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Ta(t) = 36 + 7 sin( 2�
86400 t�

�
2 ) (7)
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R= |}=tQo Gwt =D OWm|t pw] xm|v=tR COt "OvwW|t ?wULt xO=t Qy |=Q@ =tQo
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T (x; t) = v(x; t) + s(x; t) (13)

|RQt \}=QW x=Qtyx@ =Q =tQo |xrO=at '10 =D 8 CqO=at QO q=@ CQ=@a uO=O Q=Qk =@
%CWwv u}vJ u=wD|t x}rw= w
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= �
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�
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k
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k
Ti (16)

v(x; 0) + s(x; 0) = f(x) (17)

wO x@ |rY= p}Uv=Qi}O |xrO=at 'OW=@ x R= |]N |a@=D s(x; t) xm u}= ZQi =@
|RQt \QW =@ =QPo CtUk "OwW|t s}UkD �22 w 18 CqO=at� p}Uv=Qi}O |xrO=at

%�21 =D 18 CqO=at� uoty
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@t

= �@
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v(x; 0) = f(x)� s(x; 0) (21)

sm =L CqO=at w xr�Ut h} QaD "3
x |=DU=Q x@ xDU@=w \ki xar=]t OQwt Q=w}O |=tO xm OwW|t ZQi 'j}kLD u}= QO
uOw@C@=F ZQi =@ "CU= xOW xO=O u=Wv 2 pmW QO xr�Ut |xUOvy "OW=@ u=tR w
%R= CU= CQ=@a xr�Ut u}= |=Q@ C}=Oy |Oa@l} w =QPo |xrO=at '|}=tQo X=wN

@T (x; t)
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= �@
2T (x; t)
@2x (8)

"CU= Q=w}O |}=tQo �|oOvWNB� `} RwD ?} Q[ �

\QW &CU= R=}v OQwt x}rw= \QW l} w |RQt \QW wO 'xr�Ut u}= pL |=Q@
|HQ=N Kw]U QO |RQt \QW "OwW|t p=ta= Q=w}O hQ] wO QO |}=Hx@=H |RQt

%R= CU=CQ=@a |rN=O w
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k
Ta(t) (9)

hi
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T (L; t) + @T (L; t)
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k
Ti (10)

p=kDv= ?} Q[ ho w 'pN=O \}Lt QO |}=Hx@=H R= |W=v |=tQo p=kDv= ?} Q[ hi
QF= uDiQo Q_v QO =@ xm OvDUy |vwQ}@ K]U CQw=Ht QO GQ=N \}Lt QO =tQo
Q}O=kt ?}DQDx@ '12km/h pO=at O=@ CaQU u}vJty w |}=Hx@=H w `WaWD |@}mQD
pN=O w GQ=N K]U QO =tQo p=kDv= ?}=Q[ |=Q@ 9W/m2K w 22W/m2K
'Q=w}O|HQ=N K]U |=tO hQat Tx = 0 '10 w 9\@=wQ QO [11]"CU= xOW Qw_vt
xm CU= j=D= pN=O |=tOQou=}@ Ti w 'Q=w}O |rN=O K]U |=tO hQat Tx = L

MU=B "OwW|t xDiQo Q_v QO pN=O KQ] |=Q@ O=Qo|Dv=U xHQO 25 |=tO u=DU@=D QO
pN=O |=tO w [2]'xOW ^=Lr x}rw= \QW u=wvax@ t = 0 QO xr�Ut |=}=B Cr=L
8 |xrO=at pL =@ t = 0 |x_Lr QO xr�Ut MU=B C}=yv QO "CU= C@=F R}v j=D=

%O};|t CUOx@ u}vJ 10 w 9 \@=wQ QO xOW u=}@ |RQt \}=QW x=Qtyx@

T (x; 0) = f(x) (11)
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%CWwv u}vJ u=wD|t =Q |Oa@ |xS} w `@=D \U@ u}vJty
q(x; t) =

1X
n=0

Qn(t)Xn(x) (40)

Qn(t) =
Z L

0
q(x; t)Xn(x) dx (41)

"OwW|t x@U=Lt 28 |x]@=Q j@=]t q(x; t) u; QO xm
q(x; t) = (hi/k) � (ho/k)T 0a(t)

