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R= '?NDvt C=QPwv=v ẁv u}}aD Q@ xwqa "Ov=xO=O X=YDN= OwN x@ C=k}kLD QO =Q OQ@ Q=m
C}=Oy V}=Ri= |=Q@ ?}mQD u} QDy@ uDi=} x@ u=wD|t VywSB u}= syt |=yOQw=DUO Qo}O
=yQwD=tQwiUv=QD O}rwD `}=vY OQ=Ov=DU= |=yXN=W w |m} QDmr= C}=Oy pwY= w |DQ=QL

R= xO=iDU= ptar=QwDUO u} QDxv}y@ w u} QDy@ '|y=oW}=tR; pL=Qt R=e; |=Q@ "OQm xQ=W=
hrDNt |=yuewQwv=v R= xO=iDU= u=tR QO QwD=tQwiUv=QD OQmrta |}xv=}=Q |R=Ux}@W

C=QP wv=v u=wD@ =D CU= xDiQo CQwY Q=Ri=sQv QO |R=Ux}@W u}= '|Oa@ s=o QO xm OW=@|t
"OQm |Ov@C} wrw= j}kO CQwYx@ =Q hrDNt

azamzamian@merc.ac.ir
srezazadeh69@gmail.com
pazoukim.reza@gmail.com
m.pazouki@merc.ac.ir

'|O} Q@}y C=QPwv=v 'uewQ x}=B Q@ p=}Uwv=v 'QwD=tQwiUv=QD uewQ %|O}rm u=oS=w
"|Q=mlvN 'CQ=QL p=kDv=

xtOkt "1
w x}rw= QO u=} QH w S=Drw Q}O=kt \ki w Ovm|tv Q}}eD R}v u; Tv=mQi w xOv=t}k=@
|=ysDU}U |rY= <=RH= u=wva x@ =yvD xv =yQwD=tQwiUv=QD "Ow@ Oy=wN Cw=iDt x} wv=F
w |m}vwQDmr= |=yQ=Ot x}PeD QO xmr@ 'OvDUy KQ]t |SQv= |=ypt=L VNB w p=kDv=
"Ovvm|t =i}= =Q |tyt Vkv R}v |m} QDmr= |=yxQwm w |Q}oxR=Ov= '|R=UwUm} 'pQDvm
CavY QO xO=iDU= OQwt |m} QDmr= |=yu}W=t u} QDOQ@ Q=mQB R= |m} =yQwD=tQwiUv=QD
`=wv= R= |m} "OQm |Ov@xDUO hrDNt C=yH R= u=wD|t =Q =yQwD=tQwiUv=QD "OvDUy

?w=vDt u=} QH sDU}Ul} QO =Q|m} QDmr= |SQv= xm OvDUy|D=R}yHD =yQwD=tQwiUv=QD
Tmar=@ w O=} R S=Drw x�@ =Q sm S=Drw w Ovvm|t pkDvt Qo}O Q=Ot x@ Q=Ot l} R=
|m}v=mt w |m} QDmr= |SQv= xm |m} QDmr= |=yu}W=t hqN Q@ "Ov}=tv|t p}O@D
|m} QDmr= pmW u=ty x@ |SQv= '=yQwD=tQwiUv=QD QO 'Ovvm|t p}O@D Qo}Om} x@ =Q

pw�Ut xOvU} wv �
"1401 11 17 VQ}PB '1401 11 4 x}LqY= '1401 9 26 Ci=} QO %M} Q=D

%xr=kt u}= x@ O=vDU=
|=yQwD=tQwiUv=QD uewQ x}=B Q@ p=}Uwv=v u=} QH |Qw�D p}rLD w x} RHD w |R=Ux}@W "1402 'OtLt '|mwR=B w '=[QOtLt '|mwR=B 'p}yU '=}vOQit xO=R=[Q 'u}ULQ}t= O}U 'u=}tRtR

DOI:10.24200/J40.2023.61526.1662 "106�93 "XY '2�39� 'h} QW l}v=mt |UOvyt "Tv=QD |Q=mlvN OQmrta Ow@y@ Qw_vt x@ CQOk



u=Q=
mty

wu
=}tR

tRu
}UL

Q}t=
O}U

/"""
p=}U

wv=v
u=}Q

H|
Qw�D

p}rL
Dw

x}RH
Dw

|R=
Ux

}@W60Tv=mQi =@ ?w=vDt u=} QH QO 2|�RH x}rND ẁQW S=Drw "OvDUy Q@=Q@ `k=w QO Q=Okt
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2019� 2018 CuO 4
2020� 2019 ZnO 5
2019� 2018 BN 6

2016� 2015� 2014 Graphene-CNT-MWCNT 7
2015 Nano Diamond 8
2019 BaTiO3 9
2019 NiFe2O4 10
2019 MoS2 11

"|}=D xU w |}=DwO |=y ?}mQD CU}r "2 pwOH
j}kLD p=U |}=DxU w |}=DwO O} Q@}y h}OQ

2016 WO3 �Ag 1
2019 CaCu3Ti4O12(CCTO) 2

2020� 2019 TiO2=Al2O3 3
2020� 2019 TiO2=SiO2 4
2020� 2019 SiO2=Al2O3 5
2020� 2019 CuO/ZnO 6

2018 Al2O3=MWCNT 7
2016 ZnO=ZrO2=Al2O3 8
2017 Fe3O4=ZnO=SiO2 9
2019 TiO2=Al2O3=MoS2 10
2018 Fe3O4=TiO2=Al2O3 11

|=Q@ R=}v OQwt OQ=wt w Cq=}Uwv=v CN=U pwY= x@ xHwD =@ w OW=@|t C}ty= p@=k
|=yVywSB j@] "Ow@ Oy=wN R}v p@k R= QDW}@ ?=NDv= u}= C}ty= '=yQwD=tQwiUv=QD
'TiO2 'CuO xQPwv=v GvB '?NDvt QFwt C=QPwv=v R= 'xOW x�=Q= pwOH w xDiQo CQwY
wO R= ?=NDv= u}= "Ov=xDiQo Q=Qk |}=yv ?=NDv= OQwt MWCNT w SiO2 'Al2O3

