O}OH
|Q=mRQiwQm}t C=}rta |OOa |R=Ux}@W =@ [11]wroRq w wOwt=t "OvOQm |UQQ@ Q=R@=
p=kDv= "OvOQm |UQQ@ =Q Q=mxa]k QO `} RwD Twm =@; Q=Ri=sQv QO Ti-6Al-4V S=}r;
|OwQw |DQ=QL Q=W OQw;Q@ QO =Q=m |=yVwQ R= |m} Ov=wD|t [14�12] Twmat CQ=QL
w Q=mxa]k pN=O QO =tO |Q}oxR=Ov= R= xO=iDU= =@ u=wD|t "OW=@ VQ@ Q=R@= w Q=mxa]k x@

x@ uO}UQ |=Q@ s=N O=wt R= |WN@ uDW=OQ@ R= CU= CQ=@a |Q=mu}W=t Ov}=Qi
RwQt= x@ =D C=Rri |Q=mu}W=t "Q_v OQwt K]U C}i}m w xR=Ov= 'pmW =@ |rwYLt
uOw@ xO}J}B w Ov}=Qi |]NQ}e Q=DiQ u; Cra xm CU}v xOW xDN=vW pt=m Qw] x@
CQ=QL O}rwD =@ CU= umtt C=Rri VQ@ Ov}=Qi "CU= CQ=QL =@ =ysQi Q}}eD \=@DQ=
|DQ=QL |x@vH wQ u}= R= "OW=@ x=Qty xO=Q@ =@ Q=R@= pN=OD |x}L=v QO |}q=@ Q=}U@
CQ=QL xHQO `k=w QO "OyO Q=Qk Q}F-=D CLD Q=}U@ =Q |Q=mu}W=t CkO Ov=wD|t Ov}=Qi
K]U C}i}m 'Q=R@= Qta 'Q=R@= V}=UQi Q@ |O=} R Q=}U@ Q}F-=D VQ@ |xk]vt |q=@
Q}}eD Q@ |O=} R Q}F-=D Ov=wD|t CQ=QL "OQ=O xO=Q@ |Q}opmW Q=mwR=U w xOW u}W=t
RwQ@ pt=a u} QDtyt =yQ}eDt s=tD u}@ QO xm OW=@ xDW=O VQ@ Q=R@= |DQ=QL pmW
|}=yv pwYLt C}i}m V}=Ri= |=Q@ =[=kD uwRi=RwQ V}=Ri= "CU= Ov}=Qi QO =]N
|Q=mu}W=t |=yOv}=Qi QO u; `} RwD w CQ=QL ẁ[wt x@ u}kkLt R= |Q=}U@ |xkqa
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xO=O u=Wv 2 pmW QO Q=mxa]k pN=O QO =ypB wmwtQD |Q}oQ=Qk C}akwt "CU= xOW
QO xm 12mm pw] x@ w 1 5mm Q]k x@ |}=yQ=}W QO =ypB wmwtQD "CU= xOW
=ypB wmwtQD CkO "Ov=xOW xO=O Q=Qk 'xOW O=H}= CNC x=oDUO =@ w Q=mxa]k CWB

4



2|
xQ=t

W3
5�3

|xQ
wOO

�13
98

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt

"|}wor= |wHw CUH sD} Qwor= pL=Qt "5 pmW

pwtat |=yC@Uv u=ty R= VywSB u}= QO "O=O s=Hv= uOQm hYv R= Q}e x@ |D@Uv
=Q |} wor= |} wHwCUH sD} Qwor= pL=Qt 5 pmW QO "CU= xOW xO=iDU= 0 5 w 2
OQ=O OwHw |} wor= |wH w CUH VwQ QO xm |yHwD p@=k |xDmv "OyO|t u=Wv
|Ovtv=wD Q=}U@ Q=R@= |rm |xv}tm |xOwOLt uOQm =O}B QO VwQ u}= xm CU= u}=