(ho/k) � (hi/k) � L+ (ho/k) + (hi/k)
x

� (hi/k) � L � (ho/k)T 0a(t) + (ho/k)T 0a(t)
(ho/k) � (hi/k) � L+ (ho/k) + (hi/k)

(42)

Qn(t)=
Z L

0 (q(x; t) � cos(
p
�n x)+ho

k � 1p
�n
�sin(
p
�n x)vuutLR

0

�
cos(
p
�n x)+ho

k � 1p
�n
�sin(
p
�n x)

�2
dx

)dx

(43)

%CWwv u}vJ u=wD|t =Q 29 |xrO=at '40 w 39 CqO=at R= xO=iDU= =@
1X
n=0

(@Tn(t)
@t

)Xn(x)=
1X
n=0

�
�Tn(t)

�
@2Xn(x)
@x2

�
+Qn(t)Xn(x)

�
(44)

1X
n=0

�
@Tn(t)
@t

+ ��nTn(t)
�
Xn(x) =

1X
n=0

[Qn(t)Xn(x)] (45)

)
�
@Tn(t)
@t

+ ��nTn(t)
�

= Qn(t) (46)

|x]@=Q CQwYx@ �44 |xrO=at� u=tR x@ xDU@=w |rwtat p}Uv=Qi}O |xrO=at pL
%OwW|t xO=O u=Wv 47

Tn(t) = C(n)e(���nt) +
Z t

0
G1(t; �)Qn(�)d� (47)

%R= CU= CQ=@a w CU= l} x@DQt u} Qo `@=D 'G1(t; �) u; QO xm
G1(t; �) = e[���n(t��)] (48)

CQ=@a 49 |x]@=Q j@=]t �=tQo |xrO=at� |rY= p}Uv=Qi}O |xrO=at pL 'C}=yv QO
%R= CU=

T (x; t) =v(x; t) + s(x; t) =
1X
n=0

h
C(n)e(���nt)

+
Z t

0
e[���n(t��)]Qn(�)d�

�
Xn(x) + s(x; t) (49)

"OwW|t pY=L 49 |xrO=at QO x}rw= \QW uO=OQ=Qk =@ C(n) x} Qwi ?}=Q[
T (x; 0) =

1X
n=0

C(n):Xn(x) + s(x; 0) (50)

C(n) =
Z L

0
[f(x)� s(x; 0)]Xn(x) dx (51)

%OwW|t pL �24 =D 22 CqO=at� uotyQ}e x}rw= w |RQt \}=QW =@ =}=B CtUk w
@2s(x; t)
@x2 = 0 (22)

ho
k
s(0; t)� @s(0; t)

@x
= ho

k
Ta(t) (23)

hi
k
s(L; t) + @s(L; t)

@x
= hi

k
Ti (24)

%CW=O s}y=wN 22 |=}=B |xrO=at pL =@
s(x; t) = m(t)x+ b(t) (25)

b(t) = (hi/k) � L � (ho/k)Ta(t) + (ho/k)Ta(t) + (hi/k)Ti
(ho/k) � (hi/k) � L+ (ho/k) + (hi/k)

(26)

m(t) = (ho/k) � (hi/k)Ti � (hi/k) � (ho/k)Ta(t)
(ho/k) � (hi/k) � L+ (ho/k) + (hi/k)

(27)

%s} Q=O �18 xrO=at� =QPo |=tQo |xrO=at pL =@ uwvm =
q(x; t) = �@s(x; t)

@t
(28)

@v(x; t)
@t

= �@
2v(x; t)
@x2 + q(x; t) (29)

%OwW|t pL u}vJ 29 |xrO=at 'q(x; t) = 0 uO=O Q=Qk =@ Ckwt Qw]x@
@v(x; t)
@t

= �@
2v(x; t)
@x2 (30)

ho
k
v(0; t)� @v(0; t)

@x
= 0 (31)

hi
k
v(L; t) + @v(L; t)

@x
= 0 (32)

v(x; 0) = f(x)� s(x; 0) (33)

%OwW|t x@U=Lt xS} w Q}O=kt w `@=wD '=yQ}eDt l}miD =@
@2X(x)
@x2 + �X(x) = 0 (34)

ho
k
X(0)� @X(0)