%OwW|t |Ov@xDUO Q} R KQW x@ xm CU= xDiQo CQwY CyH
&|Oa@ wO Cr=L QO Cw=iDt C=QPwv=v =@ xDiQo CQwY |}=OD@= |=y|=Ux}@W �

xm |tHL OYQO 1 R= QDtm w u}}=B Q=}U@ |=yC_re =@ xOW xDN=U |=yxvwtv �
"OQm OYQ =yv; R= u=wD|t =Q Cq=}Uwv=v Q=DiQ

|=y|R=Ux}@W "OyO|t x�=Q= Ov}=Qi |}=yv |=QH= |=Q@ =Q |@U=vt O}O QDt=Q=B wO u}=
OQ=wt u=tRty xm xDiQo CQwY 5/5 xNUv pwUt=m Q=Ri=sQv R= xO=iDU= =@ Q_vOt
O}O w OQ}o|t Q=Qk =QH= OQwt |Oa@ wO CQwYx@ QwD=tQwiUv=QD l} x}=B w |rY=
Q=}U@ xDmv u}= QmP "OyO|t x�=Q= =Q sDU}U xawtHt |=yQ=DN=U R= |DUQO |}=OD@=
C=QP |oOv@UJ sOa ZQi =@ |OOa |=y|R=Ux}@W |t=tD CLY xm CU= syt
OwHw Cra x@ CU= umtt pta QO =Q} R 'OW=@|t pw@k p@=k p=}Uwv=v |Q=O}=B w
w C=QP T}UQwiwDvot w T}UQwiwQDmr=|O X=wN w |wk |m} QDmr= |=yu=O}t
=} w OvyO|t p}mWD ?wUQ w xOW ?PH Qo}Om} x@ |Rri O}Um = C=QPwv=v 'p=}U
sDU}U QO w OvwW|t ?PH QD|wk |m} QDmr= u=O}t CtU x@ Q=wQ}HvR CQwYx@
xr�Ut \}=QW QO |OH Q=}U@ Vr=J Ov=wD|t xm Ov}=tv|t O=H}= |Q=O}=B=v p=}U
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CN=U33 kV h}OQ 25 kVA p=tQvTv=QD ẁv R= `} RwD =} CQOk |=yQwD=tQwiUv=QD
Qw]x@ xmCU= xOW?=NDv=VywSBu}= QO |OQwt xar=]t u=wvax@ wiUv=QD u=Q}=CmQW
S=Drw w 25 kVA p=tQv QwD=tQwiUv=QD "OwW|t xO=iDU= |QU=QU jQ@ xm@W QO xOQDUo
`} RwD |=yQwD=tQwiUv=QD xDUO QO wiUv=QD u=Q}= 0=4� 33 kVS=DrwC@Uv =} 33 kV

lJwm |=yQwD=tQwiUv=QD xDUO R= Tv=QD u}= "OQ=O Q=Qk \=U@v= `@vt =@ R=i xU |vewQ
,=DOta w `} RwD xm@W QO |v=UQ jQ@ CyH w OwW|t ?wULt wiUv=QD u=Q}= CmQW
25 QwD=tQwiUv=QD "OQ}o|t Q=Qk xO=iDU= OQwt u}}=B Q=@ |r=oJ =} Q=@sm |=ypLt QO
|=[i =} xDU@ |=[i QO w jQ@ |=yQ}D |wQ ?Yv |=Q@ ?U=vt p=tQv QBt; Crwwr}m
x_iLt '�h}a[ Q=Wi� |rw] CtU QO \=U@v= `@vt |=Q=O Tv=QD u}= "CU= R=@
'DIN42551 uewQ |Q=OQ@ xvwtv |=Q@ x_iLt w x}rND Q}W '|} wr}m s}v Q}oC@ w]Q

"OW=@|t xDr=L xU S=Drw s}_vD O}rm w |U}]=vet |=tv uewQ
%wiUv=QD u=Q}= 33 kV h}OQ 25 kVA p=tQv Tv=QD |vi C=YNWt w O=a@=

&QBt; Crwwr}m 400 u=wD =@ QwD=tQwiUv=QD "1
&IEC600� 76 OQ=Ov=DU= =@ j@=]t "2

&S=Drw xOvy=m ẁv R= |QwD=tQwiUv=QD "3
&50 Hz |t=v Tv=mQi |=Q=O "4

&O=R; |=y=} QO K]U R= QDt 1000 %?Yv pLt `=iDQ= "5
&ONAN %|oOvvm lvN sDU}U "6

&IEC60296 OQ=Ov=DU= =@ j@=]t uewQ "7
\UwDt |=tO V}=Ri= w O=Qo}Dv=U xHQO 60 uewQ st} Rm =t |=tO V}=Ri= "8

&O=Qo}Dv=U xHQO 65 I}Bs}U
&IEC 60076 OQ=Ov=DU= j@=]t x=Dwm p=YD= Tv=OBt= w C=irD Tv=QrD "9

1381� 693� 918 %�pw]�ZQa�`=iDQ=� p=tQv 25 kVA Tv=QD O=a@= "10
"QDt}Dv=U

|Ut I}Bs}U xU pt=W w CU= xOW p}mWD xDUy xawtHt w p} wm R= QwD=tQwiUv=QD
xOQ@ s=v OQ=wt |t=tD "Ovm|t pYDt Qo}Om} x@ =Q =yv; xm CU= |Oqwi xDUy l} w
RyHt xm OvwW|t Qwx]we QwD=tQwiUv=QD xvO@ QO OwHwt QwD=tQwiUv=QD uewQ QO xOW
Vkv wO QwD=tQwiUv=QD uewQ "CU= CQ=QL p=kDv= xk]vt V}=Ri= |=Q@ |}=yxQB x@
QO xOW O}rwD |=tQo xm xOvvm lvN \}Lt l} %R= OvDQ=@a xm Ovm|t =i}= =Q syt
"|m} QDmr= j}=a l} w Ovm|t pkDvt |vwQ}@ |=yxQ=w}O x@ =Q xDUy w =yI}Bs}U
pt=m Q=@ \}=QW QO QwD=tQwiUv=QD QO xOW O}rwD |=tQo 'OwHwt |=yxO=O T=U= Q@
O}=@ xOW O}rwD |=tQo u}= "CU= xDUy R= C=w 500 w I}Bs}U Qy R= C=w 1000