"CU=

2IQU u}th= "2"3
"CU= IQUu}th= `@=D R= xO=iDU= ?rDt Q=Ri=sQv QO |R=Uxv}y@ |=yVwQ R= |m}
|xO=U s}y=it R= VwQ u}= "Ovm|t xO=iDU= [16]O}t � QOrv sD} Qwor= R= `@=D u}=
|OQw;Q@ =OD@= 'Q[=L sD} Qwor= "Ovm|t xO=iDU= pL pt=mD w OQ@W}B |=Q@ TmrBt}U
x@ =Q hOy `@=D 'xOQw; CUO x@ =Q |Oa@ N |xr�Ut |rLt |=yxv}y@ R= |m} R=
R= xO=iDU= =@ sD} Qwor= TBU "OyO|t Q}}eD VN@ u}= QO Q=wty CQwY x@ w |t=Q;
uwtR; \=kv O}rwD x@ 'TmrBt}U VwQ |=QH= s=ovy QO hOy `@=D Q=DiQ |@=}uwQ@
R= |m} xm OQ}o|t s}tYD V=|vwQO |=yQorta T=U= Q@ x=ou; w OR=OQB|t O}OH
w : : :Ovm =Hx@=H O}OH |O}rwD uwtR; |x]kv =@ =Q TmrBt}U QO uwtR; OQwt \=kv
=Q =y\QW xrLQt Qy R= TB sD} Qwor= u}= "OyO|t xt=O= =Q sD} Qwor= xw}W u}ty x@

"Ovm sqa= =Q |}=yv MU=B w Q=m u=}=B uOW xOQw;Q@ CQwY QO =D Ovm|t uwtR;
O=OaD =} w MU=B CkO 'TmrBt}U QO hOy `@=D |}=Qoty pt=W u=}=B \}=QW

"xOW |Q}oxR=Ov= |=y=tO "4 pmW

'xOW x�=Q= 4 VN@ QO xm xr�Ut |}=tQo pOt s}kDUt pL R= xO=iDU= =@ T |=tO w
R= |a@=D 'T |=tO xm OwW|t xO}O |[=} Q |R=UpOt VN@ QO "CU= xOW x@U=Lt
"CU= (h) |}=Hx@=H CQ=QL p=kDv= ?} Q[ w (q) Q=mxa]k x@ |OwQw |DQ=QL Q=W
VwQ w |} wor= |wHw CUH "1 %|R=Uxv}y@ sD} Qwor= wO R= xO=iDU= =@ Qw_vt u}O@
Q=m u}= |=y|Qw;wv R= |m} "OwW|t OQw;Q@ h w q u=tRsy CQwY x@ IQU u}th=

"CU= |}=Hx@=H CQ=QL p=kDv= ?} Q[ w |DQ=QL Q=W u=tRsy OQw;Q@

|}wor= |wHw CUH "1"3
'=yR=Uxv}y@ \UwD uwotyQ}e |=yxr�Ut |rm |xv}tm uDi=} |=Q@ |O=yvW}B VwQ
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R=}v OQwt u=tR OwW QDR} Q xm@W QOkQy "CU= xOW x�=Q= 2 pwOH QO w xOW xDiQo Q_v
'x@U=Lt u=tR w =]N uDiQo Q_v QO =@ |Ov@Vt "O@=}|t V}=Ri= xr�Ut pL |=Q@

"CU= xOW xDiQo Q_v QO 90� 150� 300 CQwY x@

"Cw=iDt pwrU O=OaD =@ |Ov@xm@W |xU}=kt "2 pwOH
|Ov@xm@W xm@W u} QDR} Q R= =]N u=R}t

30� 50� 100 �10 55
60� 100� 300 �1 77
90� 150� 300 �0 27
100� 200� 400 �

"IQUu}th= sD} Qwor= pL=Qt "6 pmW
QO w |rwtat Ot;Q=m |=yVwQ R= |m} "CU= Q@ Q=m \UwD xOW u}}aD V}B R= Q=QmD
QO "OQm|t Q=m |@ wN x@ 'Ow@v 6 =} 5 R= QD=Qi =yQ}eDt O=OaD xm |DQwY QO 'TQDUO

"CU= xOW xO=O u=Wv IQUu}th= sD} Qwor= pL=Qt 6 pmW
pwyHt |=yQDt=Q=B x@ C@Uv hOy `@=D u=}O=Qo 'Twmat OQ=Ov=DU= |=yVwQ QO
p=kDv= ?} Q[ u=tRsy OQw;Q@ QO =yv; |Ot;Q=m =v Ca=@ xr�Ut u}= xm OQ=O OwHw
|=yVwQ R= CU= xOW |aU u}= Q@=v@ "CU= |DQ=QL Q=W w |}=Hx@=H CQ=QL
wO Qy CQ=Jwri QO xm OW xOy=Wt "OwWv xO=iDU= u=}O=Qo Q@ |vD@t |R=Uxv}y@
CUH sD} Qwor= R= xO=iDU= |=Q@ "OQ=Ov |Wkv hOy `@=D u=}O=Qo '|O=yvW}B sD} Qwor=
"CU= xOW xO=iDU= ?rDt Q=Ri=sQv `@=wD R= IQUu}th= sD} Qwor= w |} wor= |wH w

|[=} Q pOt "4
=tO |=yQoTL C}akwt w |RQt \}=QW 'xUOvy R= |m}D=tW 3 w 2 |=ypmW QO
xm CiQo Q_v QO Cr=L wO u=wD|t Q_v OQwt |xr�Ut |=Q@ "CU= xOW xO=O u=Wv

