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B R0 318} bl Feloj ZRA| A 1 Q1 vhtE B AKmultiscale simulation; MSS)ell thaled 7hekalA] 1
S ATl 5 o]ef st MSSE 37kl 340 837 flste] 3y ItE 215t PD-MSS (MSS for process
development)E A}, 4|2 AA]E PD-MSSE PLS(3A5FA, FLS(H-AIGFEEAR), mFLS( ARl
AP, I3 MLSGEARRTEREAN & 739t 71 715e] 543 =0 7I¥E, 281 ol& 4 1= (F AudE AY
St} PD-MSSE o2A 378, 53 W87, 282 FEE 9] AP AviiEtt. A43AR] v BAKMSS)E
Hato] vt slekael LAlEel sk ofal, Zb i W EIE AAANS BAT 5 e 2 N ek 2
AS APl T 5 TS i A ES o] J, 8|3 AR FEEHE StEgofelx o] ke o]
I Qi) ot R BARE BAME Y] HE I (accuracy), AFE Q] AlAHs 3 (computation capacity), 12|11 &4
(efficiencyye At 27107 Fo7l Aol Aok & oty AXZ] s} mAlZA] s At os 2 e
o] QIA|RE, o1& Aol FTHTE (mesoscale) olA1Q] Bule WHEHARS Holw i}, ujehr] &4 A4S AFA 3
a1, AgstA AFeb] flste] SatEel st B2 A7t eqtEnt AlRbdAle] E$t PD-MSSe 3771
oJA AR H8-& A = Sl A& Thsst ZsRA AR 2 Aol

32 ¥

Abstract — The state-of-arts of multiscale simulation (MSS) in science and engineering is briefly presented and MSS
for process development (PD-MSS) is proposed to effectively apply the MSS to the process development. The four-level
PD-MSS is composed of PLS (process-level simulation), FLS (fluid-level simulation), mFLS (microfluid-level simula-
tion) and MLS (molecular-level simulation). Characteristics and methods of each level, as well as connectivity between
the four levels are described. For example in PD-MSS, absorption column, fluidized-bed reactor, and adsorption process
are introduced. For successful MSS, it is necessary to understand the multiscale nature in chemical engineering prob-
lems, to develop models representing physical phenomena at each scale and between scales, to develop softwares imple-
menting mathematical models on computer, and to have strong computing facilities. MSS should be performed within
acceptable accuracy of simulation results, available computation capacity, and reasonable efficiency of calculation. Mac-
roscopic and microscopic scale simulations have been developed relatively well but mesoscale simulation shows a bot-
tleneck in MSS. Therefore, advances on mesoscale models and simulation tools are required to accurately and reliably
predict physical phenomena. PD-MSS will find its way into a sustainable technology being able to shorten the duration
and to reduce the cost for process development.

Key words: Multiscale Simulation, Process Development, Process-Level Simulation (PLS), Fluid-Level Simulation (FLS),
Microfluid-Level Simulation (mFLS), Molecular-Level Simulation (MLS)
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1. Introduction

TR ZAKMSS; multiscale simulation)st A7} Zo]2] o7
719} DAl AR EAYeRE A& SRITH1]. AR dole] 2717}
-9 TR T RoA = A2 TRE BAF /S ARSl= Alol Bl &
HHo]7] wlizol W AR T A7) qielA Z2ke] BAL V)
HES A8l rH2,3] 7L B ATAES AEH O & AN 4f
BoflMut F48 T, 1 REG O RS 5L FAIE
At wrdaitta 7Pgaigion, o &2 qrEe] 544 A3 5
B2 AN R RFESIT2]. thiE BARE A5 242t
o] RN 49 HEA RS BE|E 27) o]de] tfRollA AL
Sk BAF 7SS B AR Floltt. ol EAlE 7 A
B REE) ASTER BHH Y, o] RIS ME AFH, &
99 s =ol7] st 74]’\} Akt 3 s dETh2).

ThiE BAls #H §53] ke She oke A3 vt

[1]. THFE BAF 713 A= (4], 2ok, 2578, Alktekets], £
S}, Wk E6,7], B=SH8] & W FehioelA wE Siw

Z8kar 2TH9]. Multiscale modeling, multiscale simulation, and
multiscale computations 5302 AR5} ISI web of s01ence°ﬂ/\1
A Ag-, FHE whd 2000 T o] EaE I 913, 1500
]/\L o]%g]_ﬂ 11;]_ 1]
kA & A= AR Holel|x] thi R o= F/d=o] gla
[5], ThE e o]y gk B33 Akl ds 7] dels) o]&
= Ao ® 84 o Al Qﬁo] 7IMES BE3to] #A45k=
Foh= ZoloH2]. thiE &
= el wet A4 7=
T2 g ATk (1) A ?i‘?ﬂr(sequential coupling)y> A Z7k4] S
E o] &% WO = ulAgT RN ofu] AL QIRgEE AATTES]
Rdlof|x] dAgte} Aileh= Aot waha QIxp AgRjow 71
4= 3t} (2) TA1A A¥(concurrent coupling) T Aol
tisto] ofe] qfRe] RS A gato] FAA R ALS Fdsk=
Z01tH2,5,10]. SA1A A¥E e A= ARE o), i
HEHA] HET} oA A, A AL Aol A QFITHS)
B ol vhekel o BAL A8 ok = slehyste]
=1, A1 Ay Bk exH il 4 ol A7 |
o Avliith 53], A5, g8}, AES 55 Eilehe slelwehe]
ZEL- JoE 7] Boks 3RS 215 thi 2 2AF 719l
B
H FYNEE Sk MSSell tist 7iido] wol whgs|oigirt.
Son et al [} F237d 7N Slsto] Akl Alaketo] 34
WHAlel] o2& thiR BARE st} #AFel = GCMC
(grand canonical Monte Carlo) 7|']-& ©|-§-510] & Jgtel|x <] At
A F2 5245 A58, 24 CFD (computational fluid
dynamics) EAFE Fote] AH U A4 359] +88H4 548 )
olaloitt. Bk, S RARIAE 12k ¥ JE%]% Fafo] &4
(elution curve)yS A A7} v WSFRITE. Lee ef al.[12]1 water-gas
shift RE&-7]0) tdte] gPromsE o-8-3to] 38t REE-21& Ak,
o] Axte S CFD A5 ] 59 31UR] Fluente} BAIH 02
AR WIS SR Thi R BARE LEEsiivh. 1AM 34 EAF k=
sletihgo] 1= 33k CFD EA AP Y g8stA 34¢] 54&
A& = 5S TF8IT. Kim et al> S8 9H3-7]¢lA] hot-

e J

>4

_10"

_ll\lv

Slat ot

B A 11

spot G5 “I5slaL, sidsh] flste] 3 EANSE CFDE &
AREBIATHT]. o] A7l & GO AlofshaL, 2] A
A, 1AL H A £ 30E CFD BARE S5t s dsisle
k7)) S5} Zoks BHRARE Fa10] THALHT]

S AT, e, L3, 5 S3h L thiw %h% A,
g, g, o] @k 32 Ui R ARGl A8, 218
AL AR JE AR E ) wlES] 5] o] == thit
A EAS zk=t) o]» A 2E 3ehEg o) /e @@l A7k} vt
et FAp)7h @7 oA thind @48 a8,
Beepl maska BARTh, A 710k ©EE 5 Qla, 34
il 7R S g Zlolek11], BERk, WA e v]A 4]
ﬁECﬂVM ofalli= Al Hs FIANTIAL, FENLE Bolsh

:‘1
ry

s

d

% *7HHLM Hf?} TR X AH(multiscale simulation for process
development; PD-MSS):= ©]213t 5715 v o2 AAA @do] ¥
B REE 7o R SR Bk U 2R rRe] RAEE st
3, ZF R B 7] RS gt S Vsl Als
X S} o] st Hxs 84 (efficiency)? Y2 (accuracy)
olek= 27K AFE 28kl A @ lofof gitt. =, dAEsh= 71”4
HOE W5 W AXE ARE Ulel A TS S E HolE
= 2} AR o] AgE ook gt

O

2. MSS and Chemical Engineering

QF7} A= 95 1 zpedo] A7k} dolo|A Q] thtR A &
A HolE AL 2 AFE Iz Ao, 1)k ul Fstel A
U (multiscale) FAR= B2 2FIA152] @1 Tl QITH1,2,14].
A E -2 o8] A(multiphase)?} 18] 4d-(multi-component)©]
A5, o8] 22 HE] (multi-physics) 0.2 AHE 4= Ut} &
St AlRbel] whek %E] o] M= 117/ 4l (unsteady-state)2} A7t
of wjet AAet 7he FAB3R= /el (steady-state) = AFAA TS
TR gk %MH% TR AL ek dukdel ok
33} sleka ) olel| 4 o] T BAF #3ks 1% 3t

2-1. MSS in science and engineering

Fig. 19143 7} el AMgshs dle 719e) 1 7)HS sk
k= EHAS HolFa vH14,15]. AAFe] 29 st
= pelslel e A Q1A St shE Tefehs Aelsta}
BAFE0] HREE SRl Monte Carlo 714, 2 18] ¥4