"OwW ^iL |rw@k p@=k K]U QO uewQ |=tO =D OwW `iO
OvwW|t ZQi CQ=QL xHQO R= pkDUt 'QwD=tQwiUv=QD uewQ R= Q}e x@ O=wt|t=tD
QwD=tQwiUv=QD uewQ X=wN [22]"CU= xOW x�=Q= 4 w 3 pwOH QO =yv; X=wN w
X=wN u}= |v}@V}B |=Q@ |}=ypOt w OwW|t KqY= C=QPwv=v uOwRi= R= TB
|=tQo w pO=at |r=oJ "CU= xOW O=yvW}B O=wt p}rLD w x} RHD w |R=UxO=t; |=Q@
QO QwD=tQwiUv=QD uewQ X=wN "CU= xOW |Ov@pwtQi s}kDUt Qw]x@ p=}Uwv=v xS} w

@ �e
@t

+r:*J = �GT H (W ) +
�
�GI ��p �eRpee

� �e
�e

�
(1�H (W )) (4)

xm|r=L QO 'OyO|t u=Wv QwD=tQwiUv=QD u}= |=Q@ =Q |Q} wYD 'hr= 3 pmW
"OyO|t u=Wv =Q QwD=tQwiUv=QD u}= |vwQ}@ |=tv R= l}D=tW xWkv l} ? 3 pmW
w CU= xO}J}B 3 pmW QO xOW xO=O u=Wv pt=m QwD=tQwiUv=QD |OOa |R=Ux}@W
w |OOa pL |R=UxO=U |=Q@ 'u}=Q@=v@ "OQ=O |O=} R x_i=L w VR=OQB u=tR x@ R=}v
|D=@U=Lt pOt u=wvax@ QwD=tQwiUv=QD sQ=yJ l} R= u=wD|t |UOvy uQ=kD p}rO x@

"OQm xO=iDU=
xm CU= xOW xO=O u=Wv hr= 4 pmW QO xm Qw]v=ty =Q pt=m QwD=tQwiUv=QD
? 4 pmW w OyO |t u=Wv =Q �QwD=tQwiUv=QD sQ=yJ� |D=@U=Lt pOt |vwQ}@ |=tv
s}U sQ=yJ l}� xDUy xawtHt w =yI}B s}U |=Q@ |D=@U=Lt pOt xOvyOu=Wv xm
Ot=H xv=wDU= l} u=wva x@ =yI}B s}U xm |}=Hv; R= 'CU= �xDUy xawtHt w =yI}B

"OvwW |t xDiQo Q_v QO

l}D=tWpmW �? 'xar=]t OQwt 25 kVA QwD=tQwiUv=QD |=Q@ Q}wYD �hr= "3pmW
"xar=]t OQwt 25 kVA QwD=tQwiUv=QD |=Q@

pOt �? '�QwD=tQwiUv=QD sQ=yJ l} |vwQ}@ |=tv� |D=@U=Lt pOt �hr= "4 pmW
xO=iDU=Vt�|vwQ}@ |=tv �G '�xDUy xawtHt w =y I}B s}U sQ=yJl}�|D=@U=Lt

"�|D=@U=Lt pOt |=Q@ xOW
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R}}=B
�h

}QW
l}

v=mt
|U

Ovyt |}=[i |R=UxDUUo |=Q@ "OW=@|tv |oDiW; |=ypOt x@ |R=}v w OvDUy s=Q; R}v
OwW|t xO=iDU=hr=NtCyH swO x@DQt KQ] '|SQv= w swDvtt =} |]NCmQL xR=Ov=
Q=}at "OwW|t pL xOW CiH CQwYx@ Q=Wi Q@ |vD@t QorL =@ xr�Ut C}=yv QO w
"CU= xOW s}_vD 1=0� 10�6 =@ sm =L |=yxrO=at |=yxOv=t}k=@ |=Q@ |}=Qoty
pO=aD x@ sDU}U xm |t=ovy "OwW|t V}=B |}=Qoty u}tND |=Q@ R}v =tO C=Q}}eD
xOW O}rwD |=tQo w O@=}|tv V}=Ri= Qo}O p=ai |=yCtUk |=tO 'OUQ|t |DQ=QL
pOt QO "CU= |UQQ@ p@=k G}=Dv uOQw; CUO x@ R= TB xm OwW|t hrD pt=m Qw]x@
R=i Qy |=H x@ p=}Uwv=v |=Q@ |SQv= w CmQL xR=Ov= 'sQH |=k@ |=yxrO=at '\wrNt
w CmQL xR=Ov= Q@ sm =L |=yxrO=at QO =yR=i u}@ CaQU Cw=iD "OwW|t |Ov@pwtQi
|Ov@pwtQi C=QPwv=v |tHL QUm |=Q@ Qo}O xrO=atl} w OwW|t xDiQo Q_v QO |SQv=

[23]%CU= xOW x�=Q= Q} R CQwYx@ sm =L |=yxrO=at '?}DQD u}= x@ "OwW|t
%|oDUw}B

r � (�nf Vm) = 0 (10)

%|]N CmQL xR=Ov=
r � (�nf Vm Vm) = �rP +r � � + �nf g +r� 2X
k=1

�k �k Vdr;k Vdr;k

!
(11)

%|SQv=

r �
 2X
k=1

�k Vk (�k Ek +P )

!
= r � (knf rT ) + Se (12)

[23]%C=QPwv=v |tHL QUm x]@=Q w
r � ���p Vm� = �r � ���p Vdr;p� (13)

[23]%Ow@ Oy=wN p}P x]@=Q CQwYx@ \wrNt |tQH \UwDt CaQU Vm

Vm =

2P
k=1

�k �k Vk

�nf
(14)

[23]%CU= xOW h} QaD p}P x]@=Q CQwYx@ xm |WQ@ VvD QwUv=D �
� = �nf rVm (15)

pYDt sy x@ Q} R pwtQi =@ swO R=i Vpf |@Uv u=} QH CaQU w Vdr;p Vv=Q CaQU
[23]%OvwW|t

