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Finite Element Analysis of Heat and Moisture Transfer
in Porous Materials

H. R. Lee*, Y. T. Keum**, C. S. Song**, K. H. Auh**

ABSTRACT

Heat and moisture transfer associated with porous materials are investigated. The heat and moisture transfer in

porous materials caused by the interaction of moisture gradient, temperature gradient, conduction, and evaporation

are considered. The variations of temperature and moisture not only change the volume but also induce the
hygro-thermal stress. The finite element formulation for solving the temperature and moisture transfer as well as
the associated hygro-thermal stresses is developed. In order to verify the finite element formulation, the heat and
moisture moving boundary problem in a half space and the hygro-thermo-mechanical problem in an infinite plate
with a circular hole are analyzed. Temperature profile, moisture profile, and hygro-thermal stresses are compared
with those of analytic solution and other investigator. Good agreements are examined

Key Words
Moving Boundary Condition(°]% 7 7

1. A 2

o3y EHdE& 2A9 Zrld "l dudes
g 22 FE(void) S 7HAe 28 @ay, 7
Z3AY £ 83d =22 1 4 2 & AG
o] whAgic},

32 F2H9e 54, 244 59 Az B
Ao B4 T e I EFgqen
oblzt, Mot 7tx &, dAVE AFF oY
Fofd EAsy] wiEo] AFhA B A¥rt F
PHAT. E3, d 2 S dL2 9% 22 ¢
=0 Wil B4 ¥ A A FE58L

+ dGUSE et
gropohetan Alzhe) 497 A (CPRC)

*%

Porous Materia(T} 34 & &), Moisture Transfer($
¥l

158

=), Hygro-thermal Stress(+ %o
), Finite Element Analysis(+-3+8 2 3}4])

& ”*W?@!——‘ﬂ 7H“L5]°1°¥
Aol 4sAAE Luikovel 4511 &4
dg oA 9o, thEA 2 A % L
TAY H4 o2& Luikov™ s} Whltaker“)CﬂI -4
& LAEAC. Luikov?®PE Fo dene 2w
HE ffwahﬂ 5 ZO4 B9 FAM S 24}
stol, 2o 5 TAAC #F AL A
Fekct. De Vrls TV B, ¢, 24



olzy - FEH - P - 225

FEALESHHA Aed A7E

oA gol ot d 4 Fx Ay g %

4 4 grAde B3 4 44 AHgsH e
| Whltaker“)“ T EZoA9 &,

+5%F Adg #4s9 k. Comini 5
AdGe ¥33 230 EAe £x fﬂl’%% 3 3]

do™, Thomas Ve EAAZRY FaHaAHL
'1—1%3}04 d 4 23 AG EAE Ao R &4

O A%E A8 9 H]ﬂﬁ]—‘}iﬁ}. Dhatt 5@
33_3]54 Az3HE 249 392, Gong
20e zmggle AZFAL a2 WE o83}
of, d¥9e &= 9 §% AA £2& AT
Lewis 5V W) Wzt ety ojzie B9
AzEAA FHAME o]83tdq 4 2 F% dd

rl° &

o S8 89 REE AUAG, Sih SPe 23
ANHe @ W FE G A8 FASHE A
st

2 Aot ey 849 9 2 5 493
R g &A2AL WY AW F¥as mE
Sug Ausg. ew-gEde AMgEde

Luikov7}  A<td EF b WA A (coupled
diffusion equation)& ©]&3}H a1, LA
dst dAe aRHoR HEdy] 98k Steven
o Agtg EdE 8 4E HE3HE. B dTFdA
Md fged TR gFAAE AF3H7 4
st Wt H A-G5% o|FHA EAE MM o

Antg o] 2ot v w3t T3, FIAFPRe &
459 BAE AMstn 1 AA4E Sih 5o A7A
el vlwste] # AT F8448 Bl

24 $43}

o

2. 7

21 25-55F
g4 ¥ £=342 Yehls=
WAAL Luikov'™ 7} AlQkgt

olgstgon, & Aot

N

=

eE-gwEgel A
B3 3y PRAL

C% = —V-j.+ I,
= v- (KM oW+ KT-vT) + I, )
=v - (AM- YW+ AT - vT+ A% -Wg) )

