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le|R=UxQ}NP x=oDUO l} |@ QHD w |OOa |xar=]t

R=i Q}}eD xO=t |w=L |}=tQo |SQv=
�OWQ= |U=vWQ� |wHWv=O� OtL=Q}t |ra

�O=DU=� �|rt=aQOY |@DHt O}U
�=QDmO |wHWv=O� |i}U O}tL

TQOt C}@ QD x=oWv=O '|t}W |UOvyt |xOmWv=O

xOv}q; |=yR=o Q=WDv= QF= Q@ =wy |oOwr; '|SQv= `@=vt C}OwOLt '|SQv= x@ QW@ uwRi= RwQ R=}v
xm OvDUy |OQ=wt R= |oty u}tR uOW sQo w '|r}Ui |=yCNwU j=QDL= R= |W=v
wQV}B |=yx=Q R= |m} "Ovvm|t Q}PB=v?=vDH= =Q |SQv= xv}y@ hQYt w |} wHxiQY

|R=UxQ}NP "CU= R=}v OQwt `k=wt QO u; R= xO=iDU= w TQDUO QO |SQv= |R=UxQ}NP
|=tO hqDN= xm |Q} wm j]=vt QO RwQ |=wy |x} wyD |=Q@ u; R= xO=iDU= w ?W |=tQU

|=Hx@ =} hQYtQB w pw=ODt |x} wyD |=ysDU}U Q=vm QO 'CU= x_Lqt p@=k RwQ w ?W
pOt l} VywSB u}= QO "CU= |SQv= hQYt QO |} wHxiQY |=yCYQi R= |m} 'u;
x@ 600 pwm}ro ur}D= |rB |w=L C@=F QDU@ QwD=QvS} Q |xv=t=U l} pL |=Q@ |Oa@l}

"CU= xOW xU}=kt |y=oW}=tR; G}=Dv =@ u; pL R= pY=L G}=Dv w 'x�=Q= R=i Q}}eD xO=t u=wva

ali mirahmad@yahoo.com
m.sadrameli@gmail.com
h sei�80@yahoo.com

'|R=UpOt '|}=tQo |SQv= |R=UxQ}NP sDU}U 'R=i Q}}eD xO=t %|O}rm u=oS=w
"600 pwm}ro ur}D= |rB 'u=o}=Q V}=tQU

xtOkt "1
l}t=QU u=WOYQO 65 xm [5]OW xDiQo Q_v QO QDt|r}t 3 =D 1 xR=Ov= =@ |}=ypwv=Qo
=@ xm O=O u=Wv QwmPt |xar=]t G}=Dv "Ow@ |v}i=Q=B Tm =w |w=L u=WOYQO 35 w
u=wD|t =wy CaQU V}=Ri= u}vJty w |Qw@a |=wy w QDU@ |=tO hqDN= V}=Ri=
=wy |=tO uOw@ u=Um} ZQi =@ sy C}=yv QO "O=O V}=Ri= =Q xOW xrO=@t |=tQo
|=wy |=tO |Q}oxR=Ov= w R=i Q}}eD u=tR |x@U=Lt |=Q@ |Oa@l} |rOt PCM w

"CW=O |rw@k p@=k j=@]v= V}=tR; G}=Dv =@ xm OvO=O x�=Q= |HwQN
|DQ=QL xrwr R= PCM w =wy u=}t CQ=QL p=kDv= Ow@y@ |=Q@ [6]Qo}O |}xar=]t QO
PCM p}mWD |=Q@ sRq u=tR C}OwOLt x@ xHwD =@ xm OW xO=O u=Wv w OW xO=iDU=
u=}t hqDN= xHQO 15 pk=OL O}=@ 'u=o}=Q V}=tQU QO =tQU |R=UxQ}NP w Ot=H
|=yVWwB R= xO=iDU= =@ u}kkLt "OW=@ xDW=O OwHw PCM ?wP |=tO w =wy |=tO
u=wvax@ C18 w C16 R= |]wrNt w RT25 w Cq} Qm =Dt TvH R= |r}]DUt ?amt
=yv; [7]"OvDN=OQB |SQv= `iO w ?PH Ov}=Qi QO syt |=yQ}eDt |@=} RQ= x@ PCM

xv} Ry p=U 4 =D 3 ZQa QO =}v=BU= QO |SQv= |=yxiQaD x@ xHwD =@ xm OvO=O u=Wv
|Br=Dv; VwQ R= xO=iDU= "OwW|t u=Q@H u=o}=Q V}=tQU sDU}U |=Q@ xOW hQY
ẁQW QO xm O=O u=Wv [8]|}xv=wDU= |=yVWwB |w=L 3 LHTES |R=UpOt |=Q@
u}= `}=t |x}q u}rw= Qwy_ p}rOx@ TBU &CU= ?wr]t =tQo |xrO=@t ?wP Ov}=Qi
|wQW}B =@ =t= 'Ovm|t OWQ |DQ=QL Ctw=kt w O@=}|t Vy=m ,=a} QU =tQo |xrO=@t
=@ "OwW|t Ovm =tQo |xrO=@t |rwRv OvwQ O=R; |}=Hx@=H ẁQW =@ w ?wP Ov}=Qi
C=}[Qi =@ pOt xU [9]'x} wyD sDU}U w |}=tQo |SQv= xOvvmxQ}NP sDU}U l} s=eO=