Vdr;p = Vpf �
2X
k=1

�k �k
�nf

Vfk (16)

=yR=i u}@ |a[wt pO=aD ZQi Q@ |vD@t xm |@Uv CaQU |=Q@ R}v |Q@H x]@=Q l}
[24]%CU= xOW P=ND= 'OW=@|t x=Dwm |rw] T=}kt l} QO

Vpf =
�p d2

p

18�f fdrag
(�p� �eff )

�p
a (17)

[24]"OW=@|t ?=DW a Q=Okt u; QO xm
a = g � (Vm �r)Vm (18)

[22]"QwD=tQwiUv=QD uewQ w |O} Q@}y C=QPwv=v C=YNWt "3 pwOH
C}=Oy C}iQ_ xD}Uv=O O=wt|DQ=QL xS}w |}=tQo

(kg=m3)
(W=m:K) (J=kg:K)

75� 20 531 6315 CuO

8 953 686 2 4250 TiO2
40� 36 765 3600 Al2O3

1=4 741=8 2400 SiO2
6000� 3000 750 1350 MWCNT

0/19 1340 930 j}=a
[22]"CQOk QwD=tQwiUv=QD uewQ C=}YwYN "4 pwOH

Q=Okt |m} R}i X=wN
887� 0=659T (kg=m3) xD}Uv=O

1=3573� 10�6 hexp
� 2797=3
T+273

�i xD} RwmU} w
(kg=m:s) |m}t=v}O

1960 + 4=005T (J=kg:K)
C}iQ_

xS} w |DQ=QL

0=1202 (w=m:K) @ 25�C |DQ=QL C}=Oy
[22]"CU= xOt; 4 pwOH

�nf = (1� �) �f +� �p (5)

Cnf �nf = (1� �)Cf �f +�Cp �p (6)

�nf = �f
�
1 + 2=5�

�
1 + 8=868

r

��
(7)

knf = kf

"
1 + 4=4Re0=4

p

0=66
Pr
rf

�
T
Tfr

�10�kp
kf

�0=03
�0=66

#
(8)

w xD} RwmU} w |=Q@ j}kO |=ypOt G=QNDU= "CU= C=QPwv=v |tHL QUm � u; QO xm
VvmtyQ@ Q}F-=D x@U=Lt Qw_vtx@ "CU= Q=wWO |OwOL =D p=}Uwv=v |DQ=QL C}=Oy
pOt QO |B wmUwQm}t |=yQDt=Q=B 'uewQ X=wN |wQ Q@ C=QPwv=v w x}=B p=}U u}@
pOt w u}DW}v= xD} RwmU} w pwtQi T=U= Q@ xD} RwmU} w pOt "CU= xOW xOv=Hvo
xO=iDU= Q} R p}rLD QO xOW |Q}oxR=Ov= |=yxO=O VR=Q@ R= pY=L |DQ=QL C}=Oy
Xr=N uewQ x}=B p=}U pDv=QB OOa Pr 'C=QPwv=v `=aW r 'u; QO xm OvwW|t
Rep C=QPwv=v ROrwv} Q OOa "OW=@|t x}=B p=}U O=tHv= x]kv Tfr w QwD=tQwiUv=QD

[23]%OwW|t h} QaD 9 xrO=at CQwYx@
Rep = 2 �f kb T

� �2
f dp

(9)

u=wvax@ QwD=tQwiUv=QD I}Bs}U QO p=}Uwv=v u=} QH 'p=}U CmQL |wor= u}}aD |=Q@
x}=B Q@ p=}Uwv=v pO=at X=wN "OwW|t xDiQo Q_v QO |rwtat R=i lD u=} QH l}
"CU= xOt; CUO x@ xOW |iQat |=ypOt =@ Q_v OQwt |=yC_re =@ Tv=QD uewQ
R= QDmJwm Q=}U@ xm CU= 1000 OwOL xr�Ut u}= |=Q@ xOW x@U=Lt ROrwv} Q OOa
u}= QO uewQ u=} QH 'u}= Q@ xwqa "CU= s=Q; u=} QH |=Q@ �2100� |v=QL@ Q=Okt
xar=]t OQwt |=yu=} QH s=tD 'wQ u}= R= "CU= xOW |v}@V}B s=Q; CQwYx@ I}Bs}U
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\w@ Qt |=yxrO=at "OwW|}=QH=|D=@U=Lt |=yQ=Ov=DU=C}=aQ w Ow@y@CyH QO O}=@

[25]%CU= xOW xO=O x�=Q= Q} R KQW x@ |m} QDmr= w |U}]=vet u=O}t x@
r�H = j � @D

@t
(20)

r� E = �@B
@t

(21)

rD = � (22)

rB = 0 (23)

|m} QDmr= w |U}]=vet u=O}t Q=W =} COW ?}DQD x@ E w H 'q=@ |=yxrO=at QO
|r=oJ q w u=} QH|r=oJ j '|U}]=vet Q=W|r=oJB 'u=} QH|r=oJD "OvW=@|t
uwv=k w 15pwUm =t QBt; uwv=k u=wvax@ 21 w 20 |=yxrO=at "CU= |m} QDmr= Q=@
uwv=k|U}]=vet w|m} QDmr= p=mW= 23 w 22 |=yxrO=at "Ov=xOW xDN=vW 16|O=Q=i
w |m} QDmr= u=O}t |v}@V}B |=Q@ |Qo}O xrO=at '|oDUw}B xrO=at "OvDUy 17Two

[25]%OwW|t x�=Q= Q} R sQi x@ xm CU= |U}]=vet
r � j = @�
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(24)

(Vin) S=Drw xOW <=kr= "CU= xOW pL RDQy 50 |]N Tv=mQi |=Q@ pOt u}=
25 xrO=at CQwYx@ (N) I}B s}U O=OaD w (') T}]=vet Q=W u=R}t =@ ?U=vDt

%CU= xOW x�=Q=
Vin = �N d'

dt
(25)

s}U R= |W=v S=Drw =@ ?U=vDt x} wv=F |=yI}B s}U R= |W=v S=Drw '?}DQD u}= x@
[25]%CU= (Vp) x}rw= |=yI}B