@x
= 0 (35)

hi
k
X(L) + @X(L)

@x
= 0 (36)

Q=Okt |xrO=at "CU= uoty |RQt \}=QW =@ Qr} w= |xrO=at pt=W 'Q_=vDt |xS} w `@=D
w 37 CqO=at CQwYx@ ?}DQDx@ Q_v OQwt |xr�Ut xOW Q=Hvyx@ |xS} w `@=D w xS} w
"OvDUy xS} w Q=Okt |xrO=at |=yxW} Q (�n) xS} w Q}O=kt &CU= xOW xO=O u=Wv 38
w 35 |=yxrO=at� uoty |RQt \}=QW R= xS} w Q=Okt |xrO=at xm CU= QmP x@ sRq

%O};|t CUOx@ �36

tan(
p
�nL) =

p
�n � (hik + ho

k )
�n � (hik � hok )

n = 0; 1; 2; :::: (37)

Xn(x) =
cos(
p
�n x) + ho

k � 1p
�n
� sin(

p
�n x)s

LR
0

�
cos(
p
�n x) + ho

k � 1p
�n
� sin(

p
�n x)

�2
dx

(38)
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"|}=tQo|oOvWNB?} Q[ w xO=tCt=N[ R=|a@=D CQwYx@|v=tR Q}N-=D "4 pmW

Q}N-=D V}=Ri= x@ Ct=N[ V}=Ri= 'CU= xOW xO=O V}=tv 4 pmW QO xm u=vJ
C}r@=k 'Q=w}OCt=N[V}=Ri= =@ xmCio u=wD|t Qt= u}= x}HwD QO &Ot=Hv=|t |v=tR
`} RwD QO R=i hqDN= O=H}= ?@U u}= xm O@=}|t V}=Ri= |SQv= |R=UxQ}NP w ?PH

"OwW|t |v=tR Q}N-=D V}=Ri= xH}DvQO w GQ=N w pN=O |=tO
=Hv; R= "OQ=O x=Qty x@ R}v =Q |v=tR Q}N-=D Vy=m 'O=wt |oOvWNB ?} Q[ V}=Ri=
?PH C}r@=k Vy=m w =tQo p=kDv= CrwyU x@ O=wt |oOvWNB ?} Q[ V}=Ri= xm
R}v Q=w}O R= =tQo p=kDv= QO Q}N-=D u; `@Dx@ w xQ}NP u=R}t xH}DvQO 'Ot=Hv=|t =tQo
Vy=m =@ w Vy=m |v=tR Q}N-=D '|}=tQo |oOvWNB V}=Ri= =@ u}=Q@=v@ "O@=}|t Vy=m
4 w 3 |=ypmW QO xOW x�=Q= G}=Dv "O@=}|t V}=Ri= |v=tR Q}N-=D '|}=tQo |oOvWNB
xDW=O u=}@ OwN C=k}kLD QO R}v uU= "OQ=O Ck@=]t [1]uU= G}=Dv =@ |i}m Q_v R=
|oO}y=m pt=a '=yu; Ct=N[ Vy=m R}v w O=wt |}=tQo |oOvWNB V}=Ri= =@ xm
OvwQ u}ty R}v Q[=L j}kLD G}=Dv "O@=}|t Vy=m |v=tR Q}N-=D w Ovm|t =O}B V}=Ri=

"�4 w 3 |=ypmW� OvyO|t u=Wv =Q
QO |O=} R |=yQ=m xm [1]uU= xrtH R= �� |r@k u}kkLt OW xDio xm u=vJ
|v=tR Q}N-=D |oDU@=w �� CU= xO=O s=Hv= |oO}y=m pt=a w |v=tR Q}N-=D |xv}tR
=Q '|}=Hx@=H |=tQo p=kDv= ?} Q[ xrtHR= 'xr�Ut |=yQDt=Q=B x@ |oO}y=m pt=a w
x@ |oO}y=m pt=a w |v=tR Q}N-=D |oDU@=w 'Q[=L j}kLD QO "OvO=Ov Q=Qk |UQQ@ OQwt
'Qw_vtu}O@ "CU= xDiQo Q=Qk |UQQ@ OQwt GQ=N w pN=O\}Lt |=tQo p=kDv=?} Q[
C=Q}}eD =@ 0 2 Ct=N[ =@ |v=tDN=U QH; |=Q@ |oO}y=m pt=a w |v=tR Q}N-=D