Length
100" m —
102 m — 3
Contin “‘ Conservation and
102 m — thermodynamic laws
104 m —
105 m — | Computational fluid dynamics
106 m — (CFD) models
107 m —f Coarse-grained particle dynamics
Brownian dynamics
10®
m — Dissipative particle dynamics
10° m —
-10 —
1070m Electror
10" m —  Method A
1072 m Quantum mechanics Time
7 / / 7 /
10125 10°s 10¢s 103s 1s

Fig. 1. Length and time scales in multiscale simulation [14,15].
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Table 1. Multiphysics hierarch in gas, liquid and solid phases [2]

of

e

Gas phase Liquid phase Solid phase
~lm Hydrodynamics (Navier-Stokes) Hydrodynamics (Navier-Stokes) Elasticity/plasticity models
~1 pm Kinetic theory Kinetic theory Brownian dynamics Kinetic Monte Carlo
~1 nm Particle models Molecular dynamics Molecular dynamics
~1A Quantum mechanics Quantum mechanics Quantum mechanics

Pl xlE thEsie] RdlEsh= coalse-grained particle dynamics,
APdo] obd A& 2 /419 321 AT FelslE= CFD &
AF, 223 AAAR] 3785 REEska RAKsE | S8l AHeehe B
THA W dojsh ] Fol Stk

W. E[2} 71, o, 2o a7dell] 2185 mutiphysics 7l
STEE Table 13} o] AABISITE. 7747} W2 Zo]e upzba
- FARSE ASTRE 2K, 1491 A AAZ RS BARE
B W 7k BEE AR

2-2. MSS in chemical engineering
Jaworski and Zakrzewska[3]= A& A1ke S8t thtE 2 dd
(multiscale modeling in product engineering)ll thated 3714] A
AN FFACE TR W AEAYALS o5t A o] Tl
(process systems modeling; PSM)¥}, F-319] 55 & o] AAI3] &
Asl7] §8F CFD, 183l #4<=2] CCH (computational chemistry)
E SISt PSME 3|, Tz, 37 F A3t 3dAe],
57 2H (process identification), &3 %k T 2] =AM Al (product
design) 2! A 71 7k 5-8 3310} pSMol] s 9 A
2 AP LER] A T2 52 (algebraic equation; AE)C. 2 3
A¥ 3, G EIR A AlZel]l E ]2 (ordinary
differential equation; ODE)°.% 7]&=Htt 3 FARE §J3F B2 Ak
23} 327 THASPEN PlusHYSYS[16] )°] 7o) 13, gProms
[(17]8F &2 27 37 RAF 22O E gl
CFD— FrAS] FEEra B g s gotry] flste] A
L olUA, 18] a1 -5 Kol thsh AviE A o7 F#sh
CFD* Folzl FAgolu 242 3xkd FAE o2 FEste] 1
Zof|A <] Trxﬂr] E4E delslr] wiell, axbdael A 13l 52
0xkel niedlo o= PSMIR= thEA| M) S g9
TZA Q] kS lq_ol——d T Q= AAS zh=t), —g}x]u} 32k =27
oA x4 55 B mEslior Fox Akrzto] ol A, A

O

mlm

[e2

A 342 EAS THA 0w dEEpell= 5t Hol Q). ujet
A], CFDi= PSM Kt 212 9 RZ QIAwm, 374 2] o] g 77
= AdatAl E4E 5 Q= 7R oE AR oY 8- CFD
package (ANSYS Fluent, COMSOL Multiphysics, CPFD, MFIX 57}
o, &of wEt vpeFabAl &8E 1 it
ARF S BHCCHYE APEAIY] T8 A0 =2 EAb%, 24k

3] %aﬂ_&_}—?ﬁ' %}‘éﬁ oﬂoﬂslx% HH%}Q ]szl 2= 01‘— 71—£’:hs} I:IO]—
‘ﬁo]q. A slol = Schrodinger 2412 o] 83101 WAk 2

< 7Nt FA el M= EAA T el - A2 A o
4_‘%57‘] el s 229S AXFstc), F4F dzfel diste] of2] 714]
force field’} Z-2%™, o] force filed:= UYA}Ieto g HE & 4=
SJt}. Monte Carlo -2 507 force field &l #4=0] 7
QP AElE A JoR golhgn, T2 3] B4
M, 4B E, 5252 5 A5eh

o] = [3lelM= BEFE Al 7HA] TR 3 AT T s
B TN 9 AR B oAs Axsith Y EARE CFD
AR AP A E F3EY, 33k CFD BARE 1Ak 52 0 &}
02 model reductions}o] G2 0] FYRALR & 4= Qlt}. 514
Wk, CFDE} CCHE= A2 FHER= 9=t} Jaworski and Zakrzewska
[3k= CFDS} CCHE 1A% <+ Ql= #d2] A8 52 = Lattice-
Boltzmann method (LBM)®_2 3313t} CCHS} PSM AR %=
AlzE oo MZ FHE= Fai2 GIAIRE, PSMelA sk 4
HES AAR)E CCH 258 dS5ste] 92 5= 97 whizell 4=
KA1 Aol ST}, Table 2= 2} 115 BAIA Y] o= 9 &9

TE HojFr)

o} wo} 9 e} Rolelre] thit male] the e the
o] Wil 2Ajs, Ak rsele MES F ekt

a2 9t} Jaworski and Zakrzewska[3]9] 35 TR BA} 7HS
AR} 52 BAFF(CCHPIN FA15-(CFD) 2.2 2] AUzl 5
2 ztolE wojErt, 3RS 918 thi ZAKPD-MSS)ell 54

Table 2. Input and output information in multiscale modeling divided into PSM, CFD, and CCH |[3]

Modeling tool Models Input information Output information
Process models Flowsheet Material streams (P, T, Q)
Thermodynamic models Components Energy streams

PSM 1D mass and heat balances Pressure (P), Temperature (T), & flowrates (Q) Heat duty
Steady-state models Process unit models Optimum operating conditions
Dynamics models Operating conditions Product yield and purity
Process optimization Objective functions Economic analysis of process
Geometry and meshing Geometry of processes Velocity (u) profile in 3D

CFD Continuity equation Initial and boundary conditions P and T profiles in 3D
Navier-Stokes equation Thermodynamic properties Concentration (C) profile in 3D
3D mass and heat balances Computational parameters Product yield and purity
Quantum mechanics Moleoda o NMoleuls geomety and properts

CCH Monte Carlo (MC) geomelry and prop

Molecular dynamics (MD) Force-field equation

Initial position and momentum of molecules

Thermodynamic bulk properties
Morphology and structure of the matter
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FANEL SIe Tt mAbie) G 13

S B =M BT AR 7R (meso-scale)
= T 47 thiE BAP TS AR S, Aol Fo1%

4
58 el g o BAL AE A7) g5k Hxke] 54
S AEshs gAejstolely] Rk YAES sk AR
ALl M HE] Al Zs= PD-MSSE AlAE Zlolt)h. FHTE (meso-
scale)el] 2] HAR= of#] 7] Eo] EASHAINE, T2 f:419) 352
2 AZ¥ slet W BE 3742 50l BHeF v A S F (micro-
fluid flow) T2 & Ak Zlo|t}.

v

lo ri

I

)

o

3. PD-MSS (multiscale simulation for process
development)

B o= E8AQ) FYNES 507 s thiE BAKPS-
MSS)E flate] 4WA] BAL7IHo] AAfTh: B RAKMLS:
molecular-level simulation), ®]Al-f-#4= EAKmMFLS: microfluid-
level simulation), A5~ 5AKfluid-level simulation), ~12]3 &4
T AKprocess-level simulation). ©15 47l TFEOAIA 2] BAR= 5=
2 EakR oz AkEn, o] & PRl sk Yr) ks &
< TRl Al AT S H e

EAFEEAKMLS) = B A olA B2k 545 e et
Monte Carlo (MC) 2AF} B3 E Aol EA4=2] 54 o
3= Molecular dynamics (MD)E 2 TRECE 419] oflU %] Hl
AL Fxpedste] 7IWES: £ DFT (density functional theory) 2]
g =l

FAFTRAKFLS) & == CFD (computational fluid dynamics)E 7|
HEo 2 S}, 749} g Qg do 7 IEw, 1Ak AV &

Oq*‘”wi 7Pgste] £, 2, 181 RS 2k &
< 3R St A ET 3 A1 =3 f5S Rl she
Tl’oLo“ 74 3 F=2 1782438 (unsteady-state) B2 ARgahe| %
Ul Alztel whet JAst Eul2 B4 vhs 1efd wie Y E
s ARg-git)
<= FAKPLS)i= %1%52]2] PSE (process systems engineering)
oﬂoioi/\i %’@E%‘%, _70'_78] A _:_X%ﬁ;ﬁg. LX%quo] =s _Lbﬂ—
3, 3 Aol tiste] 0 2H F-2 12 el F% -4 ET*J%
At A5 T2 SEH Bds ARgetaL, @ 57

ARtel met EREEE, =% 5)0] MR v oLEH rds
AREeIt}, 12kl 37 ko] =8| sk 1efd i distributed
system(3<F AN 2 Tl ghTt

ol

_11,\1v s

)

O

o]—J
d _l_>i
s

j—‘

3

10,

:1_'__

}L\
J

1'.1
mo rlo =°.‘=‘

[

FAFEEE nm 752)7 SAIFFO1=E mm F52) dololA
2 Aol 2olt, of Sk FERA ARA FES) Ad vt 2

Q3lth FAEE A R} et she] Ass 1Eska, o] B
o 2 EAAME A N & 59 TX}*‘ Fijolg] At
HALsl] A5} APES A6l eled 4= Qlojof Hct, nlAlf-
A4S AHmicrofluid-level simulation)s= % FA412] E4d¢f u}
2} oeFet WhH o w2 g sllof 3 Aoltt Ak, fAllTE 181
TS A e A7 H&E o] SR, vARAGES
HAAIA 07 BAX S 1ol 0 7 AA 07 BL. odr) Ha)s
A HEHrh2,6,18].