71N, T &%, ¥ &5, Ct o9 A9 943, j=

A Bes oy, e Hu Eea v, = 99
KTE Q4% A% 94, KM S5-9dE A4 ©
A, AME FE B W4, ATE G55 84 A5 9

A, ARE A B8 A% %ﬂ*ﬁa vehdict,

3, AAXAL & 2o (Fig.l &%)
T = T, on S, 3)
jq'n = jg on Sy @
W = W, on Sj &)
im Jmg oo Sy )
S;US; =6dR, S;MS,; =0 @)
S;US; =6R, S3(1S, =0 ®)

213 A (5)= = %
2 HAEH%E Dirichlet AL ustz, 2](4)
2(6)2 THAM dA /% Fe 4H 57
o] £A3}= Neumann F7HL 9n| 3
A71M, T, & ZA s, oA AAE &%, j,v
AA S, & % F 92, W, = AA S; oA
91 FE, jue A4 S, MY F% EFY~, 4R

£ 99 R AA, ne A 23 HA 9
Ei-“;% YEpRATE,

4 9 EFE AE Fo] 2&7} g 250 £
3 ASEUY %71 A8 £ v)ssle s
ol A7IAA FAol 2709 o] EAjEA ",
ol uf, W3 BH Fo HE re FFHE Fd
o ggx_—wi pelstd g 2 FEAGS #4387

AAM = g 2ol Zdel agE T duA
BENS 2o ol Ik (Fig2 AXx)

MOIS[Um S ource

Fig. 1 Mathematical modeling of heat and moisture
transfer

159



ol . FHE - $HH . 285 #=ZHLYFFIA Aed ATE

L(W0X+jm)'nds:(jqd—qu)' n 4 (9)
A7, ja FE YA HE, T 714dA
o d BY2 MY, = AdolNe Y Tex
H, L& &4, W()—‘\:“7¢‘ﬂ F&, X A49e ¢
2, ng v AT oyt ol FAA R OIA
o w9 WA WEE Lehirh,

4B 4@ AZES ust vE A7 B
g R disiA HES F 2 (3)~2(8)9 AA
A3t 4(O)F o430 g gL HyAL o

% 9o,

o BN

chTudR+ fR(KT- YT+ K™ vW)- vudR

= [, i+ [ @R~ [ LOW, Xpt o) nuuds (10)

fRWvdRJrfR(AM- YW+AT-vT+A®-W- g)- vvdR

=~ J, jmvés (11
21007 4 (11)& L4A g (Divergence Theorem)
o83t Fg A Eolr}. 2(10)2 FEAFA
| 9 xd WA o] HAg, FAYS Fig.3d &
7} HdHE o] 83t 7|3E T. FHY 4d

T 99 AT €83 o 93y JDFH
AYwg ez J g 5 gk, o] o, #
A (resident liquid)e FEAHET 2(10)9]
gl g},

9

r}o off

Mt my o rlo 1o m{m

[e3
o é_l%rl

ol

TudR+f(KT YT+ KM. W) vudR

=— fs?iqudS"‘ fR I.qdR et thLi o ndsUdS (12)

wetted zone R,
T<T,
W>0

heat flux in
wetted zone qu

Fig. 2 Schematic diagram of heat and moisture moving
boundary problems

C(To)
2 /ﬁ/
latent heat effect
/
K;.C KD 77
—_— e ATf
% 9(¢))
E—
Cc(Mm
Te T

Fig. 3 Heat capacity(C) at phase transition temperature(Te)

714, C& ¥MA" &%t

A0 vhriR 2 4IDE FHAYEN o3
HIAE g o] 7] i o] £¥ad ohE
22 H(13)9 AP F= I+ v

fRWvdR+ fR(A”- YW+ AT-vT) - vvdR

=— fs‘imvdS— fRA‘-Wg-VVdR (13)
a8y, A>12)2 A(13) 2R fEHE 9
A AARE L drg &F3 ALAE F7HA7)

7] W&o B AFdAE KM AT/ vl d gk
7RSS, ( KM =r. AT)
21(12)2 A (13) S f3eAx gHA o2 FHe

g3 .

