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Multi-scale simulation of drying process for porous materials using molecular
dynamics (part 3: multi-scale simulation)
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Abstract In this study, the numerical simulation of drying processes for porous materials is performed by employing the
hierarchical multi-scale modeling and the nano-scale material properties obtained from the molecular dynamics simulation.
The multi-scale simulation system is set up using pre- and post-processors and the drying process of electric porous
ceramic insulator is simulated. The temperature, moisture, residual stress, and displacement distributions are compared with
those based on homogenized properties.

Key words Porous materials, Drying process, Molecular dynamics, Homogenization method, Multi-scale simulation,
Atomic structure, Gel structure, Porosity

BEAEGEE o83 O34 B4 A2 He2AIY ABACIHGT: HEX
AL A& olA)

wiMnl ZYEH

ofrskw Anishd AU IAFE, Mg, 133-791
*FFl st 7AF e, Ae, 133-791
(20053 6€ 154 HF)

(20059 7€ 1Y AAER)

& e vAEd A%

2 o AzxTH FA tFAH 229 AL AR HaEA F A8, 94, 94, 99, 71E =
QAo e ook nebd 034 B0 AXEAS AN ARACIA] NN AkA AR A 2AY
A g 2AYE &4 @A FEo] g T B APeNe BaAEgs Agdoldos AMNE Ye2Ad =4
Az 2AY sl AASE A QEAAY A29S FEL, hEA Aety oiate] dagds Ak AEEeld
S M Az ex, %, HdE Jx $8 BEE 7|E] AREH vt HIsTh
W olgsl FPe FFHOE Fihe AL W§ AT
Q% gl e /1ene) meheo) siEs) g =
UaA 22e ARSAY 3 3 =2A71E 4 3 old T WHFES A8 vaEd F A9, 44,
3} FRo] 9Nz ADHETh @ B SR AU AT & 7Y, 7 22 wAEd e ddse] 7] o
= 9 sro) Wik 23 XS HIAA 29 $8e Fol o4 B2 ARTHE ] Aite A5
ST = oA AEY] FAL g ofvEt A 2AYN A4 AAY NS FA FHT e
AZTA N9 25, %, 38, HYE 59 ¥4 Wy HEIAY AlEdelde] a7dEn
of ZA Fee W=t AT v 249 ALt el 22 7AFE AsEet &l Bk
AL gre A HMEE Zhe B2gEAolr] w9 2AY sMmiess dxed AlRke S5E T
gi7lol AFL AAA B0V AFE ST <+ ¢l
'Corresponding author o #dM o n=-2] National Nanotechnology Initiative
Tel: +82-2-2220-0436 S RTA [I]E‘ AAA] AR}l 29 TEZA HE] A7

Fax: +82-2-2298-6194 . ]
E-mail: ytkeum@hanyang ac.kr o AlE# ol (multi-scale simulationy® E3 Ut} ]



Multi-scale simulation of drying process for porous materials using molecular dynamics (part 3: multi-scale simulation) 169

rr

dAe) l=do) ZEnorn M) i) ik
Zo] 7Fs¢r AT EY A EupE AXIL Q7]
ojth. wEbA olo tigh 7|& N2 AX=AME A
2ol ARHI Y= HAATAL WHoZ | A4 e
Ztel=8R1S AAlsle] B4 d&str FAske A=
< Hride] & = ez sk vt

HE| =AY AlEF ool FARQ] FFE Abraham[2]
& Ex598la} FEM(finite element methodyS ©]8-3}
o silicon slab®] microcrack Aol 3k A+E 31K
T}, Gumbsch®t Ortiz 53, 41> AFL] v|A]A, HAIH
TEY AsS s3] 184 LS(lattice simulation)2f
FEMS A3t DE)2AY A EFo)dE AA B, AS
o] Y g AAAFE AlEd ol skt Ichikawa
S[5-71 vl Z¥ol(clay) A8 FAHAIG 2 HA
534 e ujAE BAAS EAEETeR ALk, w1
AA B4 AXAE BoE @3] AsiA #EsPE
S AABIEEE o] HEIAAY AlgdHelHde o]&st
Agoz 737 ofEfe 71 A7 Al mE A5 =
ARists d&sla, 2 S8oR I WY H7lE