3-1. PLS (process-level simulation)
FYFERA] ATYole BekFae ofe] ARk F PSE

(process systems engineering) =~ CAPE (computer-aided process
engineering)®} 71 7FATE. PSE toke “&-8<r8t, Alile), oy
F7]Ee] EA Ve e oIy, oJ7]elM, S8k TR
FAS £33 tha=8H(Linear algebraic and non-linear algebraic),
ODE (ordinary differential equation), DAE (differential and algebraic
equation), 72|31 PDE (partial differential equation) solution methods,
Optimization 57} 5-8H4 R ele) S o)et A5S wair), Atushe
ol =8k A AHFEE ol && Aol = 5 9loH, =
7% (Fortan, C/C++), A12}8}, 7158 AR E 0] (CFD codes,
simulators, Libraries, MatLab) ©]-&7]&-& &3it}, o8] ¥&7|s
spelaele B3, stet, AEgel, 71det, Al e, vEeA
SF T T S-8toks BEtH19]. B3, PSE weklME ¥
U/\} A, A, B Ale] S Aeh, Ak AR, &
&, Ak ~-J PAAAA T AXNAAAE SE)2] ©
/Naq o wigro @ 3 malA A mAE WA U]“‘Ki
He HFEE o]8ato] E—ﬂ o] A= npo . AIAIAE Al
Asto] A28 o)A FES s= Alolgty jER o7 Wk 4= 9]
[19,20]. AE421 PSES] I8k Fig, 204 Bt} PSE= Ak
AN =2 stekygdel dish 7824 B (chemical engineering
science)®] A= AAElst] 3G 7|13 kTH20].

T PSEX= $1=3= smart process manufacturing, © 2l 2= nano/
micro-scale Z A 7}4] B4 11 9] 01, complex system®]] T} A
AR A4 Akl Qrh21]. olef et #H < 532 PSE A
&2 Fig. 3014 Kot

PSE/CAPE®] T Az AIAF A, 4 RAL HA 38t 5 7t

= °" °-'~ ozi o rlo

T
A

e _YL _u o”: kg OH

| Physical phenomena |
I |

Chemical engineering science

ﬁﬁ

CAPE / PSE

Engineering solution

Fig. 2. The traditional role of CAPE/PSE in engineering solutions [20].

Nano/Micro scales

Experiments/modeling

Meso/Macro scales

Process Simulation/Design/Synthesis

Marketing/business

Product planning

Scheduling/Optimization l
Operation/Control I
Process/plant I

Process modeling/design/synthesis

Molecular modeling, computational chemistry

Fig. 3. Expansion of CAPE/PSE to the multimode/multiscale [19,21].
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14 4
S-S 53 7157183 database 5ol 103%, = A9 =}
F3to)l gt Soll H4E5 Et oleigt sHEA AAIE v
2 %39 PSE/CAPES] & dq-itol= Flg 3014 RojErt o]
TR AEL JabgAlel A A, AEAYAL, h), 1%}&‘
slef] o] 2= AES] el FL7EA L ANFAR] Tl H A olX]

o1, A R7120% Q28 B 39S woiFa irk1o]

3-1-1. Material and heat balances

TAFFERA M E guta o 7 031 22 13} Fl A A
7} oln] &1 QlE £ ETh= 7Sl £ 444 (material
balance)?} L] —’F 12 (heat balance)® & FLHFSITE 77 dEl
(steady-state)®] 7d-¢-, F2&o] Al2HA| 1L, =Y FAIANE Al

0=Input-Output 1)

JZi-l

=

o]f3t 2|42 2 A8 =2 143 tj5=2] (linear or nonlinear
algebraic equations)®. % X & E=tl], A& 2] ¢ AYPH= & +
SHAIRE, U131 9= REEARte] Q7T iAo BE
= 3992 1|X]<=(unknowns; x), 2QIAH®), 18]1 Bk}
e A (o) B2 Y

f(x,0,0) =0 2)

ofl

‘Ol!
Mo
R
2
ol
=
&

A 78 BAE ] (process simulator)= A3 =
219 BE Tate] Folxl Y 23del whE ST @RS,
U945 598 A, v dadele] 34

r(%’-t‘,x, a, e) =0 3)

=
g,
rlo
&
K
e
k)

Eq. )2 Akl me 132} 15*1(‘1* Rl E2EL xFslal glo
w, dgF 52 257} A7te) wet tﬂo}—— FEANE TR Ry
ot} Akl Tt 13} mliE2lo] x23tEE= o] v YHE] SR
< 8] HsliMl= AR ] (time integrator)” | H 23}C}. H7g
e 3 EEE AXFE 4= 9= dynamic process simulation(F-2]
FIHEANS FE ALTH 1 AR ol 32 sEAS
sfelsEA, 3l T (batch process)lA] E-E-HTh

3-1-2. Thermodynamic properties

=4 9 ofux] AR BHEE FRDS A7) SlsiA

=2 AE, E8 ST 49gediee] OV%"]: S, w5t
353 ALk 98t AREEE ol e A (EOS; equation of
states) ©] ZAsHH, FIX] Aol BH= EOS7} ARg-E]ofof gt}

T A3l tigt FoIshd] E/J7kell tidt DBE4= AIChE (Ameri-
can Institute of Chemical engineering, V=3l 8}3])ollA #|&-5+
DIPPR (Design Institute for Physical Properties), chemoinformatics
g} WE3k= ChemDB (http:/cdb.ics.uci.edu; [22]), 7= NIST
(National Institute of Standards and Technology)el|Xl #l&-8}= 22}
Q107 A&l Y& 7153 NIST Chemistry WebBook (http:/web-
book nistgovichemistry/; [23]), €15 <14] 7l KDB (Korea thermodynamial
properties data bank)i= 3}8}3-8}177% HAIE| (ChERIC; Chemical
engineering research information center, [24])°14 AM-57 A%0]
7Fsatct.

MSSe] sk 7o RA dofehs] EARLE FAAL - €83t
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Database

(

Thermodynami
Property
Pred|ct|on

Statlc/dynamlc
Process simulation
Schedullng/plannln

Model I|brary and
development

Capacities

Flowsheet desig
synthe5|s, contro
optimization

Numerical
algorithm core

Fig. 4. Contents and capacities of process simulators [25].

of A= 5 9ov], AFPIEL v B T of% Tz
13801 Agslo] SieH2s)

3-1-3. Commercial process simulators

5 FEA | (process simulatoryi= b4 A st g mdly] AR
ot database, 218 =73k, A2, SHRA} oA & 2
grelth2s]. 3EAP] f Ui R 8l 3ARAR ] 8842
Fig. 44 HojErt, g 48 TYEAP 2= ASPEN Plus/
HYSYS (USA), ProSim Plus (France), ICAS (Denmark), Proll (USA)
50 it} 54 T FAP) 2+ ASPEN Dynamics, HYSYS dynamics,
ProSim Batch 5©] 21 °™, $=217|1F 37 B AL (equation-oriented
process simulator)Z+= gProms (UK)7} th3E2]o]™, Matlab Simulink
(USA)PIM = Aol & thekst S BAPL 7Fssitt.