"Ov=xOt; 38 w 25 '11 \@=wQ QO ?}DQDx@ Xn(x) w s(x; 0) 'f(x) xm
|x]@=Q� xQ=w}O pN=O |=tO `} RwD R= xO=iDU= =@ '?}=Q[ uOW swrat =@ 'p=L

"OQm u}}aD =Q hrDNt |=yQ=w}O |=tQo |=yxYNWt s=tD u=wD|t �49
%|v=tR Q}N-=D |x@U=Lt

@T (x = 0; t)
@t

= 0; @2T (x = 0; t)
@t2 h0! t = tmax

T (x=0)

@T (x = L; t)
@t

= 0; @2T (x = L; t)
@t2 h0! t = tmax

T (x=L)

) � = tmax
T (x=0) � tmax

T (x=L)

%|oO}y=m pt=a |x@U=Lt
f = Ai

Ao
= Tmax

i � Tmin
i

Tmax
o � Tmin

o
=

T (x = L; t = tmax
T (x=L))� T (x = L; t = tmin

T (x=L))
T (x = 0; t = tmax

T (x=0))� T (x = 0; t = tmin
T (x=0))

EL@ w G}=Dv "5
Ov=xDiQo Q=Qk |UQQ@ OQwt j}kLD u}= QO xm |v=tDN=U Kr=Yt w O=wt C=YNWt
CN=U pw=ODt w |rY= O=wt R= xOW ?=NDv= O=wt "CU= xOW x�=Q= 1 pwOH QO

"CU= u=Q}= QO ,=YwYNt '=yu=tDN=U
|=yCt=N[ |=Q@ 1 pwOH QO OwHwt |v=tDN=U Kr=Yt |=Q@ |oO}y=m pt=a
"CU= xOW x�=Q= 3 pmW QO G}=Dv w xDiQo Q=Qk |UQQ@ OQwt QDt 0 3 w 0 2 '0 1
|oO}y=m pt=a 'O=wt Ct=N[ V}=Ri= =@ OwW|t xOy=Wt 3 pmW QO xm u=vJ
'O=wt Ct=N[ V}=Ri= =@ xm OQm x}HwD u}vJ u=wD|t =Q Qt= u}= Cra "OwW|t sm
QDW}@ =tQo |R=UxQ}NP |=Q@ u; C}iQ_ R}v w Q=w}O R= =tQo Pwiv Q@=Q@ QO Ctw=kt
QO w 'uwQ}@ x@ pN=O R= =tQo Pwiv u=R}t u=DUtR QO xm CU=vat u=O@ u}= &OwW|t
|oO}y=m pt=a Q=w}O Ct=N[ V}=Ri= =@ "O@=}|t Vy=m pN=O x@ uwQ}@ R= u=DU@=D
`} RwD 'GQ=N \}Lt O}OW |}=tO C=v=Uwv OwHw =@ u=wD|t 'xH}DvQO w O@=}|t Vy=m
=@ 'OwW|t xOy=Wt 3 pmW QO xm u=vJ "OQm sy=Qi pN=O\}Lt QO |DN=wvm} |=tO
?} Q[ "O@=}|t V}=Ri= |oO}y=m pt=a '|}=tQo �|oOvWNB� `} RwD ?} Q[ V}=Ri=
O=wt 'wQ u}= R= w CU=tQo |yOQPo QO xO=t u; C}r@=k Qou=Wv xO=t l} |oOvWNB
"OvQ=O |QDsm |}=tQo |oOvWNB '|}=tQo |=v=UQ O=wt =@ xU}=kt QO '|}=tQo j}=a
Q@=Q@ QO xO=t Ctw=kt 'OW=@ QDW}@ xO=t l} |}=tQo |oOvWNB xJQy T=U= u}=Q@
Oy=wN QDW}@ O=wt u; |=Q@ |oO}y=m pt=a xH}DvQO w Ow@ Oy=wN QDsm u; R= =tQo Qw@a
=tQo Qw@a Q@=Q@ QO |QDW}@ Ctw=kt 'sm |oOvWNB ?} Q[ =@ O=wt xm|r=L QO &Ow@