=@ u=wD|t CU= O=} R RwQ w ?W u=}t =tO hqDN= xm u=Q}= |Q} wm j]=vt QO
uwO@ =Q =wy |=tO 'RwQ pw] QO u; |R=UO=R; w ?W |=wy |=tQU |R=UxQ}NP
Qw_vt u}= |=Q@ "CW=O xov V}=U; |=tO xOwOLt QO hQYtQB p}=Uw R= xO=iDU=
Ovv=wD|t O=wt R= xDUO u}= xm =QJ "CiQo ltm 1�PCM� R=i Q}}eD O=wt R= u=wD|t
xv}tR u}= QO "Ovvm xQ}NP |tm |}=tO |xOwOLt QO =Q |SQv= |yHwD p@=k Q=Okt
u}= QO xOW s=Hv= C=W}=tR; R= |NQ@ QO "CU= xDiQo CQwY |OOaDt C=ar=]t
G}=Dv [4�1]"OW xO=iDU= R=i Q}}eD xO=t |Q=Oxov |=Q@ |m}DUqB |=ylB wD R= xv}tR
uRw x@ QDU@ R= |Qw@a |=wy |@O C@Uv xm O=O u=Wv C=W}=tR; u}= R= pY=L
|QDW}@ C}ty= 'pkDUt Qw]x@ QDt=Q=B wO u}= R= l} Qy =@ xU}=kt QO 'R=i Q}}eD xO=t
V}=tQU p}Uv=DB u} QDq=@ xm OW XNWt xwQo u}= R= |Qo}O j}kLD QO [1]"OQ=O
x@ QHD RwQ w ?W QO =Q |}=tO hqDN= u} QDq=@ xm OQ=O OwHw |k]=vt QO u=o}=Q
xO=t |=Q@ xv}y@ ?wP |=tO xk]vt Qy QO xm OW xO=O u=Wv u}= Q@ xwqa "Ovvm|t
CU= QmP x@ sRq [2]"CU= xk]vt u; |=wy |=tO u}ov=}t R= QDq=@ xHQO 2 R=i Q}}eD
2xOWQB QDU@ xDUw}B Ot=H R=i pOt R= OwN sDU}U |R=UpOt |=Q@ xwQo u}= xm
O=wt |w=L |wQm |=yxDUwB xm CU= u; pOt u}= |U=U= ZQi "OvOQm xO=iDU=
|w=L |=ysDU}U QO xm =Hv; R= "Ovvm|t pta xDUw}B \}Lt CQwYx@ R=i Q}}eD
'Oy=m|t =Q CQ=QL p=kDv= MQv xm O};|t OwHw x@ Ot=H R= |}x}q nQR@ |=ylB wD

pw�Ut xOvU} wv �
"1392 11 6 VQ}PB '1392 10 25 x}LqY= '1392 7 1 Ci=} QO %M} Q=D
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"|SQv= |xvR=wt uDWwv |=Q@ QwD=QvS} Q x=oDUO R= |WN@ "1 pmW

ZQi u=Um} u=WxHw wO Qy |=Q@ w C=LiY s=tD |=Q@ CQ=QL p=kDv= ?}=Q[ "13
"OwW|t

OwW|t xDiQo Q_v QO CQ=QL p=kDv= Kw]U u=wvax@ =yVWwB u}}=B w q=@ Kw]U "14
"OwW|t Q_vhQY |Q=vm Kw]U R= CQ=QL p=kDv= R= w

"OwW|t Q_vhQY R=i Q}}eD |xO=t ?=Pt |=yVN@ QO O=R; |}=Hx@=H R= "15
|=wy CQ=QL p=kDv= xrO=at 1 pmW x@ xHwD =@ w jwi C=}[Qi uDiQo Q_v QO =@

%OwW|t xO=O xaUwD 1 |x]@=Q CQwYx@ |Qw@a
@T (x; t)
@x

+ PUp
�A�cpg

T (x; t)� PUp
�A�cpg

TPCM(x; t) = 0
T (0; t) = Tin(t) |RQt \QW (1)

2 |xrO=at 'xOW XNWt |RQt \QW =@ 1 pw= x@DQt p}Uv=Qi}O |xrO=at pL R=
%OW Oy=wN pY=L

T (x; t) = TPCM(x; t) + (Tin � TPCM(x; t))e
�PUp�x
�A�cpg (2)