S RAY = Z/J ¥ PFD (process flow diagram)ol|~] 2}

g4
Hlgel e 21 35 2AGE, &5, ¢E)e ARlsh] el
34 712 AA W ARgEITE BES % JRAPIE S8kl Al

€ ofe] 30 iste] A BIHE ST 5 o TYME
2 9l3te] FYWAPIE= BEAole,

3-2. FLS (fluid-level simulation)

Tr;q] U}\]___ CFD D/\].i q}uﬂ% _/': o) oq O]H]—X‘]i 7])\1—
W} I8 3 e YAl 0} }_j:’ 7Pgato] And 2
(governing equation)e 2] 22 3X]'“{_ {ollA] sfAlshe Aot

Ay 2ol A BrpeoR A Qs AES :r“‘q 14 2] (constitutive
equation) ]2} ¥},

3-2-1. Governing equations in CFD modeling
A= EVARS | \:H‘Gl— 2|ulg 4] (governing equation)y> 15547
2], Navier-Stokes 2], oA BE2] AE-E2 522 082 /e,

%% =-V-(pt) @)
oJ7]ellA, pt W (kg/m’)O) L, G2 SEHE o)), o] AL A
HHA 2] (continuity equation)© & E-2]-¢-1 | FH-EAFX|AS o))
Bk, FAY PRIV S T WIS s A i

F}3LA| (Cartesian coordinate)oll A V = (a%%a—az) o}, &xalE=
3= (u, u, w) Otk o] A& A O] BIHMFL ¢ x y, 203, AZH

: L O = L .
of T3t vt 5%% T4 28 (accumulation term)O = =



‘?‘J— Eq. (4)9] QB 3o Tl tht thF-3(convection term)
op _ opu, apu 6puz
o

—u, _B+u -B+u ..B+pv ]E}[26]. I e 9] ﬂo =25} 6 =0
O]E]r. “’FO‘ ‘3—'1”3} 22 HAFHA 5 ﬂ(lncompre551ble ﬂu1d)l‘—
7 Az} FEEke] tiste] WekA] ko E e

V-u=0 ®)

o= ZreketA rEET
Navier-Stokes (NS) W20 2 Udefx] Q& 5 HEAS o
=7} 2rt26].

t= (Vi (V) + 2V 93) ©)

0%7]"1]’\1 P o), g &= FEK o
3= Kronecker delta 4] ,
2 [3=1 0=

5,0, if i#j

b

=], u= Newtonian H%=,

@

o

|t}. 2% second-order tensor®A] 3% Cartesian coordinate®l| 4]
= o3 2o] ol 2AE Zh= i3 (symmetric matrix)©| T

Tir Ty T

xXx “xy ‘xz

2 _

T T Ty e ®)
Tz Tyz T2z

Newtonian fluid NS 212 x Wk £ 50 tsle] Arishd,

Ou, ( 8u ou, 6uY

ot Ox yay r=

P (Ei‘txx N ?..‘EXLC ot
ot

a ZX)
== )
Tox \ox oy 0z PEx

Tox = 7 u(zal::) + %“(V : l_'>]')

0
Ou, Ou
=_ ..._l’+_..i‘)
Ty H(ax oy
Ou, Ou,
to= (5 2) ©)
B|FEA Aol Tigk NS 212 Eq. (5) o= ¢l
9
p%ifpu Vi-VP+uvii+pg (10)

oft}. o] A& x W el e A7hsH,

ou, (u 8ux+u 6ux+ 8u) oP ?_Z_u_er?_z_u_er?_z_u_x .
(I

ot} ol A] BEAL ta3} g2t

pcp%% =_pcpit- VT-V - (-kVT)+Q (12)

] 2ol cpi= AeFo] 1, T 250, ki= dALASFelt} Q
T edn 2 A 52 4 ofuXgelrt. oux] REAS

L
o 1. == RS =1
s

FEEE BRI

2 2. 2
oT_ ( oT, oT 6T) (6 T 0T 0
= —+u=—+u +k oT 0T, oM,
pcp ot pcp uxax yay zaz 6X2 ayz azz Q

(]

TAelM 9] Ay 15

13)
ojth. ¢ 49 9% A WA G ouix] FHgo|1, 22X 3 W
A A ] oAt AT, D8 5 A S 4
+°ﬂ OJgk oA Aketolm, Al AR &2 oA A /B o R
wiar,
H-‘?%Zél Z] 2] (species mass conservation equation)> 1= “J3-
ioll thato] vt o] mdE
oC;
ot
oJ71elA Ci= §eolal, D Ao, R gekg-4ieo]
t} o] A w3l =28} thFatk, A e 3 ABAl A
g¥le] 3t o] 41—% 3 A o tiete] A #HEA ok
2 > 2
Cy, acA) D{a C2A+a c2A+a ;’)+RA
0x oy z

=—4-VC,~V-(-D,VC) +R, (14)

9C, _ ,( Cay
ot ox Y oy 0z

o|t}. CFD FEofA "] Zhell thek E2]=e] 12} nlEAe SAE
(accumulation term), &Pkl thet Ee]&ke] 12} vlit-a &
3H(convection term), 22} Hit-2l2 EHFk(diffusion term), 12|31
ultAo] ol FEMFES] Ao r xdE g AN/
(source term)°. % F-FET},

Arg 2} Zhzke] e MR AL W91E 7o) 3, &, A%
e R e e e i B e K e ‘%11),
S5 HEAL DO A7 £ gms
U%) RS Qe AN o] Bkl (L) ThAok st
5 BEA (NS equation)?] TH)&= Tl F-IF 318 LER)
B3 AR 3 HEAS u|sit)

O

Ho
Of

03#
o
%

(]

¢

d

3-2-2. Independent and dependent variables, and constitutive equations

CFD ZelojlA] il 212 % 470, Eq. (4), (6), (12), 12T (14)

o]a1, 554 (independent variables) i= B 471(t, x, v, z), 5W
“*(dependent variablesy= 32 N7J2] Adof] thsle] B N+5 [p,
P, 8 (w, u, w), T, Ci=1,2,..,N-DJOITh. A%, Augg 2] St
N+4ZA gk (vp)el st 737792 (constitutive equation)©]
A gt A Aol jE Aulbg Al o] F&5E = AR, Folxl
A2] B/l what g A2 vheFetAl o) s o, ANt

=HAT 9] H9l= ARAPF A7 sto] Fofrlof gt ATk
AREA o & FAAES o]n|ah, B dElelA A1 55 A7E

otk 3708] TS A B2 3] 3k EE o],
A2 A IAel7| & shk AR SRR B AR 270 R
3V} (discretization)= sfloF shH,
HAA CFD RES %] At o=l islE
meshing®|2}at $htt,

TERTE B S ool o] SR TE ARG HH &
& A B2 HEE 27| wiitel] BiH ¥ A Rl B2 mesh
7} aeh, FhEEelA Eelie] vistel] AE A 0% mesh] F1
717} W 3}8k 739~ adaptive mesh refinement (AMR)Z. 5331 H-5
T AT} SHAITE UlF=E2] CFD solvers AFHEAR| B|2] meshE 7
SHAl Hrt. whEbA] ARSAES] meshing 7142 CFD A3bgkell 93
71%1ct, ARFA 0 2 CFD BARE 5788 W= mesh 7ol thgh Jak&
FAES], mesh 579] S71el whe} Eej@e] A wiskel| o= Ha
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R o =



16 4
momentum Heat
Mass

Fig. 5. CFD model coupled between momentum, heat, and mass conser-
vation equations.

mesh ol EARS =3faljo} ghr},
AZPYEEo = Eejsfo] wWo| Mg -9, 22 AJ7HHA (time step
size)e] D3k, ARRIAS ARGAE 3 Jato] g3t gror Fof
A explicit solvertkal 3k, A7 0] E2]ke] Wsle] wpe} 2}
FHo7 2449 749, implicit solverg}1l Y=t}

3-2-3. Model parameters, initial and boundary conditions

FERT N5 7le BB AR Al 311 Wkl A =ofof o}
o, Azl wet WEt Gl A9 A EIEA Eq. @), (6), (12),
831 (14) &) 9Z%3o] 2% oo ¥t} CFD R E =
L 9lof] o] A4 4l Q1xK(parameters)=©] Z‘—XHZ‘}E} U]C g
5, 989, GASAT, AT 52 49E 23w %.‘J:_Oﬂ
e} Wsk= ghEolth. weba] 2 Aol thet doishs] S ke At
EAP7} Al 53, CFD code Ul databases E-g-3ljok 3 Zlolt}, tf
T EARA = o] gt Aot 2dgks SATTRARE 6t

AL, o] gk& CFD BEARelA E-8-8 = itk el 24, Eq. (14)
= REVERto] B e, ARk 0 = whgAdrgho] Ao m A
BAAIE, THTEEARS o] &3hohd, EAlEoll4] o5 = Slth.

°]% CFD R Fig. 59} 7o) M= njd g o duwo] 9l
o} webA] FEA O F CFD BE A& FAlel Eo4 #lE Faiok
st} ARl FAI R BE AS EA W, vAEdow Qs
o] 9 =5 F3k(determinant)©] 0] =i= singular point’} Uk
& Qlnt. o] 3 TRl ®eksl7] 218ke] CFD codeol] Wt 25
2 T} solution strategy”| ©]-&-F T},

oF CFD E& B uli g2 o 24 aE Fal7] Slslixe=
A Fslof gtk o] 5 RHAES AR uAdFA 0% AsEo]
o2 48| (analytic solution)s 75171 BER= =% 2 (numerical
integration)= 3flof gkt A7kl thgk ]—E{%«l A QA 271
ZZ(initial condition)®] & Q38}a1, Pyl gt ulE-gke] Hi-
< 9J3lA ZAIZ7 (boundary condition)®] Q7-#T}. gk -
AP = 2xf ulio] Qlor R, 2o ZA|IZo] F st

A Bl 30 el vt A xR siiE
ot S-S AAFHo| R, CFD BYs 3“* 3b7] el v
AalAok sk, FA2UE WA b, HA AT 2= A
CFDE o8-8t 347 %e] w34l oot}

3-2-4. Computation procedure of CFD models

CFD codecl] W} A4t 3L oz th2 5= A, Fig. 62 A
HIAIR) AT S wolET) Folzl FAle] tisjo] AR Al
WA RS Aekar, =39t RalAbgks gal Fok gL
549 33 25 181, o] FFof theke] meshingS $F U,
7} meshing pointollX] 271227117 A AAANA BAZAS Gt 5
O g 218 of @A Ak =] o3t 4=%4 1 (numerical
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e

Pre-processing

- Setting of governing equations

- Physical properties

- Model parameters

- Geometry and Meshing

- Initial conditions (IC)

- Boundary conditions (BC)

- Setting of computational method

[

Processing

- Calculation on computers

Il

Post-Processing

- Result analysis
- Visualization of results

Fig. 6. Computation procedure of CFD simulation.

method)S g $tet. AFg-AF= o] Yt
procedure)elX] G171 EAE F78H4] 02 o 1]5]*‘: A& st
], @A AAE et A Rdd o2 ndsh= A7 FHE B
AF A3te] AlEdE #9-git.