"CW=O Ovy=wN |QDsm |oO}y=m pt=a u; `@D x@ w OvQ=O
"xO=iDU= OQwt pw=ODt |v=tDN=U Kr=Yt C=YNWt "1 pwOH

�� 106 Cp � k TvH
(m2/s) (J/kgK) (kg/m3) (W/mK) O=wt

1 36 800 2700 2 94 QtQt
0 6192 653 2300 0 93 uD@
0 3686 1050 1860 0 72 u=t}U
0 4441 800 1970 0 7 QH;
0 1207 1085 1680 0 22 Io
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GQ=N CQ=QL p=kDv= ?} Q[ R= XNWt Q=Okt l} |=Q@ hi C=Q}}eD u}vJty w

"CU= xOW sUQ (hi = 22W=m2K)

p=kDv= ?} Q[ C=Q}}eD 'GQ=N \}Lt |=tO C=Q}}eD uOw@|Uwv}U x@ xHwD =@
QO 'Ovm|tv O=H}= |HQ=N K]U QO =tO C=v=Uwv QO |Q}}eD GQ=N \}Lt |=tQo
COWx@ |oO}y=m pt=a 'pN=O \}Lt |=tQo p=kDv= ?} Q[ V}=Ri= =@ xm |r=L
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|=tQo p=kDv= 'pN=O \}Lt |=tQo p=kDv= ?} Q[ V}=Ri= =@ "�6 pmW� OyO|t
C=v=Uwv Vy=m ?@U Qt= u}= &O@=}|t V}=Ri= COWx@ |rN=O Q=w}O R= |}=Hx@=H
|rN=O K]U |=tO |DN=wvm} Ea=@ C}=yv QO w xOW Q=w}O |rN=O K]U QO |}=tO
xm �� |oO}y=m pt=a '|rN=O K]U |=tO C=v=Uwv Vy=m =@ p}rO u}tyx@ "OwW|t
Q=w}O |HQ=N w |rN=O K]U QO =tO Q=Okt |xv}tm w xv}W}@ hqDN= C@Uv u=ty

"O@=}|t Vy=m �� CU=
K]U |=tO C=Q}}eD QO pN=O \}Lt |}=Hx@=H ?} Q[ QF= uO=O u=Wv |=Q@
|r}N pN=O \}Lt QO =tQo p=kDv= ?} Q[ xm|Dr=L QO =tO `} RwD 'Q=w}O |rN=O

"CU= xOW xO=O V}=tv 6 pmW QO w sUQ '(hi = 40) CU= nQR@
w |}=Hx@=H |=tQo p=kDv= V}=Ri= x@ pN=O \}Lt |=tQo p=kDv= ?} Q[ V}=Ri=
"OwW|t |oO}y=m pt=a Vy=m ?@U Qt= u}= w OwW|t =tO `} RwD QDW}@ |DN=wvm}
p=kDv= ?} Q[ nQR@ Q=Okt |=R=x@ Q=w}O |HQ=N w |rN=O K]U |wQ =tO `} RwD
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"OwW|tv |UwULt C=Q}}eD Q=JO |oO}y=m pt=a xH}DvQO w xDW=Ov

|oO}y=m pt=a w |v=tR Q}N-=D QF= "1"5
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Ctw=kt h} QaD w =}=B |Oa@l} p}rLD R= xO=iDU= =@ 'xOW QmP Q=DN=U |=Q@

%OwW|t x@U=Lt 52 |x]@=Q CQwYx@ pO=at |}=tQo C}=Oy 'pO=at |}=tQo

ktot = Ltot
L1/k1 + L2/k2 + L3/k3 + L4/k4 + L5/k5

(52)

"OW=@|t =yx}q xty Ct=N[ ẁtHt Q@=Q@ '�pm Ct=N[� Ltot u; QO xm
|}=tQo x@=WD R= xO=iDU= =@ =Q x}qOvJ |xQ=w}Ol} |}=tQoVNB?} Q[ u=wD|t
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O=O u=Wv |v=tR Q}N-=D w |oO}y=m pt=a Q@ O=wt ẁv w Ct=N[ Q}F-=D |UQQ@ "1
x@ 'OQ=O |yHwD p@=k Q}F-=D |oO}y=m pt=a w |v=tR Q}N-=D Q@ O=wt Ct=N[ xm
=tQo |R=UxQ}NP Qw_vtx@ q=@ |v=tR Q}N-=D =@ |O=wt R= u=wD|t xm CQwY u}=
p=aiQ}e |=ysDU}U QD=Q=m |L=Q] |=Q@ |UQQ@ u}= "OQm xO=iDU= RwQ pw] QO