VS
Vp

= VS
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(26)

|=yxrO=at pwY= w ?D=Qt xrUrU x}=B Q@ Q=Ri=sQv pN=O x@ C=aq]= OwQw |=Q@
=D CU= R=}v xDUy w xQB x@ \w@ Qt x}rw= C=aq]= T}]=vetwQDmr= VN@ QO q=@
|Q=}U@ xm OvJ Qy "OwW xO=O Q=Ri=sQv x@ C=@U=Lt |=Q@ |a]k |OwQw CQwYx@
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Cq=}Uwv=v QO CQ=QL p=kDv= w sQH p=kDv= pwY= =Q} R 'OW=@|t xOW xQ=W= |=yxrO=at
QO "OQm xO=t; ?U=vt |}xH}Dv |=Q@ =Q \}=QW O}=@ Qw_vt u}ty x@ w xOw@ Cw=iDt
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sOa %R= OvDQ=@a jwi |=yxrO=at xawtHt pL |=Q@ xO=iDU= OQwt |RQt \}=QW
|=yQ=w}O s=tD w =yxDUy '=yp} wm pt=W Ot=H |=yQ=w}O s=tD QO VRer CaQU
C@=F CQ=QL O}rwD `@vt u=wvax@ =yxDUy w =yp} wm "`} RwD xm@W |=yQwD=tQwiUv=QD
x@U=Lt =Q|ak=w QwD=tQwiUv=QD QO xOW O}rwD|ak=w|DQ=QL C=irD xm OvwW|t xDN=vW
s}U QO |m} QDmr= C=irD |=Q@ OwHwt |=yxO=O R= |DQ=QL C=irD u}= Q}O=kt "Ovvm|t
"O};|t CUO x@ 'OwW|t x@U=Lt |DQ=QL |SQv= x@ p}O@D |=Q@ xm 'xDUy w =yI}B
|}=H@=H u=} QH CLD '=yxQB Kw]U xrtH R= 'QwD=tQwiUv=QD |HQ=N |=yxQ=w}O s=tD
w |}=H@=H CQ=QL p=kDv= ?} Q[ Q=Okt 'OvQ}o|t Q=Qk |@}mQD `WaWD w |a}@]
"CU= xOW pL |OOa CQwYx@ jwi pOt "CU= xOW xDiQo Q_v QO |HQ=N V@=D
"CU= x@U=Lt p@=k uewQ CQ=QL p=kDv= CaQU w =tO QFm =OL w u}ov=}t 'TBU
pwrLt TBU w xOW |R=Ux}@W Xr=N QwD=tQwiUv=QD uewQ =@ QwD=tQwiUv=QD =OD@=
C_re Q}O=kt uDiQo Q_v QO w QwD=tQwiUv=QD uewQ Q@ |vD@t |O} Q@}y p=}Uwv=v =@

"CU= xOW ^=Lr

BH |vLvt uDiQo Q_v QO =@ E xDUy l} \UwD `} RwD QwD=tQwiUv=QD |R=Ux}@W
w |QO=y@ Q=m QO OQivt C=QPwv=v |=Q@ x@=Wt xar=]t "CU= xOW s=Hv= |]NQ}e
|mD xQPwv=v OvJ OQivt C=QF= xU}=kt |=Q@ 'x@=Wt Qw]x@ [24]"CU= xOW x�=Q= u=Q=mty
[22]"CU= xDiQ Q=m@ Q=DN=U u}ty =@ |R=Ux}@W 'uUL p}a=tU= j=DWt xar=]t QO
Qw[L QO |vewQ QwD=tQwiUv=QDl} QO CQ=QL p=kDv= |UQQ@ Qw_vtx@ Q} R |=yx}[Qi

"CU= xDiQo Q=Qk Q_vOt |O} Q@}y C=QPwv=v Qw[L sOa w
%|m} QDmr= u=O}t w |m}t=v}OwQO}y |U}]=vet u=O}t CLD C=QPwv=v

R=i hqDN= R= w OvwW|t |krD u=Um} w CUOl} �uewQwv=v� Cq=}Uwv=v u}= �
&CU= xOW Q_v hQY C=QPwv=v xOvm =QB R=i w uewQ sw=Ot

&CU= xOW Q_v hQY xrwr V}=UQi w p=v=mwQm}t Q@=at |oDiQo 'C=QP ?wUQ R= �
hQY 14T} RQDU}y QF= w ?=OQo uO=O CUO R= 'QwD=tQwiUv=QD |R=Ux}@W QO �

&CU= xOW Q_v
QO 5 'Qw=Ht |=wy |=Q@ CrU=v OOa Oa@|@ xwQo CQ=QL p=kDv= ?} Q[ OwOL �

[25]"CU= xOW xDiQo Q_v
|=yVN@ "OvwW|t s}UkD `}=t C=a]k w Ot=H C=a]k x@ |=y|R=Ux}@W |t=tD
`}=t u=} QH VN@ \wrNt uewQwv=v =} uewQ w OvDUy I}Bs}U w xDUy pt=W Ot=H

"CU= R=i wO =}
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C}=aQ =yQwD=tQwiUv=QD QO pY= u} QDtyt %|m} QDmr= w|U}]=vet u=O}t\@=wQ

QwD=tQwiUv=QD |R=Ux}@W "5

QwD=tQwiUv=QD pN=O QO CQ=QL p=kDv= CqO=at "6
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Ovyt "TiO2 ?NDvt xQPwv=v X=wN "7 pwOH
Property Value

Electrical conductivity 1� 10�11

Thermal conductivity (W/m.K) � 9
Nanoparticles size (nm) 1=7

"|L=Q] |=Q@ QwD=tQwiUv=QD |Oa@ wO l}D=tW "5 pmW
C=QPwv=v C=YNWt 3 pwOH QO xm OW=@|t Cw=iDt Q=Ri=sQv w =yxrO=at |OwQw |=Q@
"CU= xOW x�=Q= |O} Q@}y uewQwv=v CQwYx@ QwD=tQwiUv=QD uewQ QO |R=Ujrat |=Q@
"OW=@|t 7 pwOH C=aq]= KQW x@ TiO2 sw}v=D}D O}Um =|O C=QPwv=v 'p=Ft u=wvax@
|=yxrO=at QO CQ=QL xHQO x@ xDU@=w|DQ=QL \=U@v=?} Q[ w C=QPwv=v|r=oJ