%O};|tQO |OOa CQwYx@ t! j�t w x! i�x p}O@D =@ 2 |xrO=at

T (i+ 1; j) = TPCM(i; j) + (T (i; j)� TPCM(i; j))e
�PUp�x
�A�Cpg

(3)

%Ot; Oy=wN CUO x@ 4 |x]@=Q u=tr= Qy QO xOW xrO=@t |=tQo Q=Okt |=Q@ u}=Q@=v@

Q = �A�cpg(T (i+ 1; j)� T (i; j)) (4)

%s}@=}|t CUO 5 |xrO=at x@ 4 w 3 |xrO=at wO s=eO= =@

Q(i; j) = �A�cpq
�

1� e
�PUp�x
�A�cpg

�
(T (i; j)� TPCM(i; j)) (5)

'OwW|t u}t-=D R=i Q}}eD |xO=t \UwD OQU |=wy x@ xOWpkDvt |=tQo s=tD xm =Hv; R=
=@ w CU= R=i Q}}eD |xO=t R= |HwQN |=tQo u}@t 5 |xrO=at xm Cio u=wD|t
Q} R pmW x@ 6 |x]@=Q R=i Q}}eD |xO=t R= u=tr= Qy |=Q@ |SQv= |xvR=wt uDWwv

G}=Dv [9]"OW |L=Q] |D=W}=tR; QF-wt |=yQ}eDt |@=} RQ= |=Q@ TBU w x�=Q= uwo =vwo
OW=@ QDsm |r}]DUt ?amt |=yVWwB u=}t xrY=i xJQy xm O=O u=Wv xrY=L

"O@=}|t Ow@y@ x=oDUO OQmrta
xm [10]OW x�=Q= |y=oW}=tR; G}=Dv T=U=Q@ |@ QHD |rOt 'Qo}O |WywSB QO
PCM l} |}=v=wD xm O=O u=Wv xDiQo CQwY |=y|R=Ux}@W G}=Dv =@ u; |xU}=kt
COW w |W}=tQo u=wD x@ 'X=N |xOwOLt l} R= QDsm |}=tO ^iL |=Q@ X=N
X=N |}=tO ^iL x@ R=}v u=tR QO Qo = xm ?}DQD u}= x@ "OQ=O |oDU@ =tQo pO=@D
u; R= QDsm O}=@ xOW ?=NDv= PCM R=i Q}}eD |=tO 'OW=@ q=@ V}=tQU |=[=kD
|=tO 'CU= sm V}=tQU |=[=kD xm |OQ=wt |=Q@ Qo}O hQ] R= "OW=@ X=N |=tO

"OW=@ l}ORv Q_v OQwt |=tO x@ O}=@ R=i Q}}eD
xO=t |QwLt |}=v=UQ uDiQo Q_v QO =@ |Oa@l} pOt l} Q[=L VywSB QO
?amt |=yVWwB |w=L |QDU@ R= CQ=QL p=kDv= |ovwoJ |UQQ@ |=Q@ 'R=i Q}}eD
C=W}=tR; G}=Dv j=@]v= |ovwoJ w '|iQat R=i Q}}eD |xO=t |xOvQ=Oxov |r}]DUt

"OwW|t |UQQ@ pOt =@ xOW s=Hv=

|[=} Q pOt "2
QDU@ QO CQ=QL p=kDv= |@=} RQ= |=Q@ |rOt "1"2

'Qw_vt CND C=LiY u=}t R= |Qw@a |=wy u=} QH =@ |}=QHt u=wvax@ |DQ=QL pO@t
%CU= xOW |R=UpOt Q} R C=}[Qi =@ w

|}=v=UQ xm =QJ 'OwW|t Q_vhQY |QwLt CyH QO =wy |DQ=QL C}=Oy R= "1
R= xv}tR u}= QO "Ovm|t =O}B C}ty= sm Q=}U@ |=yCaQU QO p=}U |DQ=QL

%OwW|t xO=iDU= [11]Q=}at u=wvax@ 4CrmB Oa@ uwO@ OOa
"CU= syt |QwLt |}=v=UQ Pe = Re:Pr = ��cpd

k < 100
"CU= C}ty=|@ |QwLt |}=v=UQ Pe = Re:Pr = ��cpd

k > 100
"OQ=Ov h=Q]= \}Lt =@ |DQ=QL p=kDv= xvwoI}y w xOw@ j}=a ,qt=m QDU@ "2

"OwW|t Q_vhQY CQ=QL p=kDv= Q@ QDU@ |xvO@ Q}F-=D R= "3
Q}}eD |xO=t |DQ=QL C}iQ_ RHx@ 'R=i Q}}eD |xO=t w =wy C=}YwYN s=tD "4

"OwW|t xDiQo Q_v QO =tO R= pkDUt w C@=F 'R=i
"O};|tv OwHw x@ QDU@ QO |}=}t}W Vvm =w xvwoI}y "5