Z(S S w)elos Kl S (2] 09
A7, N>-g G 9E, N2 3 FE Y
AA, [BlE @48 vEdE, 183 += PP
AR 2(14)8) WSS 22 083} 2o

[C]. = [ <N>TINMR (15)
[CY]e = [ ri<N>(NMR (16)
[K™). = [ [BI'K"[BlR (17
[K™]. = [ [BI'K“[BlR 18

160



ol g - F9H - 4 -

25 S2HYFEINA A16d ATE

[KM], = [K™]; (19)
[K*™]. = [ r[B]"A™[BlR 0)
(Flle = [, LaR — [ ia(N}dS
~ J e Lim® naiN)S @1
(F¥). = — [ rulBI'A®- g(N)}R
o, dm (N)AS 22)
el 27le] Ao EASE Agel FAY
A WU, 53 €8 HE=E d8 s ¢4
S doin. oAdd S WA Asd,
£ A7GME Steven'Vol AU Fig.ash 2 &
A% 228 =Y. Fig.da)e) 3¢S 49
B ohEd 2o 234d 2A0A 444 & Hd A

WY a0 £E WstE HY0R s AR
Jf, €x7} dAsITn 1AF AHLS AMo=z
Ehd & k. ARo] pdt 7t £3 WE FHIH
o 7HREE, e 22 As 48+ dn.

T,—T;
Xp = X t ﬁf(xk—x,-) (23)
T,—T
Xq = Xk + TIIZ_T:((XI_X]() (24)
A7IA, Tee 99 13 258 F83e o] %9

Tk (T1=Tet0. 5ATE-& Te-0.5ATy)
O] —74‘7-'“2 ypg'}YQ Spg’}sq pg‘]'t oﬂE z—l%@_} —’F— 9;1‘&
i, gadiMde] 48 o o] Aakdd 4= gl

[CTL:IRE(N}C,<N>dR+fRez{N}AC12<N>dR 25)

A1(25)0 4= gauss numerical integration® &
BA4E 42 3l AR B2 & 7. o7]
A R 829 249, ACp =C - (1= Fig.4(a)
el 2999 19HoA 2] B_&F Rpolo|T].

(259 T ¥ & 9929 A,y
AEsd e g

[CTl.= [, (NIC | (N>dR+AC pA g,

N, 0
N, } 26)
0 .

s..te)

—

k
| q lq
P
; J
. p
i
(a)
k
1 1
J J
p .
i 1
(©)

@

Fig. 4 Internally discontinuous, isoparametric element

714, Ag, T Re®l AACIH, Azt o] Al A9
HE, (%,99), (X.¥), X, v)E €71 "o et
3 AArg £ dd. a28lx s34 & g P,

Sp T84+ s8¢

50 = 5 @
¢ o= _t_Lt%@ (28)

Ro7F AP EolY 27489 Ao R,+ Fig.4(b)
9} Fig.4(c) &2 A4gez Uxs § gloey v
7HA BHoZ po} oF ANE F ),1‘4 Fig.4(d)H
H Azt 4o & 249 ASE AT YF #
obx @A AU &5& TAH.5ATHT 2 8t
doll, HA& 5= T-0.5ATR T e}, wepA], 9
A aCpE 84U 9929 9939 T, Reaesll
B33, ACkE Rsol W3 & 48438 AL +
At A1) MY F< AAe 718 AiA= g
I 7L HAozyry & T AXNT § Ut

in=—(AM- 9W+ AT- 9T+ A% -Wg)

= —(AMBKW)}+ AT[BUT}+ A% -g<NX{WDH  (29)
im g = liml = VGm)?+ Gam)? (30)
Jw.rp Lin na(N)S=L-d-[ial(N} G

161



B L 2 IR ATk A

A FeE 2] Aied AT

q
| &

A7V, diz @AM el AW Holola, <N>
ArEACM e 22 Hold Ade F4A
AAEE = gtoldt.