A 2]2H7d (processing procedurey> - T2 Aj7to] A =5
a1, W2 ARe] ertE A, o] 3 ARV |7F A2 02 S
o}, $212] 317 (post-processing procedurey> Ak ] oA A& A
£ #4sta, o] AE T FoE AAslehe wAlolt) H
t2-2] -85} CFD codes (ANSYS Fluent, CFX, ComSol Multiphase,
MFIX, CPFD):= ©| &3t 354 A4t2d-& GUI (graphical user
interface)= TN EE ARH-S sXslo] HeJsHA| o] &8 4
At

A2 Al (preprocessing

i&

-

P

-

3-2-5. Multiphase CFD simulation

P (multiphase) 013 114}, WAk 1) 31 7o) FESHE ALE
o2 37go] T @Z‘é Zh=t) tHde Big= iR
k<= 31t} gas-liquid or liquid-liquid, gas-solid, liquid-solid and three
phases[27]. Tl et =S A7 2712 FE% T} Eulerian-
Eulerian (EE) W%} Eulerian-Lagrangian (EL) %He]t}. EE W
> RESS ?iﬂ,—”(contmuum phase)© 2 7}551= Zlo] 11, EL %
HE sl A2 5o E U oF AR AP (discrete phase)
o5 sk Aol

EE WHH2 I 2714 Wi o & thA] HEEEd], VOF (volume
of fluid) 2@} Eulerian @]t} VOF= surface tracking method
22X F 47 AR Ao)A] ek 7d-9-(immiscible fluids)el] ARG
ol A2 A s 4%, Eulerian 295 ARg-Sliof ap,
Eulerian Z2-2 7} o] tiato] A&7 29} 5% HEAS B
AME3ITE Eulerian 29> VOF RRZ= tf2 7] F 4 7+ 5%
13} 212 (momentum exchange coefficient)S 2t drag force T©]
23T} 0] drag force - AW O R FolH M, £AI &
Aol w2} o182 drag force”| 7 2] EITH?28].

gl 3hE tPdS EE BalE HE 74, granular flowsE}



ofd
o

7N

(tl

I =891, 7P AR granular flows 59 sh= 53
(fluidized-bed)°] T}, F552 1S dAHdow Hojs A,
kinetic theory of granular flow ©l| T4} 1174 granular temperature
CFAIAR el ik Auigd 2] <k 717} 371t 28-30].

7] 1A )R] AEE = A Ak | fl8te] 14d]
o QAo 2 31418 7-9-, Lagrangian approachz}il 3HC}. EL
Bdlo= A7 27H4 Edlo] EA$itt. DEM (discrete element
method)[31]%} MP-PIC (multiphase particle-in-cell)°]T}. #2}]
g BdloA] ZF 2210 FAYNE FES 5 A2HA EEHA)L
£ 7]%38%0], DEMS 1742 Z47+2] gizte] tisto] &2l &%
A2 A S AL3TH32]. o= JAF il st 7SS HAS v
¥} 2t

9
m 30 _ g

i dt rotal,i+mi_g> (16)

o37]elM mi= i Ak Aol G, = i particle?] S5 HE0]
), Fpuic O AP 800 Z 35 lag o s mds slolok A
709 S5 W 9] Aol T8 7 k) el PG o)
el ek digrel digh & fo® ek MP-PIC 233,
3412 37l diste] YAREAEES (particle distribution function)l]
th3t Liouville equations ARE-31C}. Liouville equation©l| 4] -3+ ¢
AREEZEF(DE ol88to] A B 5 HEAS kst

EL 2dofx= 3del tldte] kinetic theory of granular flows
283 dth BE B2 a3 S e® (el ® EL &
9] DEM Kt ARt Alte] A ARt DEMS A4 AR
2o Mk 7l IR} ol e TR ]ellE U BE ALY A1)
29 Ao = et Wb DEMS Y=F 77F AA AE 31
el A-gat7]el 2313t Aolrt, vide] MP-PIC 22 YRR g
TE ARESEe 24 Al T o] A A7) 1, U E T/ (dense solid
phaseyS R3L7 o]l 2 3ts) Wlrh EE RlellA] /g &k 7<)
U715z Ao R e, ol Jie] iR 1E 2
s RdgsEW, 4 A7 ¢ v 4SS AAAIA
of 3t} whebr EE REe- QA1=1717} vkt 1AkS wElEElr)of
= HAE & Aol

B olr

3-3. mFLS (microfluid-level simulation)

P AFA EAHmMFLS )= mesoscopic modelZA], 70131 AlE {12}
FO 2 7F31= coarse-grained particle dynamics (CPD) simulation,
dissipative particle dynamics (DPD) simulation, £~ 1252 3L
Sl (particle distribution function)E ©]-23hk= "<l LBM (lattice-
Boltzmann method) 5] SIt}h. CPD2} DPD= 334}, A4S, £
AL EA 3AE Gotny] flste] ol E8-HSirh14].

LBM- oV Be= 717de] wAlA] A E5-5 BAksh ol 2188t
TH35]. LBM2 & ol tHd& 33 (multi-component fluid), TH 5.
S (multiphase flow)el'= 21853 o™, v de) 5, e, &
w5, =AY A £A &8, v A9 S (micro-
fluidics), o} 55 2] BAtel] o] &5 31T} 36,37].

LBME 24} aFut ahute] 221918 aeskA] AR, of = AR
(lattice site, x)7+ AIZHONM F5(e)E 2he HAUALS] E23r
(£, single-particle distribution function)el] ¥+t 2] 2.2 A7l ¥} BGK
(Bhatnagar-Gross-Krook) approximation®l] T-713} discrete LBM 2

LS 913t thfi RAlX 9] s 17

< Uk 20H35,38].
(x+e AL+ AD~ fi(x,1) = (5%, )~ £(x, 1)) (17

7104 A= AR, i ©| ¢RI (relaxation time)o| 3L, ff9=
=2 G dEielA ZF datell tigk FEglrolth Eq. (17)9] ¢
Z3Re- 47te] {HA9E 9JnlshE advection termO]H, @ EX53E-
A FES 2u]3h= collision term O % S|4 TH37]. Eq. (17)
oA A = SEEE] (o)) W Svlshe, 2akA)] 9= 9
7N E5(D,Qy), 33HAS1 A 157 £5(D5Q;5) =2 197 &=
(D;Q,0)2t #2 AAFZ (lattice geometry)S AR = Itk IA}
S FEAE (g0l whEt o 3k AxbeA thE AR O o]
b, Aol A& FES 5 Slch37,38].

o] 212 fAe] AAA IHA 7%= incompressible NS 2]
o gheld 5 Qlar, £ B 1o Al R FA1S] Wi (pelH,

5 F(puy £4%; = fed] AA Fo2 FHATH35,37].

roo

p=Yf"=3F
pu= Zf,-eqe,- =Y fie; 18)
= Al Aol 71EE QA BERERe) AFARRE AN

=
2 BRe A5 A e =ES 5 3TH38]. Eq. (18)9] Al
3]

F218 THESSEA], £ Chapman-Enskog expansion® 2 A}

ol
2
)
>

v

£ xEFeh= vAlfAI R AE-E]o] $hth35,39]. NS 2ellA+=
Poisson equations WH53IES 43o] Laljx]:= vhdel LBM2] &
22 el 2] (equation of state)ol] 2J3lA] AXFETH35]. LBM
TARTEE] APl ARA BR] Q5702 AAAA &= 5 3l
Rke R G838 4= Qlrk. HEsh, m|A|F o= Bk Al 9} Al
& 2= Hbe 358 BRI )of AEst Ao R deA Qlri40].