"CU= C@=F CQ=QL p=kDv= ?} Q[ w �kg/s� |tQH CaQU "6
"CU= R}J=v Ov}=Qi Qy COt pw] =@ xU}=kt QO =wy Ov=t u=tR "7

OQU Ov}=Qi QO |rw OwW|t ZQi C@=F sQo Ov}=Qi QO |OwQw |=wy |=tO "8
|=wy |=tO x_Lr Qy QO '=tO uOW C@=F |=Q@ sRq u=tR uOw@ O=} R p}rOx@

"CU= Q}eDt |OwQw
"OwW|t Q_vhQY `WaWD VwQ x@ CQ=QL p=kDv= R= "9

ZQi CN=wvm} w ?wN |tw}v}twr; |=yVWwB QO R=i Q}}eD |xO=t `} RwD "10
"OwW|t

QiY R=i Q}}eD xO=t j} QRD s=ovyx@ |r}]DUt ?amt |=yVWwB x@ =wy OwQw "11
"OwW|t ZQi

"OwW|t |WwBsWJ R=i Q}}eD |xO=t uOW 5OQUQ@= x@ \w@ Qt Q=F; R= "12
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O=R; |}=Hx@=H CQ=QL p=kDv= ?} Q[ |x@U=Lt "3"2
|}xv=wDU= |=Q@ 14 |x]@=Q R= O=R; |}=Hx@=H CQ=QL p=kDv= ?} Q[ |x@U=Lt |=Q@

%CU= xOW xO=iDU= [13]OQ=O Q=Qk QiUtD= 1 Q=Wi =@ =wy ZQat QO xm |ki=
hfree = 1 32(Tw � T1

d
)0 25 (14)

K]U |=tO Tw w h=Q]= \}Lt |=tO T1 'QDU@ |vwQ}@ K]U Q]k d u; QO xm
"OQ}o|t Q=Qk |}=Hx@=H \}Lt ZQat QO xm CU= QDU@ |vwQ}@

|OOa pL VwQ "4"2
xO=iDU= 2 pmW QO xOW xO=O u=Wv |xm@W R= 8 w 3 |xrO=at wO u=tRty pL |=Q@
R=i Q}}eD |xO=t \=kv s=tD |=tO 'QDU@ |x}rw= \}=QW uOw@ XNWt =@ "OwW|t
pL ẁQW QO "�N�1,1� =D �1,1� |x]kv R= 'CU= XNWt |}=OD@= |x_Lr QO
CUO x@ 3 |x]@=Q ltm =@ =wy |=Q@ pw= Q]U \=kv s=tD |=tO |Owta |DmQL =@
|xO=t |=Q@ swO uwDU \=kv s=tD |=tO |ki= CmQL xrLQt l} =@ TBU w O};|t
VwQ u}= |xt=O= =@ "OwW|t x@U=Lt 8 |x]@=Q ltm =@ |Oa@ |v=tR s=o QO R=i Q}}eD
"OQw; CUO x@ u=tR QPo =@ =Q QDU@ w =wy \=kv s=tD |=tO C=Q}}eD |xwLv u=wD|t

|y=oW}=tR; |xvwtv CN=U w |L=Q] "3
'|y=oW}=tR; T=}kt QO |SQv= |R=UxQ}NP |xv=t=U l} C=W}=tR; s=Hv= |=Q@

"�3 pmW� CU= xOW xDN=U w |L=Q] R=i Q}}eD |xO=t sQo 200 OwOL |w=L

"|OOa pL |Ov@xm@W "2 pmW

"|SQv= |R=UxQ}NP |xv=t=U "3 pmW

%O};|t CUO@
qx � qx+dx �Q = mpCp(TPCM)dTp

dt
(6)

kpa�
@2Tp
@x2 dx�Q = mpCp(TPCM)dTp

dt
(7)

TPCM(i; j+1) =TPCM(i; j)+ �t
Cp(TPCM(i; j))mp

[�A�Cpg(1

� e�PUp�x
�A�Cpg )][T (i; j)� TPCM(i; j)]

+ kpa�dt
Cp(TPCM(i; j))mpdx

[TPCM(i+ 1; j)
� 2TPCM(i; j) + TPCM(i� 1; j)] (8)

%OwW|t xO=iDU= |RQt \QW wO R= 8 |xrO=at pL |=Q@
@TPCM

@x
= 0 x = 0

@TPCM

@x
= 0 x = L

%R= CU= CQ=@a Up 8 x]@=Q QO xm
1
Up

= 1
1
h +

�2
kp

(9)

Q=J=vx@ w OQm xO=iDU= QDU@ pt=m uOw@ j}=a ZQi R= u=wD|tv q=@ |=y=tO QO =t=
10 CQ=@a 1 |x]@=Q AJ CtU x@ CQwY u}= QO "OQm ^=Lr sy =Q xO}OB u}= O}=@