A AR AME eSS ol 2ol
HE|ZAY AlE#oldol] thet TheFg A7 3=
UARE, o2 1 8Folr}t AghH ol &gt At
8= 3L QAT

2 A7 e BAsases [dxag ¢ v
=4 YezAd 725 M8 de e 24
Ao = wojaZ AU F2E FNEK e A
AE BAS MR AAS AFE HEl2AY A Als
g &3t o8 B vk MY ofAte] A
Z3HL A AlEYelAstY ¥ 5, 5, HIE
agal 38 BEE V& AFEH v|uste iz}

2

g

Lo

2

Porous ceramic insulator

Particle aggregate

2. HE|AAIY AlEE01M
2.1. HE2AY rd=

o] ARE FFE Moy Bk 10237
olel AAER PAHE A%H 2de AN B4
sidels 94 2AY ML A oJHch aen
A7 2AY BAe EHAe Gyl Azl Fuc
an), dge] BASH BY Fo| Yshbr) e o
A Feynont AAE 29 AS 2 B4 29

T

I Uk 7EE Y

©

29 Ax3FE AlEEelAsiaTt. Fig 12 AFA ¥
gAY 2de] sigkeg Yepd Zlo|t}. sjaz XA
o] o= wlo|ZZ2AAY A EH pore-solid
TFZZ olFoA A, thA) pore-solid FEE =i
d FHAM B A 22 o]RoA U A FE2e=
A=z A= 9

o|Z 3l FHIEY A=F 7xFA AEHe]
Aol A&t itz sk vyl =F

2l AFHZERE vlwAEE ehlle PAF T2

Lo

I
N

el ALY AEFo)AsIATh. AEH ol A
o TheAl ABe) SREE WERAL MY I
wel Astet v, BHIG T
ujA)g 72e] $HET} WHPAT i st A8}

Gel model

unit cell

e o ey

10° 103
Macrosacle
(Finite Element Method)

Microscale
(Homogenization Method) (Molecular Dynamics)

106 10 (m)
Nanoscale

Fig. 1. Schematic view of hierarchical multi-scale modeling.
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Fig. 2. Multi-scale simulation system for the drying process of
porous materials.
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Fig. 3. Schematic view of porous ceramic insulator.
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Fig. 4. Finite element mesh, initial condition, and boundary
condition for simulating the drying process of porous ceramic
insulator.

Table 1

Material properties of porous ceramic insulator

Material property Value

Mass density 2000 kg/m’
Volumetric heat capacity 1.214E+6)/m™C
Heat conduction 0.441 J/m°Csec
Heat-moisture diffusion 0.37E-7 kg/"Csec
Moisture diffusion 0.667E-7 m*/sec

Moisture-heat conduction 0.18 Jm®/kgsec

Convective heat-transfer coefficient 20 W/m™°C
Convective moisture-transfer coefficient 5.0E-6 m/sec
Thermo-gradient coefficient 0.56 kg/m*C
Heat of phase change 2.5E+6 Jkg

Ratio of the vapour diffusion coefficient to the 0.3
coefficient of the total diffusion of moisture

Thermal conductivity 0.34 W/m°’C
Moisture conductivity 2.4E-7 m*/sec
Elastic modulus 0.69E+11 Pa
Hygro expansion 0.4E-4 m’/kg
Thermal expansion 0.3E-6°C”
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Fig. 5. Temperature distribution of porous ceramic insulator.



172 S.M. Baik and Y. T. Keum

40kg/m'e 2 HAEY. a8z
Table 19 At

oNAkel 27] BAA

rr

33. LR Y

Azrh A wet F2, FERel =E3F AA
Mooz iRz E —Eﬂ”ﬂ Eckisg Flg 59]
@9} (bye 72 17kt sAIzke] A & i) e
2ES Uehd Zolth. FHEE gRAA R ol
Uz 98-8 & 4 Atk Fig. 69 (a2} (by= 2zt 14
74 5A)7ke] A & ofz}e] SR X E e Flo]

Bo 9B dojubEA ohd

= e :
FUNCTION : OTHER
—— CONPONENT : WOLSTURE
: . LAYER 0
| 7,676 TIME STEP @ 3
TIME IKC 1
| | 7.4sEv0L e
I ?
| 7,360 )
6. 99681 !
5.76681 -

B.SHE+DL

5316401

SCALAR
FRINGES
(a) After drying for 1 hour
i = A 5
FUNCTION : OTHER
COMPONENT : HOISTURE
5.70E+81
& LAYER E
8§
4 5.55E+01 TIME STEP ; 4
TIME I¥C 1
H 5.39E81 —
5. 4E-81 {
; 5.08E+81 j
Y, Es0L
4.77E+81

4.82E+01

-
g
$

(b) After drying for 5 hours

Fig. 6. Moisture distribution of porous ceramic insulator.
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Fig. 7. Principal stress distribution of porous ceramic insulator.
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Fig. 9. Deformed shape of porous ceramic insulator.