"CU= Q=OQwNQ@ |}q=@ C}ty= R= |O}WQwN
u=Wv |oO}y=m pt=a Q@ pN=O w GQ=N \}Lt |=tQo p=kDv= ?} Q[ QF= |xar=]t "2
Vy=m |oO}y=m pt=a 'pN=O \}Lt |=tQo p=kDv= ?} Q[ V}=Ri= =@ xm O=O
O}OW '20W/m2K R= QDsm |=tQo p=kDv= ?} Q[ |=R=x@ Vy=m u}= "O@=}|t

"CU= R}J=v u; C=Q}}eD Q=Okt u}= R= Oa@ w CU=

"j}=a =@ QH; |J} wOv=U Q=w}O pwtat Q=DN=U "8 pmW
"|}=tQo j}=a =@ 'pwtat Q=DN=U =@ Q=w}O |}=tQo C=YNWt "3 pwOH
�� 106 (m2/s) k (W/mk) (cm) Ct=N[

0 788 0 204 29 5

[12]"OQm h} QaD 53 |x]@=Q j@=]t x}qlD Q=w}O =@
Ltotp
�tot

=
nX
j=1

ljp�j (53)

"CU= x}q Qy |}=tQo VNB ?} Q[ w Ct=N[ ?}DQDx@ �j w lj xm
|va} 'Cr=L u} QD|rm QO =tO `} RwD |r}rLD pL R= pw= |xrtH OvJ C}=yv QO
xOt; CUO x@ 54 |x]@=Q j@=]t |}=tQo j}=a |x}q =@ Q=w}O pwtat |}x}q Q=DN=U

"CU=
T (x; t) =

h�33 65� 21 41 sin
� �

43200 t�
�
2
�i
x

+ 35 7 + 6 8 sin
� �

43200 t�
�
2
�

(54)

|Q=w}O QO |v=tR Q}N-=D w |oO}y=m pt=a xH}Dv QO "CU= x}v=F ?ULQ@ t u; QO xm
%Ow@ Oy=wN u}vJ 'xOW QmP |wH \}=QW QO w 3 pwOH QO xOW GQO C=YNWt =@
f = 0 16; � = 7 hr

Q=w}O |}=tQo C=YNWt 'OwWv xO=iDU= uQ}=DU=|rB j}=a |x}q R= xm|DQwY QO
"Ow@ Oy=wN 4 pwOH |=yxO=O j@=]t
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"""|
oO}y

=mp
t=a

w|
v=tR

Q}N-
=D|

r}rL
Du}

}aD(K) =tO %T
(m) =tQo p=kDv= CyH %x

|v=vw} s�qa
(m2/s) |}=tQo �|oOvWNB� `} RwD ?} Q[ %�

(s) u=tR Q}N-=D %�
(kg/m3) |r=oJ %�
(s) ?w=vD |xQwO %�

=yT}wvQ} R
pN=O \}Lt %i
GQ=N \}Lt %o

|oO}y=m pt=a Q@ |UwULt QF= GQ=N \}Lt |=tQo p=kDv= ?} Q[ C=Q}}eD "3
"OQ=Ov

�j}=a uwO@ |Qo}O w j}=a =@ |m}� xQ=w}O R= hrDNt Q=DN=U wO |=Q@ xr�Ut pL "4
p@=k V}=Ri= R}v w |oO}y=m pt=a Vy=m x@ |}=tQo j}=a R= xO=iDU= xm O=O u=Wv

"Ot=Hv=|t |v=tR Q}N-=D xHwD

s�qa CUQyi
|oO}y=m pt=a %f

(W/m2K) =tQo p=kDv= ?} Q[ %h
(W/mK) |}=tQo C}=Oy ?} Q[ %k

(s) u=tR %t

=yCWwv=B
1. direct heat gain
2. decrement factor
3. indoor thermal comfort
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