%OwW|t xi=[=
QLoss = T1 � T

R
(10)

R = 1
hiAi

+
ln(DosDis

)
2ks�dx +

ln(DoinsDiins
)

2kins�dx + 1
hfreeAo

(11)

%x@ OwW|t p}O@D 2 |x]@=Q C}=yv QO w

T (x; t) =
�
Tin � RPUpTPCM + T1

RPUp + 1
�
e
�[
�
RPUP+1
R�A�cpg

�
(�x)]

+ RPUPTPCM + T1
RPUP + 1 (12)

|Q=@H= |}=Hx@=H CQ=QL p=kDv= ?} Q[ |x@U=Lt "2"2
R= |Qw@a u=} QH CQ=QL p=kDv= ?} Q[ |x@U=Lt |=Q@ xOW|iQat \@=wQ ,=twta
C@=F |=tO =@ xQ=w}O x@ XDNt \@=wQ %OwW|t s}UkD xDUO wO x@ C=LiY u=}t
R=i Q}}eD x@ \w@ Qt p�=Ut xm =Hv; R= =t= "C@=F Q=W =@ xQ=w}O x@ XDNt \@=wQ w
\@=wQ pw= xDUO R= 'OvyO|t MQ =tOty CQwY x@ =} w sm |}=tO xOQDUo QO ,qwtat
xO=iDU= C=LiY u=}t R= |Qw@a u=} QH CQ=QL p=kDv= ?} Q[ |x@U=Lt |=Q@

[12]%OwW|t

Nu =

8<:1 233(�x)� 13 + 0 4 ! �x � 0 001
7 541 + 6 874(1000�x)�0 488e�245�x ! �x > 0 001

�x = (x=De)=(Re:Pr)

De = 2a (13)
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r=]tG}=Dv "4
|R=Ux}@W G}=Dv "1"4

xOW s=Hv= uwo =vwo \}=QW =@ xv=t=U u}= |R=Ux}@W 'xOW x�=Q= pOt |UQQ@ Qw_vtx@
"CU= xOW x�=Q= 8 =D 5 |=ypmW QO =yv; R= pY=L G}=Dv xm CU=

|tyt Vkv |OwQw |=wy |=tO 'OwW|t xOy=Wt 6 w 5 |=ypmW QO xm u=vJ
x@ |OwQw |=wy |=tO xm CU= |v=tR Ov}=Qi u=}=B "OQ=O Ov}=Qi u=}=B x@ uO}UQ u=tR QO
w '|OwQw |=wy |=tO Vy=m |SQv= `iO Ov}=Qi QO "OwW u=Um} u; R= |HwQN w QDU@
p=kDv= uOQmxv}y@ Crax@ 'QDU@ x@ |OwQw |=wy |=tO V}=Ri= |SQv= ?PH Ov}=Qi QO
Vy=m =Q |SQv= ?PH w x}rND u=tR COt 'xmQLt |wQ}v uOwRi= j} Q] R= CQ=QL

"OyO|t
"CU= xOW xO=O u=Wv 8 w 7 |=ypmW QO QDU@ x@ |OwQw |=wy CaQU QF=
|SQv= `iO Ov}=Qi QO xJ w |SQv= ?PH Ov}=Qi QO xJ 'OwW|t xOy=Wt xm u=vJ

"OQ=O Ov}=Qi u=}=B x@ uO}UQ u=tR COt QO |}=RUx@ Q}F-=D =wy CaQU V}=Ri=

|@ QHD w |Q_v G}=Dv |xU}=kt "2"4
uwo =vwo |=yCaQU w =y=tO QO V}=tR; 8 '|O=yvW}B pOt G}=Dv |UQQ@ Qw_vtx@
Ov}=Qi |=Q@ xOW s=Hv= C=W}=tR; R= |}xvwtv 10 w 9 |=ypmW QO "CU= xOW s=Hv=

"CU= xOW xO=O u=Wv |SQv= ?PH w `iO

|HwQN |=wy |=tO Q}}eD OvwQ Q@ C@=F CaQU QO |OwQw |=wy |=tO QF= "5 pmW
C=LiY u=}t R= |Qw@a |=wy CaQU� |SQv= `iO Ov}=Qi 'u=tR ?ULQ@ QDU@ R=

"�x}v=F Q@ QDt 0 25

|HwQN |=wy |=tO Q}}eD OvwQ Q@ C@=F CaQU QO |OwQw |=wy |=tO QF= "6 pmW
C=LiY u=}t R= |Qw@a |=wy CaQU� |SQv= ?PH Ov}=Qi 'u=tR ?ULQ@ QDU@ R=