rr
rN

2
=Z

2.2 34%

SEAANA 3ulg TS GAlA A 7R
ML g o] 2EHQ A7 B4, 4 a7
FIo 9% ~2E4Qe] oz FHPUE Aol

21 o)
1w

(o— o0p) + aAT + AW

o
!
-

Aqg71M, e FHHEE, B A, o

F, BT FEPAF, qv 27SHES

o} olE& &x8 & oEste Adew s
47 = o8 5945 7] Yo Ay

TR 4@EDE BeR o) ekl # .
6= E-e+ 0, (33)

Ee, AARALE S g
u = u;g on S5 34)
6-n = tg on Se (35)

714, wse FA Sl AARE WY, 62 AA
Seoll A 2AE BHEE vEbdTh, T3, 2dA
o #M9 udt MHE e YA A [N, ¥
Agr vEdd B2 tSF go] EdET,

u = [N,Juw (36)
e = [B,lu 37
YR Y AL A(33)~ABNE ol &3 ohs
3} 2e f@es dPAE 2L 5 Ao

2 ([KJ(w — {F)). (38)

74, [K].% (F}.t #47 g3 2o,
[Kl. = [ [BJ'E[B.JdR (39)
(F).= [[INJtR+ [ [N R~ [ [B.]" odR  (40)

A71A, f= AHEE Yeio,

3. FAlE Y

4

2 AFoA Add fde4L T2l elgdA
9 °%*é,3_ AF87] Aste HHH F-F% olF
BA EAY FEFRY 54959 EAE dYsln
ol&3 % Sih 59 A7 Aze}l v waArt.

3.1 9EH -5 Oo|SHA 2H

Fig.58 WHW d-5% o| 5734 &9 AgF=
9} fetasraolr), x=0%] WX (cavity wall)dl
d9o] 9z YA gE de g FHo gk, &€
PollA d& Wol A WEY Fxvt AAZAZXS
© Aotk e AL FEF24 W 5070
R 24709 AP ALY Q4= ol FojA gt
z27)0 Aae AMHo=z gx9 £x7) 77 2
5T} 150kg/m’ 2.2 FLF Arelo]n | x=09] ¥
A 600Ce] E9o2 7HEEY. AHEdE A d
o2 BAXE Table 13 204 Fig.6& A7
slo] @& Ag WEe LEEEE e AW
3} L= 170CEA, 124170 AY ¥ x-FA 7}
oF 8cm FZoj A Awistzl BAsla 45,6470 A

W & x-FE7E o 15mm FojA gwisiot @A)
' Zﬂ% £ . £8, o] 23 (ANALYTIC) 9} FEM
A A (FEN7F 2 LAFE & 5 AU, Fig.72
Az WFe FEEEoltt, FAA FEEE7}
HskstE Aol Fig.6ollA AWzt £ =gd
PR3} QA e,

Wall Transition Zone

with \ Dried Zone Wetted Zone

Thermal

Source

(@

Y-axis

Elements 24 Nodes 50

X-axis

0.00 016 032 048

(b)

0.64 080 096

Fig. 5 (a) Schematic drawing and (b) finite element
mesh for solving the heat and moisture moving
boundary problem in a half space



oz - FYE - FFH - L5 .

FEALYFHIA Aed ATE

Table 1 Material properties of coal
. Sym ) Dried |Wetted
Material Property Unit
bol Zone | Zone
Mass Density o kg/m’ 1845 | 199
. 3. 1.033E | 2.394E
Heat Capacity C J/m°C 6 +6
Heat Conduction | K' | J/mTsec | 0.22 0.89
Moisture-Heat M 2 ~ 1.06E-
Conduction K™ | Jm7kgsec 2
Heat-Moisture T | 2.20E-
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Table 2 Material properties of T300/5208 graphite
epoxy
Material Property SbS;T Unit Values
Mass Density 0 kg/m3 1590
Heat Capacity C ]/m3°C 1.28E+6
Heat Conduction | KT | J/mTsec | 3.27E-7
i
Moisture Diffusion | AM | m%/sec 2.56E-13
Thermal Expansion| a 1/C 3.13E-5
Hygro Expansion | 8 m'/kg 2.68E-3
Elastic Modulus E Pa 64.3E+9
Poisson Ratio 1 - 0.33
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Fig. 9 Moisture profile predicted by FEM
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