[25]%Ov=xOW xO=O u=Wv Q} R
�TiO2 = 3907=00� 2=907377� 10�3�7=28� 10�3 T 2

(28)

�TiO2 = 1=880� 10�6 +6=544� 10�9 T (29)

CQwYx@ 19|r}=Q w 18CrU=v OOa 'Oa@ uwO@ |=yxwQo xOW x�=Q= C=@U=Lt x@ xHwD =@
[25]%OvwW|t x@U=Lt Q} R |=yxrO=at

Ra = � g2 CP ��T x3

��
(30)

Nu = q � x
�T�

(31)

|Ov@xm@W w |Ov@ Qm}B "7
�|Oa@ R=i� |Oa@ xU w |Oa@ wO Cr=L CQwYx@ |R=Ux}@W 'OW xQ=W= xm Qw]u=ty
|UQQ@ OQwt R=i u}= QO xm@W wO Qy |Ov@Vt w |Ov@ Qm}B =t= 'CiQo Oy=wN CQwY
"OyO x�=Q= =Q x}=B \}=QW XwYN QO |k}kO x=ov Ov=wD|t xm xDiQo Q=Qk |R=Uxv}y@ w
w �|rY= |=yI}B s}U� |rY= |Ov@xOQB wO R= xm |Oa@ wO |Ov@ Qm}B 'pw= s=o QO
p@=k 5 pmW QO l}D=tW Qw]x@ xm CU= xOW s=Hv= 'xOW p}mWD uewQ uRNt

"OW=@|t xOy=Wt
OQwt Q=Ri=sQv QO xJv; 'Q_vOt l}D=tW w |Ov@ Qm}B |L=Q] pwY= x@ xHwD =@
=RHt pt=m Qw]x@ xm OW=@|t 6 pmW CQwYx@ CU= xDiQo Q=Qk |L=Q] w |UQQ@
w |Ov@Vt O=H}= |=Q@ |Q=DN=U Ov=wD|t w OW=@|t XNWt Q_v Ot OQ=wt uOW

"QwD=tQwiUv=QD |=yxQB x@ \w@ Qt |OwQw C=aq]= "5 pwOH
Property Value Unit

Electrical 5=99� 107 S/m
conductivity

Thermal conductivity 400 W/m.K

Heat capacity 8700 Kg=m3

Density 385 j=kg:K

Surface radiation 0=5 -

Relative permeability 1 -

Thermal resistance 3=862� 10�3 1=K
coe�cient

Primary windings 756 -
number (Np)

Secondary windings 126 �
number (Ns)

Primary windings 352 ohm
resistance (Rp)

Secondary windings 7/05
ohm

resistance (Rs)

Voltage frequency (Nu) 50 Hz

Voltage (Vac) 10 Kv

"QwD=tQwiUv=QD xDUy x@ \w@ Qt |OwQw C=aq]= "6 pwOH
Property Value Unit

Electrical conductivity 12� 107 S/m

Thermal conductivity 80 W/m.K

Density 7850 Kg=m3
Heat capacity 450 j/kg.K

w �x}=B p=}U� QwD=tQwiUv=QD uewQ R= |a@=D u=wvax@ p=}Uwv=v X=wN "OvwW|t xDiQo
[25]%OwW h} QaD Ov=wD|t Q} R |=yxrO=at KQW x@ �Ot=H C=QP� C=QPwv=v

knf
kf

= 1 + 3 (�� 1) "
(�+ 2)� (�� 1) "

(27)

|DQ=QL C}=Oy x@ C=QPwv=v |DQ=QL C}=Oy C@Uv � = kS
kf

sQD '27 xrO=at QO
C=QPwv=v R= s=Om Qy X=wN "CU= C=QPwv=v |tHL QUm ' w OyO|t u=Wv =Q uewQ
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p}rL
Dw

x}RH
Dw

|R=
Ux

}@W

"QwD=tQwiUv=QD d=O x]kv |=tO Q@ |O} Q@}y C=QPwv=v Q}F-=D "8 pmW

O}Um = xQPwv=v xv}y@ G}=Dv w xOW s=Hv= CuO w TiO2 C=QPwv=v |=Q@ xDiQo CQwY
OW=@|tCyH u; R= xv}y@ xvwtv |R=Ux}@W x�=Q= p}rO "OW=@|t Q} R CQwYx@ sw}v=D}D
Ow@y@ QO QFwt w p;xO}= |=yxvwtv =yvD '|@ QHD |=yC}r=ai s=Hv= |=Q@ C}=yv QO xm
|D=QPwv=v uOw@ xv}y@ Ov=wD@ xm |}=yxvwtv xD@r= "OwW x�=Q= |y=oW}=tR; \}=QW Ov}=Qi
x@ =D OW Oy=wN x�=Q= w xDN=U |y=oW}=tR; VN@ QO 'OyO u=Wv CuO uwJty
uewQ R= VN@ u}= QO "OQ}o Q=Qk O}}-=D OQwt |R=Ux}@W Ov}=Qi CLY ?}DQD u}=
xU `} RwD QwD=tQwiUv=QD QO CQ=QL p=kDv= |UQQ@ |=Q@ x}=B uewQ u=wvax@ Xr=N
u=O}t \UwD xOW O}rwD CQ=QL |a}@] p=kDv= xi}_w uewQ "CU= xOW xO=iDU= R=i
|=yQ=DN=Uwv=v C=QPwv=v QF= 8 pmW "OQ=O xOya Q@ =Q QwD=tQwiUv=QD |U}]=vetwQDmr=
OwW|t xOy=Wt "OyO|t u=Wv QwD=tQwiUv=QD d=O x]kv |=tO Q@ =Q Q_v OQwt |O} Q@}y
O=Qo}Dv=U xHQO 47/2 'Xr=N uewQ R= QB QwD=tQwiUv=QD |=Q@ d=O x]kv |=tO xm
|=yVywSB Qo}O |=yxDi=} =@ VywSB u}= G}=Dv j@=]D xOvyO u=Wv xm OW=@|t
'QwD=tQwiUv=QD uewQ Q@ C=QPwv=v uOwRi= C=QF= |UQQ@ |=Q@ [25w23]"CU= xDiQo CQwY
G}=Dv R= w xOW xi=[= uewQ x@ C=QPwv=v R= 0/1 w 0/05 '0/02 |tHL QUm
"CU= xOW xO=iDU= CQ=QL p=kDv= |wQ Q@ C=QPwv=v C=QF= |v}@V}B |=Q@ |R=Ux}@W
uDiQo Q_v QO =@ Xr=N uewQ |=Q@ CQ=QL xHQO QFm =OL 'OW xQ=W= xm Qw]u=ty
Qw_v=ty "OW=@|t O=Qo|Dv=U xHQO 47/2 'QwD=tQwiUv=QD |O}rwD |U}]=vetwQDmr=
|=tO QFm =OL 'uewQ x@ |O} Q@}y C=QPwv=v uOwRi= =@ 'OwW|t xO}O 8 pmW QO xm
XNWt "O@=}|t Vy=m uewQ |DQ=QL C}=Oy V}=Ri= p}rO x@ QwD=tQwiUv=QD |=RH=
|=RH= |=tO QFm =OL '0/01 x@ QiY R= C=QPwv=v |tHL QUm V}=Ri= =@ xm OwW|t
xDi=} Vy=m O=Qo|Dv=U xHQO 43/05 x@ O=Qo}Dv=U xHQO 47/2 R= QwD=tQwiUv=QD
C=QPwv=v |@ QHD C=QF= 'OW KQ]t R}v QDV}B xm Qw]u=ty 'CU= QmP x@ sRq "CU=
xOW VQ=Ro w xar=]t u=QoWywSB \UwD QwD=tQwiUv=QD uewQ QO hrDNt OQivt