"�x}v=F Q@ QDt 0 20

"xOW xDN=U C=LiY C=YNWt "1 pwOH
xOW xDN=U C=LiY O=a@= xOW j} QRD PCM sQH O=OaD

(mm) �sQo �
210� 38� 3 26 2
210� 53� 3 38 2
210� 75� 3 53 1

"PEG600 X=wN "2 pwOH
[15] �liq (kg/lit) 1 1258

[15] �solid (kg/lit) 1 232
[15] kliq (W/m0C) 0 189

�Hm (J/kg) 146440

uwtR; |xH}Dv� =tO Q}}eD =@ R=i Q}}eD |xO=t |DQ=QL C}iQ_ C=Q}}eD OvwQ "4 pmW
"�PEG600 |=Q@ DSC

xO=iDU= |r}]DUt ?amt |=yVWwB CN=U |=Q@ |tw}v}twr; |=yxU}m R=
|r}]DUt ?amt |=yVWwB u}= 'QDU@ `]kt K]U uOw@ xQ}=O CyH x@ "CU= xOW
VQ=Ro 1 pwOH QO =yv; C=YNWt w O=a@= xm Ov=xOW xDN=U Cw=iDt |=yxR=Ov= QO
?=Pt |=yVN@ QO O=R; |}=Hx@=H QF= R= C=@U=Lt QO u=wD@ xmu; |=Q@ "CU= xOW
|=Q@ 15 |x]@=Q xm Ov=xOW xDN=U |}xvwox@ C=LiY 'OQm Q_vhQY R=i Q}}eD xO=t

[14]%OW=@ Q=QkQ@ =yu; Ct=N[

�max �
�5000�l�l

g��T

� 13
(15)

w `}=t |}=tQo Pwiv '|}=tQo \=U@v= ?} Q[ ?}DQDx@ �l; �l; � 'x]@=Q u}= QO xm
?wP |x]kv w |}=tO `@vt u=}t =tO hqDN= �T w `}=t R=i l}D=tv}U |wQv=Qo

"CU=
|QDt|r}t 13 |xrY=i x@ w |R=wt CQwYx@ C=LiY u}= xm CU= QmP x@ sRq
pw] QO "Ov=xDiQo Q=Qk 'CU= xOW xDN=U PVC xrwr R= xm |QDU@ uwQO Qo}Om}
Q}}eD |xO=t u=wvax@ Fluka CmQW CN=U '600 pwm}ro ur}D=|rB R= VywSB u}=
R}v 4 pmW QO w xOW x�=Q= xO=t u}= X=wN 2 pwOH QO "CU= xOW xO=iDU= R=i

"CU= xOW xO=O u=Wv =tO =@ CPeffective C=Q}}eD OvwQ |ovwoJ
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"|SQv= ?PH Ov}=Qi "10 pmW

u=}t |@ wN j=@]v= |SQv= ?PH w `iO |=yOv}=Qi QO OwW}t xOy=Wt xm u=vJ
VN@ 3 x@ u=wD|t =Q OwHwt |=y=]N "CU= Q=QkQ@ |y=oW}=tR; w |R=UpOt G}=Dv

"OQm s}UkD
�sQo � |SQv= ?PH Ov}=Qi QO q=@ |=y=tO �hr=

QO =wy R= �R}J=v xJQo � |tHL OwHw xDiQo CQwY |=yVqD seQ|ra xv=iU-=Dt
sHL u}= q=@ |=y=tO QO "Ow@ Q}PB=v?=vDH= R=i Q}}eD |xO=t |w=L |=yxU}m pN=O
CQ=QL p=kDv= p@=kt QO p;xO}= |k}=a Ovv=ty w xOW \U@vt xO=Di= s=O x@ |=wy R=
pqDN= ?@U Ov}=Qi u}= xm Ovm|t O=H}= Ctw=kt R=i Q}}eD |xO=t w |Qw@a |=wy u}@

"�10 pmW� OwW|t CQ=QL p=kDv= QO
�sQo � |SQv= ?PH Ov}=Qi QO u}}=B |=y=tO �?

xOW xO=O Q=Qk QDU@ QO R=i Q}}eD |xO=t sQo 200 \ki 'OW KQ]t QDW}B xm u=vJ
|=wy Q@ |Q}osWJ RQ]x@ w xOw@ OQU QDU@ '|SQv= ?PH Ov}=Qi ẁQW QO =Pr "CU=
|w=L |=yxU}m =@ T=tD j} Q] R= sy =wy Qo}O CQ=@ax@ 'OQ=Po|t Q}F-=D |Qw@a
Ea=@ xO}OB u}= xm OwW|t OQU QDU@ xvO@ =@ T=tD j} Q] R= sy w R=i Q}}eD |xO=t
xm =QJ 'OwW|t pOt |=yxH}Dv x@ C@Uv |y=oW}=tR; |=yxO=O QO =tO `} QU Ci=
Q}}eD |xO=t uRw V}=Ri= =@ "OwW|tv ^=Lr CQ=QL p=kDv= Q@ QDU@ xvO@ Q}F-=D pOt QO