N

3-4. MLS (molecular-level simulation)

AR 55 Akehs AFd8H(quantum mechanics)?H= THEA|
TARERA AR AR AR BAEY 32R FE(structure of
molecules), BT84 EAJTLHTUA, 9], IEZS], 27l
YA, A8, F2elUA, 8 5), 71414 =73 8k (compressibility,
elastic moduli, @HAIF 5), w4 §4 AT (@A, 3%, &
A, B B, 5) 283 k@RS R, A sty
A 5yE AAFT  ATH4L] wEbA EARARE FEFERARA
[TFEE RS BATE A5 4 9E ARES A

3-4-1. MC and MD

EAEAR= F7] MC (Monte Carlo)2} MD (molecular dynamics)
2 UE 2001, 0121 NVTP (number of molecules, volume,
temperature and pressure) 2714 MCe BEJH EJZLE A=
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18 Q

3tr], MDE % 58 hMlre} 22 54 545 53] flstod
ARG MCE SAIBHA 7S o] 88 H A3t daE]FomA,
Folzl Z2HelA] 71 <t

o= i,

MCeM= o33 7F4] sampling 7*Ho] EA8FH, ©]& ensemble
o]2}al 533}al, grand canonical ensemble (WVT ¥7), canonical
ensemble (NVT 97), micro-canonical ensemble (NVE €7) 5°]
Atk MDE 772 28 Al K ME)e BE EAkselAl 28
alo] 0152 9% B £=5 ARkt MDi= 27 EMD (equilibrium
MD)2} NEMD (non-equilibrium MD) 7|1 © & 1} 4= glor, o]
Sof thsh vla= Arya er al[42]004 & BojEtt.

EARALE Qs BAHEY] force field (or potential energy
function)’} =1 Ao} SR=t), force fieldi= A3t =] (bonding energy
=stretch energy+bending energy-+torsion energy), H]d &l %] (non-
bonding energy=van der Waals energy-+electrostatic energy) & °-%
28k <= Itk Universal FF 18] 31 COMPASS[43]9) o] tiekst
force field”} E=AEPH, 22 F-2}o]| thallA+= Lennard-Jones potential
[41,44,45F AH8-E 5= Qltt.

MD= Al whE A58 As-g efshs slolH, 27|x1
(001 EARES] 2 B 91A))e] Fesitt. o] 27]271S MC &
A Fsto] Fold = QltH41,44]. 248 F 3 S Fofelld MC=
st A7} 13 Fol 9loH, MDE E3st W E/J¢k(transport
properties)®] o5 H| A hst 2t disii e 2 JE s

ZE=TH41].

3-5. Connectivity between scales

AT BN A3 217ke] )t eisted sl
Ao A ABEe] g 47 R AP} ojuldt ek
zbaL glom, ofdA AuAlA = Sl=Alell dsto] 7laditt

3-5-1. PLS with FLS

PLSE 579 7l AF kel 23491 QIxbze] 3 =
A3l k7] wizell, A 3ol tiste] B2 7S =sted
- kst m s #-2-3lc3]. Whdel CFD: ] UiRte) S8t
A ATE, A Y] i) G, QA ukgof Ab
St G 71w, o] EX1] TAES BT vl &%, &%,

123 FE XS geith ofe] A W FAER E A ¥
ol &5, &% W Frof thdt & o] AAE ARE da A
slo 7

57l disiAT CFDE 4831, o] JHE PLSOIA &8
A F Y 2RE S Qe TAL AE Ai=TH46).

PLS%} FLSZ =214 v o R ghgalal, =2 gajor & 73
A 5 Qs 7P &gk A F2 shve 7 REE 7] 4
Higlel| Stk AR o Qlojel xR ¥ ZE 3R] R
WO F QI3, sidsle = FARR L Al = sd 7)ol
ghg-w|ojo} SHH3). Fig. 7> PLS®)} FLS 7H YR w3k 23t middleware
9] 9J8kS HojFr PLSY FHFAP oM 7F RS0 Joisky
A A9 89 272 FLSY CFDell |7]3l, CFDelA =
A BE Fo S5, 55, LE4S ARSI 23k 83
A Gl F o] AAE] AlrtEo] U fEAe] E83ke 35
Ao AgEnt. F, ol 452 3" WA AT o=
£ 342 & o] AAIE CFD 22 28319 & o sl A
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2k = glot
PLS9} CFDE tJ#HE:= FLSE FAlo] 283k MSS= 3jaht-s
716,71, A8k 3A[47], F55 "H-871[48], F2PE7[49] A} ol

A ok 5= le.

3-5-2. FLS with mFLS and MLS

BAz=0] R (MLS) CFDE g3t Alles Ho] 2
9 HEtze] 2ato] AEEIH5,50,51]. Delgado-Buscalioni ef
al.[5]19} Yasuda and Yamamoto [51] 5414 A el A &
221419 MD (molecular dynamics)?} $1%:4H2] CFDS $1%5-A17]
719& AT AR, olefgt FAI Aol g e
u$- el o] Foix|= PLSSE A A 07 A7) o= o
A7 At TN BAIE B Zl o7 ghaken), webA, kA
ATHE 2AsI T el EEstels Al s ®elct

o gc

3-5-3. PLS with MLS

MLS Aol F=o)71 FA B o] doishd] EAJgkS oS53t
31, 0] BAFES PLSOIA E-Esk= A7 I3]0 $hh4,11,52,53].
EJet 9JollA] n-Hexane [11] 723 methanol [53]2] 5-& S&21S
GCMC (grand canonical Monte Carlo) 7|8 283l 41470
A dlS3ta, o] TEuAAS SR S-S Addst
HlwshH=t] E-8-=3l}.

Ak, MLS Aol PLS 38574 Zol2A tiek
1x10°9] o] Holm2 MLSeIA & gk PLS® vl AMg-alk=
AL A7 = 4= ItH44,45]. Carbon molecular sieve (CMS)2}
728 71873 wel gl co,/CH,2 AEE £ (permeability) S
od=3l7] L8k, 3t ] 7t 7] (single carbon slit-pore) $J o4
EAEALE Fate] 75t Tk AA ZEutellA] Fret Akt
- 2 Aok QA31TH44,45]. ©1= MLSSE PLS ALl S e <+
Sl A3 mesoscale BARS] 5 QA8 A3t Hlolo), Eeluke] 79
E343 pore networksS T3] pore mouth resistances 12 k=
mesoscale FAF | 21| QI TH 54].

Fermeglia and Pricl [4]= RU} 3% EA%EE 2= Al
A} &34 (polymer nanocomposites)s A AISFAY 7517 2l
BARA T S7HTE (mesoscale)ollA] AFI A} 8 (dissipative
particle dynamics), 1231 37d5=Eolx] Q== £ AXZE] Y
8+4 E-/d%k(macroscopic thermodynamic propertiesyS FEM (finite
element method) 7|'H O Z 53T} 3 o5 WHHES 214
Aoz FTEste] 3Nl &8 5 e oAIE AASISIT
Ge et dl. [18}2 SHTE BARE $1519] EMMS (energy minimization
multiscale) *H = AT

3-6. Limitation and challenges in PD-MSS

PD-MSSt= AJ2bez o] gt 17 ofo|m, ko & #5431 <
T oot Zh qtRiellx o] Ak @ido] b F2s] ofslE A X
3L, Zh arEelA A=Y Qs B gt a8l s o
Stk 7 o] BElat siago] ZpE ek sheeks, 2t
O] ZgAEeNN W expF et R ofBA 7} qfRe] Kds
AFAIZ AR FlAEsof gt} FAIA] AHE T3 MSSE
ZH2] AP Hrhs v A i oR HolARh o W AXE
ARro] 293 Zloft}, B, QIxp e o R 15 < Qe oAb

r.l
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PLS (process-level simulation) OE]H T= E;} ]"\:._: ‘—J'ﬁLE E}‘]' ]% < ‘1:%:1?_ ?.:1?_2]‘%0] /\]E—B‘ J—-,— %q—
Process simulators and various process models in 0D/1D — '1?: 78—01]}1_5_ %X 7H%g _?4'5‘]—0% q’ﬁv\_. *’“’7]@% }\].._g_t:jl— /\]_a]%
at the steady-state and/or the unsteady-stat -outlet conditions _
®TandQ) vl =
-physical property | Middleware |
of components .
_ FLS (fluid-level simulation) 4-1. Absorption packed-column
(P, T, and Q) CFD codes and momentum/mass/energy conservations in 2D/3D T;]-'-ﬁ“j U/\]-Oﬂ/ﬂ -4\—2]-33[ ?i‘ﬂ'(sequentlal COUpllIlgH 6]— EH_LX‘]O
at the steady-state and/or the unsteady-stats

Fig. 7. Information exchange between PLS and FLS simulation codes
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S
=
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i

P 0= MSSe] e ik Aelrlel $AI7E Qlo] Bl
AU =2 ATH-E B ARS8 hybrid PD-MSS7}
oA AZA]S o= Hiklo] & Zlo|t},
wola] ol QARhE Folzl Ale] 2710) ulek 2 sk
% Stk oe] islo. 2R E] Whah QAo BeHlEr)
T A O 2 BE fuebl 2 Zol v
ANake] 3 dAlolA o] st BERIAL E AdAIRIA ] /]
o] ejElolo} s, YL et A% P Wk AL,
Fig. 30llA] Hof 2520], 3 BAKPLS) SHNNE U A &
& Kol glom, HdetA AdE 7 networksel] gt 3142
ofA L T AThEd Fofo|ot, 3/NLE 915k MSSelM =
FoIzl EAIS] SAdell ghes el o g iR 9GS Z*O]*— 7
o] T3l It} Fig. 70X A&8k3l50l, 2t 7F 5L Bl 7} ©hAlellA
ME T doj2 7 22 7RES she] B %7301]/‘1 T
Aallof 217 gt s BAPL A@E Zlo]tk. CAPE-OPEN interface
(CO-LaN, http://www.colan.org/> ©]2| 3t A| T 2A M2 T X2
19 Aole] n wae +25pl o 2 Zolch,
FATERARFLS)NA H3435h vEs- 52418 X3sk= CFD 2
Ab ol QLR A8 ok o] 14 2k w g S
CFD 28] WIAREE 7M1, ol 2lsjo] 4482 S5o]
ofe191l 5 9lek. BARAKMLSPIA WA At 5202
oF et ol Ak P Al Tl AR

o oft X
2

ols
i)

N

]_

F

m13

>

o.
do

o}
ol

Qlom oFo 7 ] We Az} 5 U= F 174} = 7o)t} T3k 3
WA Ss) 2 Ao RS £2, el A )

HYP 2o A AZS HARALE % Qo}?ﬂ o%lio}ﬂ flto] o
& Q77 Zesith41].

