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@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
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�PUp�x
�A�Cpg
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�

1� e
�PUp�x
�A�cpg

�
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u; R= QDsm O}=@ xOW ?=NDv= PCM R=i Q}}eD |=tO 'OW=@ q=@ V}=tQU |=[=kD
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%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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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
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?=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)
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?wP |x]kv w |}=tO `@vt u=}t =tO hqDN= �T w `}=t R=i l}D=tv}U |wQv=Qo
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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
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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
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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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