"�10 pmW� OwW|t R}J=v QF= u}= R=i
�OQU� |SQv= `iO Ov}=Qi QO q=@ |=y=tO �G

'OwW|tv xO}O |}=]N �OQU Ov}=Qi ẁQW� |SQv= `iO Ov}=Qi |q=@ |=y=tO QO xJQo
"Ov=xOQm |FvN =Q sy QF= xm CU= |}=]N `@vt wO VvmsyQ@ R= QF-=Dt Qt= u}= =t=
w Ovm|t sQo =Q =wy CU= sQo xm QDU@ '|SQv= `iO Ov}=Qi ẁQW QO xm CQwYu}O@
\U@vt uwvm =sy xm =yxU}m QO xO=Di= s=O x@ |=wy |iQ] R= "OQ@|t q=@ =Q u; |=tO
uDiQ q=@ R= `v=t xH}Dv QO w =wy x@ R=i Q}}eD |xO=t |=tQo p=kDv= R= `v=t 'OvDUy sy
OwWv xO}O |v=OvJ |=]N OwW|t Ea=@ xO}OB wO u}= VvmsyQ@ "OwW|t =wy |=tO
xO=iDU= |}=tO Cw=iD QwPHt \UwDt R= 'G}=Dv QDy@ xJQy |@=} RQ= |=Q@ "�9 pmW�

%CU= xOW

MSTD =

sPnt
i (Tmeasured � T )2

nt
(16)

|HwQN |=wy |=tO Q}}eD OvwQ Q@ C@=F |=tO QO |OwQw |=wy CaQU QF= "7 pmW
"�00C |OwQw |=wy |=tO� |SQv= `iO Ov}=Qi 'u=tR ?UL Q@ QDU@ R=

|HwQN |=wy |=tO Q}}eD OvwQ Q@ C@=F |=tO QO |OwQw |=wy CaQU QF= "8 pmW
"�350C |OwQw |=wy |=tO� |SQv= ?PH Ov}=Qi 'u=tR ?UL Q@ QDU@ R=

"|SQv= `iO Ov}=Qi "9 pmW
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R=Ux

Q}N
Px=

oDU
Ol

}|
@QH

Dw
|O

Oa
|xa

r=]tQmWD w Q}OkD
TQOt C}@ QD x=oWv=O |WywSB Cvw=at w CNwU hQYt |R=Uxv}y@ u=tR=U R=
|v=OQOk w QmWD |WywSB KQ] u}= s=Hv= |=DU=Q QO u=W|r=t |=yC}=tL p}rOx@

"OwW|t

s}qa CUQyi
&(m) |r}]DUt ?amt |=yVWwB ZQa %a

&(m2) =yVWwB u=}t QO |Qw@a |=wy CL=Ut %A
&(m2) R=i Q}}eD xO=t |w=L C=LiY CL=Ut pm %Ap

&(m2) xrwr xQ=OH |rN=O K]U %Ai
&(m2) j}=a |HQ=N K]U %Ao

&(m) |r}]DUt ?amt |=yVWwB u=}t xrY=i %b
&(j/kg0C) R=i Q}}eD xO=t |DQ=QL C}iQ_ %cp

&(j/kg0C) =wy |DQ=QL C}iQ_ %cpg
&�j}=a =@� QDU@ |HQ=N Q]k %d

&�QDt� |v=mt s=o %dx
&�x}v=F� |v=tR s=o %dt

&(cm) QDU@ |rN=O Q]k %Dis
&(cm) QDU@ |HQ=N Q]k %Dos

&(cm) j}=a |rN=O Q]k %Diins
&(cm) j}=a |HQ=N Q]k %Doins

&(w/m2 0C) =yVWwB w =wy u=}t CQ=QL p=kDv= ?} Q[ %h
&(w/m2 0C) QDU@ |rN=O xQ=OH w =wy u=}t CQ=QL p=kDv= ?} Q[ %hi

&(w/m2 0C) QDU@ w\}Lt|=wyu=}t O=R;|}=Hx@=HCQ=QLp=kDv=?} Q[%hfree
&u=mt s=o xOvQ=tW %i
&u=tR s=o xOvQ=tW %j

&(w/m2 0C) R=i Q}}eD xO=t |DQ=QL C}=Oy %kp
&(w/m2 0C) QDU@ xQ=OH |DQ=QL C}=Oy ?} Q[ %ks

&(w/m2 0C) j}=a |DQ=QL C}=Oy ?} Q[ %kins
&(m) QDU@ pw] %L

&(kg) R=i Q}}eD xO=t uRw %mp

&(kg/s) =wy |tQH |@O %mg

&|W}=tR; |=yxO=O O=OaD %nt
&CrU=v OOa %Nu

&(m) \}Lt %P
&pDv=QB OOa %Pr

&(j) xOW xrO=@t |=tQo %Q
&ROrwv} Q OOa %Re

&(0C) =wy |=tO %T
&(0C) PCM |=tO %Tp

&(0C) x}rw= |=tO %Ti
&(0C) |}=yv |=tO %Tf

"|SQv= `iO Ov}=Qi C=W}=tR; x@ \w@ Qt |=yxO=O "3 pwOH

�MSTD
x}rw= |=tO |tQH |@O |=wy |=tO xQ=tW
(0C) QDU@ (kg/s) =wy (0C) |OwQw V}=tR;