%CU= xOW ZQi C@=F h w q Q=Okt R}v w Q=mxa]k |DQ=QL X=wN =yv; QO
=QPo |Oa@ QiY pOt �hr=

R= |HwQN |SQv= w CU= |DQ=QL Q=W Q=mxa]k x@ |OwQw |SQv= '3 pmW j@=]t
|xrO=at uDWwv =@ "CU=\}Lt =@ |}=Hx@=H CQ=QL p=kDv= Q=mwR=U j} Q] R= Q=mxa]k

%CW=O s}y=wN '|R=UxO=U s=Hv= w Ein � Eout = @(mCT )
@t |SQv= |=k@

q � L�W � 2h�H � L(T � T1) = �C � (LWH)dT
dt

(2)

h(w=m2K) 'Q=mxa]k x@ |OwQw |DQ=QL Q=W Xr=N q(W=m2) u; QO xm
R= |a@=D \ki xm CU= Q=mxa]k |=tO T (k) w '|}=Hx@=H CQ=QL p=kDv= ?} Q[
l} x@ 2 |x]@=Q '� = T � T1 Q}eDt uDiQo Q_v QO =@ "CU= xOW ZQi u=tR

%OwW|t xO=U uotyQ}e pw= x@DQt p}Uv=Qi}O |xrO=at
d�=dt+ 2h=�CW� = q=�CH (3)
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|}wor= |wH w CUH IQU u}th= sD} Qwor=
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0 689 0 209 0 6086 0 323 Tv=} Q=w

"(W=m2:K) |}=Hx@=H CQ=QL p=kDv= ?} Q[ |=Q@ =]N p}rLD "4 pwOH
IQU u}th= |}wor= |wH w CUH sD} Qwor=

1 pOt 2 pOt 1 pOt 2 pOt
12 87 9 8 13 1 8 1 erms
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QDt=Q=B u; x@ C@Uv =tO jDWt R= u=wD|t =Q QDt=Q=B Qy |=Q@ C}U=UL u=R}t
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x@ xr�Ut u}= QO =tO C}U=UL '|R=Uxv}y@ sD} Qwor= w |DQ=QL pOt R= pkDUt
Q@=v@ "CU= |}=Hx@=H CQ=QL p=kDv= ?} Q[ R= QDW}@ |DQ=QL Q=W Q=Okt C=Q}}eD
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VwQ 'Oa@ |xrLQt QO "Ovvm |v}@V}B |DQ=QL Q=W =@ xU}=kt QO =Q |}=Hx@=H
|}=Hx@=H CQ=QL p=kDv= ?} Q[ w |DQ=QL Q=W u=tRsy |v}@V}B |=Q@ |O=yvW}B

"OwW|t xO=iDU= =ypB wmwtQD =@ xOW |Q}oxR=Ov= |=y=tO R= xO=iDU= =@
|Q}opmW |x}L=v "1 %OwW|t O}rwD x}L=v wO QO =tQo |Q=mVQ@ C=}rta QO
|x}L=v QO "�x} wv=F |x}L=v� xO=Q@ =@ Q=R@= OQwNQ@ |x}L=v "2 & �x}rw= |x}L=v� xO=Q@
|=tQo xm |r=L QO "CU= VQ@ |xk]vt QO l}DUqB Q=m R= |W=v =tQo pw=
|=y=tO |v=tR |xJN} Q=D "CU= Q=R@= w xO=Q@ u}@ l =m]Y= R= |W=v x} wv=F |x}L=v
|t=ovy "CU= xOW xO=O u=Wv 4 pmW QO pB wmwtQD R= xO=iDU= =@ xOW |Q}oxR=Ov=
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R= IQU u}th= sD} Qwor= w |} wor= |wH w CUH sD} Qwor= R= xO=iDU= =@ Q=mxa]k
pY=L G}=Dv "CU= xOW xO=iDU= |WQ@ CaQU Qy |=Q@ pB wmwtQD 5 |}=tO u}ov=}t
u=Wv 10 =D 7 |=ypmW QO |[=} Q pOt wO w sD} Qwor= wO R= xO=iDU= =@ u}tND R=