4.4 E

£ d7xe 92k 2AY siHoR 5 v &
29) o)A BY3 FEHPOE T ANY BYS
olgsi] AXTH 2O AEA 2 WEEDH U}
279 WSS WEE TIE AR Be2AY A
NS TEHIE TR AR e Az 3HL
A Aol AsAT. oled ASH HE2AY A
Aedel 75 % #AL Bl

D el B4 sl Tele ASH wEAY
AZHOE Ty AEhY ofde] AxTHS AN AR
Holsid = Rl WY 2 38 sl shsst.

2) BABAY ABHML ol G5 L Wal] o}
2 BHS 7T 4 92 B ol 3 wsk g
oy BAe) AE S8 78 £ At

7|

o

“o] EEZ 2004% Tkl ATe] A o3}
o ATHN-E(KRF-2004-041-D00374).



2

(1]

[2]

(3]

[4]

[5]

[6]

i

~SM.Baikand Y. T. Keum

o
rat

“National nanotechnology initiative, the initiative and its
implementation plan” (National Science and Technol-
ogy Council, Subcommittee on Nano science, Engineer-
ing and Technology, U.S.A., 2000).

FF. Abraham et al., “Spanning the continuum to quan-
tum length scales in a dynamic simulation of brittle
fracture”, Europhysics letters 44[6] (1998) 783.

S. Kohlohff, P. Gumbsch and H.F. Fischmeister, “Crack
propagation in BCC crystals studied with a combined
finite-clement method and atomistic model”, Philosophi-
cal Magazine: A 64 (1991) 851.

M. Ortiz, AM. Cuitino, J. Knap and M. Koslowski,
“Mixed atomistic-continuum models of material behav-
jor; the art of transcending atomistics and informing
continua”, MRS Bulletin 26[3] (2001) 216.

Y. Ichikawa, K. Kawamura, M. Nakano, K. Kitayama
and H. Kawamura, “Unified molecular dynamics and
homogenization analysis for bentonite behavior: current
results and future possibilities”, Engineering Geology 54
(1999) 21.

Y. Ichikawa, K. Kawamura, N. Fujii and Therdmast
Nattavut, “Molecular dynamics and multiscale homoge-
nization analysis of seepage/diffusion problem in bento-
nite clay”, International Journal for Numerical Methods

[71

(8]

191

in Engineering 54 (2002) 1717.

Y. Ichikawa, K. Kawamura, N. Theramast and K.
Kitayama, “Secondary and tertial consolidation of ben-
tonite clay: consolidation test, molecular dynamics simu-
lation and multiscale homohenization analysis”, Mechanics
of Materials (2003).

“Multi-scale finite element analysis of porous materials
and components by asymptotic homogenization theory
and enhanced mesh superposition method”, Modeling
Simulation Material Science Engineering 11 (2003) 137.
“Role of atomic charge transfer on sintering of TiO,

_ nanoparticles: Variable-charge molecular dynamics”, Jour-

[10]

(1]

[12]

nal of Applied Physics 88[10] (2000) 6011.

S.M. Baik and Y.T. Keum, “Multi-scale simulation of
drying process for porous materials using molecular
dynamics (part 2: material properties)”, Journal of the
Korean Crystal Growth and Crystal Technology (2005)
Submitted.

J.W. Oh, S.M. Baik and Y.T. Keum, “Multi-scale simu-
lation of drying process. for porous materials using
molecular dynamics (part 1: homogenization method)”,
Journal of the Korean Crystal Growth and Crystal Tech-
r\lology 14[3] (2004) 115.

Y.T. Keum, J.H. Jeong and K.H. Auh, “Finite-element
simulation of ceramic drying processes”, Modeling Sim-
ulation Material Science Engineering 8[4] (2000) 542.