0 94 30 0 0012 10 1
0 623 30 0 0012 12 2

0 51548 30 0 0015 10 3
0 65 30 0 0015 12 4

� mean square temperature di�erence

"|SQv= ?PH Ov}=Qi C=W}=tR; x@ \w@ Qt |=yxO=O "4 pwOH
MSTD |=tO |tQH |@O |=tO

xQ=tW^=Lr =@ ^=Lr uwO@ x}rw= =wy |=wy
V}=tR;hqD= uOQm hqD= uOQm QDU@

(kg/s)
|OwQw

|DQ=QL |DQ=QL (0C) (0C)

2 184 7 623 14 5 0 0009 35 1
3 04 4 326 14 5 0 0009 40 2
2 462 3 14 5 0 0015 35 3
3 396 4 095 14 5 0 0015 40 4

O=OaD nt w 'QDU@ |HwQN QO xOW |Q}o xR=Ov= |=wy |=tO Tmeasured u; QO xm
Q}O=kt w xOW s=Hv= C=W}=tR; C=YNWt 4 w 3 pw=OH QO "CU= |v=tR |=ys=o

"CU= xOW VQ=Ro V}=tR; Qy |=Q@ |}=tO Cw=iD QwPHt \UwDt
C=@U=Lt QO |Q}F-=D h=Q]= \}Lt x@ =tQo hqD= |SQv= `iO Ov}=Qi QO xm =Hv; R=
u}vJty "CU= xOW Q_vhQY |}=tQo hqD= Qox@U=Lt pOt |=]N VQ=Ro R= OQ=Ov
'R=i Q}}eD |xO=t CN=wvm} Q}e `} RwD x@ C@Uv O}=@v OwHwt C=i=QLv= XwYNQO
Cw=iD|@ |tw}v}twr; |=yxU}m pmW Q}}eD R}v w '|SQv= ?PH Ov}=Qi |] XwYNx@
pmW Q}}eD |v=U;x@ w OvDUy sQv Q=}U@ |tw}v}twr; |=yxU}m u}= xm =QJ &Ow@

"OvyO|t

|Q}oxH}Dv "5
|r}]DUt?amt |=yVWwB |w=L LHTES |=Q@ |Oa@l} pOtl} xr=kt u}= QO
=Q R=i Q}}eD |xO=t |QwLt |}=v=UQ xm pOt u}= "OW x�=Q= R=i Q}}eD O=wt xOvQ}o Q@ QO
"Ovm|t x@U=Lt =Q |Qw@a p=}UCmQL Q}Ut QU=DQU QO|}=tO C=Q}}eD Ovm|t ^=Lr
uwo =vwo |=yCaQU w =y|@O =@ V}=tR; OvJ xOWx�=Q= \@=wQ CLY R= u=v}t]= |=Q@
OQ=O OwHw |y=oW}=tR; w |R=UpOt G}=Dv u=}t xm |@ wN j=@]v= R= "CU= xOW s=Hv=
|=y=]N R= |O=} R VN@ xm =Hv; R= "OQ@ |B \@=wQ u}= Q=@Da= w CLY x@ u=wD|t
O=wt |yOVWwB |=yVwQ xaUwD OwW|t \w@ Qt |tw}v}twr; |=yxU}m x@ OwHwt
Q=tW x@ u=yv |=tQo |R=UxQ}NP |=yxv=t=U xaUwD QO |tyt |xrLQt R=i Q}}eD

"OwQ|t
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|ra &(m) pw] Q}eDt %x

&(kg/m3) =wy |r=oJ %�
&(k�1) |}=tQo \=U@v= ?} Q[ %�

&(m2/s) |}=tQo Pwiv %�
&(m/s) |Qw@a |=wy CaQU %�

&(m2/s) `}=t R=i l}D=tv}U xD} RwmU} w %�l
"(m) |r}]DUt ?amt |=yVWwB Ct=N[ %�

&(0C) ?wP |=tO %Tm
&(0C) xk]vt |=tO u}ov=}t % �Ta

&(0C) \}Lt |=tO %T1
&(0C) xQ=w}O |=tO %Tw

&�x}v=F� u=tR %t
&(w/m2 0C) CQ=QL p=kDv= |rm ?} Q[ %Up

&(m) VWwB Ct=N[ hYv %w

=yCWwv=B
1. phase change materials
2. continuous-solid-phase packed-bed model
3. latent heat thermal energy storage
4. Peclet
5. super cooling
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