EL@ w G}=Dv "5
|OwQw |DQ=QLQ=W w |}=Hx@=H CQ=QL p=kDv= ?} Q[ u=tRsy OQw;Q@ xr=kt u}= hOy
|Oa@xU w |Oa@ QiY |DQ=QL pOt wO R= xO=iDU= =@ '|Q=mRQi C=}rta QO Q=mxa]k x@
Qy R= "CU= |} wor= |wH w CUH w IQU u}th= |R=Uxv}y@ sD} Qwor= wO w =QPo
1 |xrO=at uOQm xv}tm |=Q@ '|} wor= |wH w CUH w IQU u}th= *sD} Qwor= wO
u}vJ |DQ=QL pOt w |R=Uxv}y@ sD} Qwor= wO Qy |=Q@ pL VwQ "CU= xOW xO=iDU=

%CU=
&(Y )xOW |Q}oxR=Ov= |=y=tO uOv=wN "1

&h w q x}rw= Q=Okt TOL "2
|DQ=QL pOt R= =Q '(T ) =y=tO u=wD|t h w q Q}O=kt uDW=O =@ '1 |xrO=at QO "3

"OQw; CUO x@ �5 =} 4 |xrO=at�
"1 |xrO=at (f) hOy `@=D |x@U=Lt "4

xO=iDU= =@ 'OwWv u}t-=D \QW u}= Qo = &jjf jj � 0=0001 |}=Qosy \QW |UQQ@ "5
'�|} wor= |wH w CUH =} IQU u}th=� |R=Uxv}y@ |=ysD} Qwor= R= |m} R=
"CiQ 3 |xrLQt x@ O}=@ TBU w OwW|t xDiQo Q_v QO h w q |=Q@ O}OH Q}O=kt
sqa= VwQ |HwQN u=wva x@ h w q Q}O=kt OwW u}t-=D |}=Qoty \QW Qo = "6

"OwW|t
=]N &OwW s=Hv= =]N p}rLD O}=@ |O=yvW}B VwQ CkO uOQm XNWt |=Q@
|=]N u=ty T=}=@ |=]N "CU= Tv=} Q=w |=]N w T=}=@ |=]N pt=W `k=w QO
Ck}kL QO Tv=} Q=w |=]N w CU= |R=Uxv}y@ |=ysD} Qwor= \UwD xOW O=H}=
|Q}oxR=Ov= |=y=tO QO OwHwt V=WDe= x@ |R=Uxv}y@ sD} Qwor= C}U=UL Qou=Wv
s=Hv= |OOa |xOW |R=Ux}@W C=W}=tR; R= xO=iDU= =@ =]N p}rLD "CU= xOW
CQ=QL p=kDv= ?} Q[ '100kW=m2 pO=at (q) |DQ=QL Q=W Q=Okt "CU= xOW
xDiQo Q_v QO 250C Q@=Q@ x}rw= |=tO w 900W=m2:K pO=at (h) |}=Hx@=H
C}akwt QO =tO '4 VN@ QO xOW QmP |DQ=QL pOt wO Qy R= xO=iDU= =@ "CU= xOW
x@U=Lt |=y=tO '|Q}oxR=Ov= |=yxO=O |R=Ux}@W |=Q@ w xOW x@U=Lt =ypB wmwtQD
`@ Qt u}ov=}t swO |xW} Q "CU= xOW xOwr; (� = 0 10C)=@ |Uw=o R} wv x@ xOW
x@U=Lt 7 |x]@=Q R= |ak=w Q}O=kt =@ xOW xOR u}tND Q}O=kt |xU}=kt |=Q@ =]N

%OwW|t
erms = jX̂ �Xexactj (7)

w T=}=@ |=]N Q}O=kt "OwW xOR u}tND O}=@ xm CU= |rwyHt QDt=Q=B X u; QO xm
xHwD O}=@ "s}vm|t x@U=Lt 9 w 8 |=yx]@=Q R= ?}DQD x@ =Q Tv=} Q=w |=]N Q}O=kt
xOW xO=iDU= Tv=} Q=w |=]N QwPHt R= =y=]N QDu=U; |xU}=kt |=Q@ xm CW=O
QDt=Q=B OL=w u=ty 'Tv=} Q=w QwPHt w T=}=@ |=]N w erms |=]N OL=w "CU=

"CU= pwyHt
D = jX̂no�noise �Xexactj (8)

V = erms2 �D2 (9)

xm CU= |}=yQDt=Q=B |ak=w Q=Okt u=ty '9 w 8 \@=wQ QO Exact |xtrm R= Qw_vt
O}=@ xr�Ut QO w CU= xOW xDiQo Q_v QO |Q}oxR=Ov= |=yxO=O |OOa |R=Ux}@W QO
wO Qy "CU= xOW C@F 4 w 3 pwOH QO xOW |UQQ@ |=y=]N "OvwW xOR u}tND
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