CHTE BAF A7 @38 0 A Aond, AR FRe) v
AA GTEE dudos Azt 2 F ubd, o] & AfolRl FHTE
(mesoscale)l| A 9] FELE- HE4S Holal Qlv2,6,18]. =24
e /\lE]/H NI FZHA AS53P] leted Shtiel thgk v
A7 a7 B el SR BARA, HANARAL
(mFLS)E 38 —}F Sl ¥l LBM (lattice Boltzmann method)S-
Zﬂ’\] ].o:h;]. ] L. u]/\] 491 q] = E/\-lo 7{/\]76 J,}x-lo
CFD Eal2) o2 AAA 4= Q= R& Zh=t}. sHAuh, St
BEE Fozl EAlel wk E}ofﬂ W] 7ksak, e At
7} A Qstct,

ot

4. Applications of PD-MSS

MLS, mFLS, FLS, 712] 1 PLS =52 Z331= PD-MSS2] $-&
qk 47) ©HA 2]

ARIE B 218 o1 A)7)4 0% et welth 8

o= Co, AAE A3t FHel &gt CFD (computational fluid
dynamics) 70|t} o] AFrelM = AR THS 2= FHIA|
9] Hibel v)A] §A4 BEE S FAE FTRIA 7 Vb‘i} &
Ayol eskal EXS wlelslauz} 90tk sk vl ]_ 3] Balst
vlA F2E EFshs fAs AR A s =Y 7 A
ojgk At &3] QT EER, ThiR &34 A% BAF 7RIS &
3T} 55].
7P A2 e mmEA 4T H7F IR SX1A9] 24)
4 FHA o] FEET (v, S5 (liquid hold up; gy 7l
Aksl= Aok, 71x12} HA| 3T A2 s aAlE slAsk] flste]
VOF (volume of fluid) 7]'Ho] 25|t} o] Tl M= 304 &
W) 7|etsts] T2t W SFFel nAE YERS AT R Zlo|t)
SRS & emEA FE FH U 9HEEE A 54 B
29 7|& 72F AR eR FAsslaL, o] 71 & diellA 71A
S5l W HASHAPYE VOF 702 AXtesict. Al f4)
TR W obx 2R JPROIA T A S 21Tk 3
= 54 737 23 (moving boundary conditionyS 28515311, 714
242 laminar S5 ZH| E]E}
T rEE  ulEel @eks FE DAl diste] 3xkdelA 7]
Ade] A ES J]'OLS]*‘ Aolth, Fr8 Uis ShR
of| A TR 71Tzl tigte] Ak dEdstel sidshs thy
) &4 (porous mediay=°] o8] T o2 AYA vkl 7Pgsict 7
= AT F T2 90% Zo| 2 FHHELE o] 5 CFD EA
M= Al A7, =ol, A9 Aok -2l dA gl 71 ke

T, FUFE] ST w2 2 o) o) 5A W B,
A Y

o] A BRE S Ad FHER AYH S5l tisie]
3| CFD BEARE 3838IIAITE 7|93t 75 8 m
7} 1A 9tk 377N dAelM B wl, TR C
= FAMNE DAl Zget = Q=AY I

olet.

mass transfer
CFD BAF 4
153jofo} & 71

4-2. Fluidized-bed reactor

Balaji et al.[48]2 HlFg Z A AZE 3 755 73l
9] Ut BARE $38313it). o] &A1& multicomponent (SiH,,
H,, Si_gas, Si_solid), multiphase (gas and solid), 7] 31 multiphysics
(hydrodynamics, reaction, crystallization, heat and mass transfer)=
Kolal Qltk. 53], SiH, 7k49] el Hhg- AlRte] ~1 ps, frEs
HES7] el 71t el Al ik 1k &3 ~1s, W]
B3} 97 YellA o] A ~1 min, 183l AP 2792 4%
AlZFe] ~1 hr S 2A ARIS A Tt ELA] A A4S Bolr), B3t 2
gae] R A ~1 pm el dofuar, A9 ek
A& AR ARdols dEEY, = vlE 3dEelMs Ak
719] Aolo} A HA5) ol a9t

o] #AIE dA3sk7] $15F] population balance equation (PBE),
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computational fluid dynamics (CFD), 2] 3’(chemical vapor deposit) B (mm) Z717F] 1HE 5 Sl CFD EAKE F3ato] ajeld
CVD Wh3-& xgslal 7)1 &2 E4rA2s 18she 342d T ek FAE G E EeM Y SRR, =8, w5, 9

o] ARE-H St} CFDE 3-8 2713991 COMSOL multiphysicsS = 2 22 9] AIZF 5, SR S 3 AS sk A v
F3te] ARE AT, WA BRES Matlabell A AXEE Sict. o] A& 1ee v 4 e (m) 2719 77 E Aol
e 2 e A2 JHE T3 UEE A4S AdEi) A Ak FAANES $18t vhHTERAL 7T (PD-MSS)S &2

PBE R2< o]&3le] Algj& 242 i A=71E Allsta, ol 283 ), 3AFFe] FAE, T dAE Allel 2=
o] F YAV NE 2 TAVEE AR st 7V 1 A, FTEE 2= 771 (macropores) U] ]Xﬂvxﬂ«] i%,
o] 25 Eulerian CFD 7| 0.2 AXFATE CFDIA = 55 HE 18] 31 S2HA| TR EAEZ (unit cell) Uy ol AL &2
7 £, 25, 83 w5 FEE AR 713l T2ER T3l B 4 Qirk ole|gk 4l 7T RE A ek thf R U*]’J ’\]7“
FAAe] vhEE = CVD 392 o] 55 W75 Sate] & 7 PD-MSSE] HF H3E]] 3golnh. wd7idolet 3 F2
= e AEE A FEE AlFeit) of7]olN Al - /1 JellA *1“474] 9 A7 HA R FEato] xFE T e
PBE Ree] QJgto . gg-¢}. o]e|sh 39A|(PBE-CFD-CVD) BR27], 28L& AL, #HA 22 0E 2] flste] pLs7t

7S AR S1E WA O ' ARG, ol Aol A "F"%h?li]'.
= wyx] gk 74])\}5];]. Ao fAL0]E2(SMB; s1mu1ated moving-bed) S&37

oo 349 F&E A5, 2dx20e ﬂﬁﬂé}ﬂ Slatod ks ol ‘01 Arggitt, fAlolsa-2 o] 7he] FAEE o
ZEg o] AellM= pm T AW A AsE PBERRE 9 T A5 F& FER Yo EA FE oW =S extractd}
APUEAE et BRlReolar, Rdlel M AR W QIS raffinatecl Al TEER EEfelvh57]. FH F5% 9 XS] A Y
APA o AR G2 FARXNAY, FAIHSITE AR tht s SRS ASEta, F& AR FEel S w A A E A
BN AR E = B QIARES APS Soto] = Q) %:310] Table 3014 BojErE, PLSOIAM = ©]21 gk SMB 57dfl vt
T BALS] =21_0 ke o] sh Bl QIAkghE o 2R 1 A A W SARTE gpeke W o2}t SMB 3 A% 3

oM AHg BAP o7 Feks AY Flolt) F3e A 3792 13t ol 24 Parexi= SMB 3787} B2

w25 9% 27019 SRS LS [58,59], PLS @M= 3

4-3. Chromatographic adsorption column TS 3t F=A A Q] FAES ESHSIC)

FATHE FEY 9 shtEA, BER Aot AAY 2% Fig. 92 SMB Z&342] PD-MSS Z-& o= wojZ=t}, PLSO]
of izkel E£ES TEEE T e 3otk FAE M 2T E sk A 37l tist 378 ZAKPED flowsheet
= 7184 AR o Fol FAAE A qlom, W E2 71 simulation)& FaeR= -S4l ZF @9l theh = o Mg =
9] o) =4 F2A 114 131 Aol & E3Eo] FEETHS6]. du} AR5 F=31 W=t} 53] SMB 3-7g¢l tsh 1D B2 [60-621=

Fig. 8 &%t ) thfind d4e Hojdt) S5 ) 71894 28310 Table 39 AAIRJIAF W S HFAS 2=} Bentley &
APt = o] AL, T v 7| FEE T dAkE 7 E Kawajiri[63= 017 E3=ol gk 52307 473, 5252 Ads
o] Qltt. o]eft wlA| 7|5 F2A TAVY S4E o] F = VA A=} SMB 374 ’“71”01] e g 73St =524 7 SMB
Z APole] Bl ko 2 EHETE o]5 d(mobile phase) T+AFES] & oA &) A7te] e ke A¥S Ealo] A, Adgkel uet F
2o 2 31797 (stationary phase)?] 7|5 FHoA o) &) g e IARgke e, o]g E SRS o] gate] &

Al (adsorbent)®] 74| 71 A o] FAAA Lher]E (nm) 2 AzxAE HAs)elgi.