[27�25]"CU=
w Qw[L \}=QW QO QwD=tQwiUv=QD uewQ QO =Q CrU=v OOa R}v 9 pmW Q=Owtv
Q=Okt '|r} Q OOa V}=Ri= =@ xm OwW|t xOy=Wt "OyO|t u=Wv C=QPwv=v Qw[L sOa
CrU=v OOa =@ uewQ 'CU= xOW xO=O u=Wv xm Qw]u=ty "O@=}|t V}=Ri= CrU=v
\=@DQ= |=Q=O 'O@=}|t V}=Ri= 0/01 x@ QiY R= xm |v=tR xS} w x@ 'sw}v=D}D C=QPwv=v
x@ 1/4 R= CrU=v Q=Okt V}=Ri= 0/01 x@ QiY R= C=QPwv=v C_re V}=Ri= "CU=
"Ovm|t u=}@ =Q QwD=tQwiUv=QD uewQ =@ C=QPwv=v ?}mQD C}ty= w OyO|t u=Wv =Q 1/9
Vy=m CQ=QL p=kDv= QO u; C=QF= '0/01 R= C=QPwv=v C_re V}=Ri= =@ 'p=L u}= =@

"O@=}|t

xOW xOR Vt Q=DN=U w |Oa@ wO xOW |R=U x}@W Q=DN=U l}D=tW Q}wYD "6 pmW
"Q=Ri= sQv pN=O

"|Oa@ xU xOW |R=Ux}@W w l}D=tW Q=DN=U |}=tv "7 pmW

x@ O}=@ xm |D}ty= R�=L xDmv "OW=@ xOW QmP |=yxrO=at T=U=Q@ C=@U=Lt ẁQW
uQ=kDt CQwYx@ u; C=R}yHD w QwD=tQwiUv=QD xm =Hv; R= 'xm CU= u}= OwW xHwD u;
C=@U=Lt Q=Okt R= =D O=O s=Hv= O}=@ CQwY u}ty x@ R}v =Q |R=Ux}@W 'OvW=@|t
|=Q@ "CU= xOW s=Hv= xJQ=Bm} CQwYx@ |Oa@ xU |R=Ux}@W QO =t= 'OwW xDU=m
R= w OW=@|t xOW |L=Q] Q=DN=U �|vRVt� |Ov@ xm@W x@ R=}v |R=Ux}@W |=QH=
Qy |=Q@ ?=NDv= u} QDy@ 'OW=@|t p}]DUt l} CQwYx@ |Oa@ wO |Q=DN=U xm =Hv;
"OW=@ xDW=O C=@U=Lt QO =Q |Q=PoQ}F-=D u} QDW}@ Ov=wD@ =D OW=@|t |a@ Qt Vt R=i
xDiQo Q_v QO u=} QH |=Q@ |RQt x}q uewQwv=v CW=@v= p=tDL= p}rO x@ R}v xQ=w}O QO
OW=@|t 18134 |Oa@ wO R=i pN=O QO |}=QH= |=yVt ẁtHt O=OaD "CU= xOW
"OW=@|t |RQt x}q |=Q@ Vt 906 w |rY= xvt=O |=Q@ 17228 'O=OaD u}= R= xm
QO |Y=N Cw=iD w OW=@|t |}=QH= OvwQ u}ty R}v |Oa@ xU |R=Ux}@W QO
'OW=@|tv Q_v Ot pt=m CQwYx@ xm =Hv; R= =t= 'OQ=Ov =yxrO=at ?=NDv= w?D=Qt xrUrU
|t=tD |Oa@ R=i QO xm OW=@|t xOy=Wt p@=k 7 pmW QO u; xOW |L=Q] Q} wYD