719] FAREelA sllAlE 4= QLo Al 75 (macropores) Wl & olef gt T/ Aol x] ThiREAL 7IH-& A-8-3hhd, 525
A (mass transfery> PIo] T2 HE] (um) 2712 34t 7|55 222 MLSOIA 8k, BAHEGAGTE mFLSOllA A5, &
W T E(networks)E TEIsPAA ofald g QlE Zloltk 2R W& LIRS FLSSl CFD BARE §3o] 95 <+ Sl& Zolth
AR APl 32 fA9] S5 W FAE W e SAS 1 TS FAEARE E3te] 53 uf Wol AREEE T

GCMC (grand canonical Monte Carlo)°]™, Z/dgt 9]oll &lake]
%1000 <1000 <1000 S, ek SellM ] vigke 53], 28] 3 A7t vher]
Unit cell =" Macro-pore ____ Resin particle _\J> Column oA o] wiAle] S2He41el S-2H Ut A= 331 4

H Ul Aol E Avks fA1 SAAE fAISE el st
W TAAlE Seket A o]k, 331 CFD BAF Aakel
13+ 32 E[60-62]9] HlwE F3to] 7Y Aget grow Aged
Art. EAAWATE FAYA TR HEE A
(11qu1d film mass transfer coefficient, k) A W Z2t7l4(intra-
particle diffusivity) > = -8 4= QItH[65]. =3, AAF Ul EXAAI=

7182 AIS (macrospore diffusivity, D, )2k 521 aLA1E 24k
F(solid diffusivity, D)= T2 7 UTH66,67].

J{N'

>4

2

1 iiﬂ-ﬁ- dy % (19
k 6kf' 608}7Dp0re 60(1 _SP)DS””‘J

Fig. 8. Nature of multiscale in adsorption column.
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MLS mFLS FLS
Molecular simulation Micro-flow dynamics simulation Fluid dynamics simulation Process simulation

- . . -

Molecular force field _ Lattice-Boltzmann method PFD flowsheet simulation
(MFF, e.g., COMPASS) (LBM) (0D model)
X 4
y v ] J f
Grand Can(gléc;llcl\’lonte Carlo | | Cumputationéz;ill)uid dynamics SMB 1D unit process model
( ) () (1D model)
l Internal coupling
NVT molecular dynamics *Velocity, u: Mm-H-M Internal coupling

«Fluid density, p(T): Mm-H * Operating conditions (t, Q;)

T N e e s F L LR L L L LR LR L LR L L

(Canonical ensemble; NVT) Internal coupling .
+ Pressure drops, Ap: CFD » Viscosity, p(T): Mm-H * Design parameters (Lc, D, Nj, &)
Internal coupling « Pore diffusivity, Dy(T): CFD- *Heat capacity, C,(T): H-H . Theranodynamic./physical properties
*Molecular formulation: Predefined input LBM « Thermal conductivity, k(T): H-H * Empirical equations
(experiment) External T « Adsorption kinetics, Ri(T): H-M « First-principle equations
+ Particle Density, p,: MFF -m:ss [“:a::;f coffﬁciem' : Ad‘sorpti('m he-at, Q.(l.{i): LAz
« Specific surface area, A: MFF MFLS-PLS . * Axial/radial diffusivity, Dy(T): H-M
*Porosity, &,: MFF ’:< o Moo e 4 fefiwteri fome, LS. External coupling External coupling (Model parameters)
« Adsorption heat, Q(T): MFF-GCMC ! |mFLS * Adsorption isotherms, ni(T, C;): MLS- « Adsorption isotherms, ni(T, C;):
« Adsorption isotherms, ny(T, p;): MFF-GCMC ! — FLS MLS-PLS
« Pore size distribution (PSD): MFF-GCMC NN+ ~-z===-P|+Adsorption heat, Q(T): MLS-FLS » Mass transfer coefficient, k: mFLS-PLS
« Pore diffusivity, Dyore(T): MFF-NVT ! o 7 « Pore diffusivity, Dyore: MLS-mFLS-FLS « Axial dispersion coefficient, D,y:
External coupling ) 7 * Geometry effects of equipments: FLS- FLS-PLS
«Force field parameters from DFT /I I// PLS oo B
(density functional theory) or ab-initio methods | / 7 S N - /
. Adsorption isotherms: MLS-PLS / - ~ e ,’//‘/
' _
Material Studio COMSOL Multiphysics COMSOL/Fluent : | ASPEN Plus/Hysys
(Accelrys Inc.) (ComsolInc.) (CFD codes) : gProms/Matlab
Tools for calculation :
LA R R R R R R R RN RN R R RN RN RN}
Fig. 9. PD-MSS applied to SMB adsorption process development.
Table 3. Design parameters and operating conditions in a typical 4-zone SMB process
Parameters for process development Description
Adsorbent/Desorbent Adsorption isotherms and bed-voidage are determined
Desion parameters Bed-configuration The number of columns in each zone.
gip Column length (L) Each column has the same length
Column diameter (d,) Each column has the same diameter
Desorbent flow rate (Qp) -
Feed flow rate (Q) -
. .. Extract flow rate (Qp) High affinity component is withdrawn by Q.
Operating conditions Raffinate flow rate (Qp) Low affinity component is withdrawn by Q.
Switching time (1) The four inlet and outlet ports move one-column ahead at every 7.
Feed concentration (Cp) -
o711 d = ARk A0l g AR 7188 (porosity)© |t o] 3ith. FLSOIA = 32+l CFD BAFS 33hH, Comsol 52
2] (19)01W 72k Agre A9 Zij TaAL, ofe] mElE o= ANSYS Fluent$} 2+ A8 8 7215 0|83 4= 9lt}. PLSE PD-
F 7 Stk mFLSS o] &ate] BT K= 58] fleked, MSSe] FHF FHA A, 22 gfiel A dagls THekd
LBM (lattice-Boltzmann method)S &-8-8 4= 91& %10]t}[38,68]. SMB 377l &85 1, A 370t A8,
Fig. 9 SMBE 2 370 3= T4/l A 4l 1R s +
3% PD-MSS 7 W= BoiF=ar It 7} i EefA] o] gaflof o R e} 5. Conclusions
8 he] QAgpgol AN, w344 Awbilel ek 4 RS
Alolol TEIQIARES] AgHY L HolFETh MLSE F2 MCMD I3 CHERANMSS)E 91510} it ohins selge
N olgel0] Fe B A, 519 S8 A, Az Aol ol olsl, 7 1 B 7 ) RRIEE Hee 4 g
GAUSSIAN®|Y Material Studio®} 7> X2 7318 o]-g-3F 4= Qi 29 i, 8h] RS dabdela] FEE - QRS i AT
LBM:2 mFLSON 28 d27IE 53k, CFDE A= dso] ¥ Edo] H‘jL T8 a Arks Rlshs stEdololt o) 2ste
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Ao & Q5lth69). Ut EEARS BAPEFRS] Y8 (accuracy), 7
FFE1 €] AliFsE (computation capacity), 18] 11 F5d (efficiency)
S Als 207 Foixl Al AHTsloF & Hlott

© e 9 FEelA FEA] A7 3 Q= MSsell o
sto] ksl 7L FE ARk o3k MSSE g7l 4

379718 93 MSS (PD-MSS)= PLS(345
AP, FLS{FAIFFEEAD, mFLS(RAF-AIGE A, Z12] 3 MLS(
AFERADE TE-sto] AR H T 49A| 2 AlA € PD-MSS] 2}
RS EA =8 7S] A=A, o)F 4 71 PR (F A
= 2vg3I8ith. PD-MSS?] ol 2A 75, s 7], 18l &
2578 ¢] BAPE 270 Sl
MSSi= 7+ 5 IF %14 A3 (sequential coupling method)3}
A1 A7 (concurrent coupling) 0% e = Tk FAIA A
2 o)zl Al tigte] ofg] FEE FAll AXkS 3] o)
ofl, F7MES $13F MSS (PD-MSS)elAl= oF] A7 dER 1o)
1 =ors =21 el 713 PD-MSS 7} 71 ik

THTE EARE of & W TS kL 9lom], sk &4l

AT+ tidelth. 7 gt iellx el 2kl do] obA I Fs] o] sl A
FFaL, webA Zh gfRelA A2 Sl BE o] e ) 7}
TrEe] Bdo] AR gict shefeks, 2 RS AN B 2
2Pt iAgstE R ofg A ZF RS RES AT ZJAE AT
o} stct, Jekstar, 418449 PD-MSS?] A A¥E A7) ¢t
o] WEAAS Hole Shtiel tigk A7 Zesitt
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