"CU= xOW x�=Q= u; |r}YiD G}=Dv w O=OaD '|vRVt C=}} RH

|Oa@ wO |R=Ux}@W pOt |=QH= G}=Dv "8
|R=Ux}@W '3 pwOH j@=]t |O} Q@}y CQPwv=v u}@ ?=NDv= w |OvthOy x@ xHwD =@
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"KD2 Pro |DQ=QL Ctw=kt w |}=v=UQ |Q}oxR=Ov= x=oDUO "11 pmW

u}}aD Ov=wD|t �0/1 OwOL QO d=O \=kv CQ=QL xHQO Vy=m w CQ=QL p=kDv= Ow@y@
"OwW

|}=yv |Q}oxH}Dv "9
hOy CQwYx@ =yxvwtv u=ty '|R=Ux}@W xrLQt QO C=QPwv=v ?=NDv= x@ xHwD =@
"OW Oy=wN xDiQo Q=Qk Q_vOt |y=oW}=tR; \}=QW w |@ QHD |L=Q] |=Q@ |rY=
w C=QPwv=v |Q=DiQ C=}YwYN =@ |}=vW; CyH x@ =OD@= QO |y=oW}=tR; G}=Dv
QOy R= |Q}owrH u}vJty w |vewQ \}Lt QO C=QP |Q=O}=B QO Q=PoQ}F-=D pt=wa
x}yD �QD}r|r}t 10�5� lJwm sHL QO =OD@= 'x}rw= |=yxvwtv CN=U QO C=QP CiQ
x}yD �QD}r 2�1� QDoQR@ |=ysHL QO '?wr]t |=yxvwtv |}=U=vW R= TB w xOW
'CuO 'TiO2 uewQwv=v |=yxvwtv '3 pwOH j@=]t 'u}=Q@=v@ "OwW|t V}=tR; w
|R=Ux}@W G}=Dv xmv}= OwHw =@ "OW Oy=wN x}yD MWCNTw SiO2 'Al2O3
O}OQo x}yD |y=oW}=tR; |=y|R=Uxvwtv QO 'Ow@v ?wr]t CuO xQPwv=v |wQ Q@
"OOQo G=QNDU= |@ QHD |=yxO=O R}v |y=oW}=tR; |=yxOy=Wt xr}Uw x@ u=wD@ =D
xO=t u=wvax@ O}U= l�rw= w Tween 80 xO=t wO '|y=oW}=tR; |=yxvwtv QO
|DUwO?; X=wN p}rO x@ Tween 80 xO=t xm CiQo Q=Qk Q_vOt xOvvmQ=O}=B
O}OQo hPL Q_v Ot xv} Ro wO u}@ R= w xDW=Ov uewQ QO C}rqL '(9 < HLB)

|vewQ |=ypwrLt QO pt=mQw]x@ xm O}U= l}�rw= xOvvmQ=O}=B xO=t R= =yvD w
OvtR=}v w syt X=wN R= '?}DQD u}= x@ "CU= xOW xO=iDU= 'OwW|t VNB
QwD=tQwiUv=QD |=yuewQ |rY= |=yxYNWt R= OwN xm xar=]t u}= QO |Q}oxR=Ov=
'=yQwD=tQwiUv=QD |R=UlvN CyH C}ty= =@ Q=}U@ |=yxYNWt R= =t= xOw@v
C}ty= =@ CyH u; R= xYNWt u}= "OW=@|t |DQ=QL Ctw=kt w |DQ=QL |}=v=UQ
Q@ xwqa 'QwD=tQwiUv=QD x_iLt uwQO uewQ OwHw |rY= h=Oy= R= |m} xm CU=
|Rri C=LiY x@ xDUy uwQO xOW O=H}= CQ=QL C}=Oy '|k}=a C}Y=N O=H}=
|DQ=QL |}=v=UQ C}Y=N V}=Ri= "OW=@|t uwQ}@ x@ u; p=kv= w Tv=QD h=Q]=
x@ =Q sDU}U |Q=mlvN xi}_w Ov=wD|t u; |DQ=QL Ctw=kt Vy=m w uewQ
|DQ=QL X=wN |UQQ@ |=Q@ "OyO s=Hv= |@ wN x@ p=U sQo pwYi QO XwYN
XwYNt xm KS� 1 QwUvU w KD2 Pro x=oDUO R= |O}rwD |=yuewQwv=v
xO=iDU= '11 pmW j@=]t 'OW=@|t |vewQ |=yp=}U |DQ=QL X=wN |Q}oxR=Ov=

"CU= xOW

"C=QPwv=v|tHLC_re w|r} Q OOa R=|a@=D u=wvax@CrU=vQ=Okt C=Q}}eD "9 pmW

|tHL QUm ?ULQ@ CUmW S=Drw w |m}D=tv}U xD} RwmU} w 'CrUv OOa "10 pmW
"QwD=tQwiUv=QD uewQ QO C=QPwv=v

=@ =Q CUmW S=Drw w |m}D=tv}U xD} RwmU} w 'CrU=v OOa Q=Okt 10 pmW
"OyO|t u=Wv QwD=tQwiUv=QD uewQ QO |O} Q@}y C=QPwv=v R= |tHL |QUm x@ xHwD
xOW pY=L 2/17 Xr=N uewQ |=Q@ CrU=v Q=Okt 'OwW|t xOy=Wt xm Qw]u=ty
V}=Ri= CaQUx@ CrU=v 'C=QPwv=v uOwRi= =@ w =OD@= QO "�nvQ |@; |vLvt� CU=
"OwW|t xDU=m V}=Ri= CaQU R= 'C=QPwv=v C_re V}=Ri= =@ 'OwHw u}= =@ "O@=}|t
�0/45 x@ l}ORv C_re QO x]kv QFm =OL |=Q=O |@=QN S=Drw |vLvt 'u}= Q@ xwqa
w |v=O}t \}=QW QO xOW |R=Ux}@W xvwtv u}= 'OwHwt C=_Lqt x@ xHwD =@ "CU=
|wQ Q@ |QD|r}tmD w |y=oW}=tR; |=y|UQQ@ O}=@ xm xOw@ |R=UxO=}B p@=k |D=}rta
|}=yv |=yxvwtv QO Ov=wD|t |O} Q@}y C=QPwv=v 'pwtat Qw]x@ =t= OQ}o CQwY u;
CQwY u}= x@ u=wD|t 'OW=@v QFwt CU= umtt xm Qt= u}= QO "OW=@ Q=PoQ}F-=D Q=}U@
pk=OL xm =Hv; R= "O@=}|t Vy=m CUmW S=Drw |vLvt xrLQt u}= R= TB xm OQm u=}@
|m} QDmr= u=} QH w xOW |m} QDmr= |=v=UQ j}=a R= |DtUk OwW|tEa=@ xm |S=Drw
S=Drw 'Qo}O CQ=@ax@ "CU}v ?wr]t uewQ CUmW S=Drw Vy=m 'O}=tv Qw@a u; R=
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