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2. Modeling of Reactive Distillation Column

2.1. Assumptions for Modeling
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< X 81> 74 AEel =44

MeOH EC DMC EG
Normal Boiling
Temp. 64.70 238.00 90.35 197.30
()
C“UC?%}é“m‘ 939.43 516.85 974.85 446.55
Critical Press.
A 82.555 69.035 45.887 87.420
Heat of Formation | _,a444 99 | —121070.98 | ~136166.05 | -91945.64
(cal/mol) ) ) ) )
RAE AN Bad Aol BFel @ AAAel Bl G AL e
3o AR FuF A,
_ 0
oy P=x; f (1)
7175 o7 A = sk, At

712 el HPAA A A kol A ] 7 o)
sk B X Q1 activity coefficient= 21(2)< ©]-83F] Multi component®] 4] NRTL 2]
a3t wisfHso] H$ diFE The properties of

E3] DMC2}

o] &3t F3FH T NRTL 29
g o st# databasedl A T-3F AL,

Gases and Liquids(fifth edition)$¢} Z+
A9 1 BALY 7)X e gFgFHo] Avta dkste] Fig2 9F #o] AdAnES
Z

o}-}l

methanol®] 7
o] 83}o] estimationste] 1 23}

(2)
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[ 29 82 ] NRTL parameter estimation 23 (methanol®} DMC)

2.2.2. Reaction Kinetics
MethanolZ} ECE o]&3t AA| 42l o] ~e| =3} w3t W2 vt o] o]Fojzty,

¢

H,—O0~ i ?Hz_OH
C=0 + 2CH,OH+—> _X_
EHZ_O/ \ CH,0—C—OCH, + S, —oH
EC MeOH DMC EG (4)

O

AR EulE ol g e W ATA v AR wgo] ofs) Ty e #A
A

H—0~
E 2 C=0 + CH0" = CH,0—~C—0CH,—CH,0"
2 (1)
() + CHOH «— CH,0—C—OCH,~CH,OH + CH,0" )
() + CH0" =—* CH,0—C—OCH; + CH,OH—CH,0"

an (6)

() + CHZOH < (CH,OH), + CHZ0" 7

9] HbS FolA 7 =9 Hhg2 (6)W wWHSo =2 o] Whgo] £x AX A o]t}
Kinetics equations T4 sl H ]



o]&b 7} parameter?] k-2 Table.lol A<} 2t} [3]

¢, Cr G
TEC:TfC_k CreComon—k % )

< HE 82 > (8)A oA A A G HE2-2o] T3 parameters

Active energy
A Rate constant
(kJ mol™)
Forward reaction 13.06 k, =1.3246" 13060/RT
Reverse reaction 28.60 k= 15029 28600/RT

2.3. Steady State modeling

2.3.1. Governing equation
FES BALSH7] $3F governing equation< I A T 7FA7F EA%t o1 5y
= Zbzbe] dol A 7]- HE S 7FA 3 MESH equation (Material balance, vapor-liquid
Equilibria equation, mole fraction Summation and Heat balance)¢] 1., t}& 3lv= 714
I AA Alole] EAATS o] &35 MERQ equation (Material balance, Energy
balance, Rate equations for mass transfer, and phase eQuilibrium at the vapor-liquid
interface)©| tF. MERQ equation®] 4% @2 d+A%E (Sundmacher and Goffman, 1995)
of o& ActEH =, 7]-AFe] EAAES E3sta 7] Wi MESH equations
o] &3t= ARY Hxsta B & Abs ¥ (computational power)S Z Q2 bl 1y
31 MESH equation®l] ¥H]3] Bt} @ v/l A4S Lofofnt 218 A4S 4= Q) o2
B a3 xox E53ta1 MERQE o] &3 R XAL 754’}01]/‘1 T MAEHE Y
Ef Al o oo & Aol A= MESH modelS AF&-3t3th

N

MESH equatione T3 o] A w o]}, [4]

1. M equations : Material balance for each component
(C equations for each stage)
M, =Lz o+ Vit o+ — L+ Uz, j— (Vi+ Wy, ;=0 )

2. E equations : phase Equilibrium relation for each component

(C equations for each stage)



E =y ;— K (10)

0,57,
where K; ; 1s the phase equilibrium ratio
3. S equations : mole fraction Summations (one for each stage)
c c
(8),= Yy, ,;—1.0=0, (5,),= Y, ;—1.0=0 (11)
i=1 i=1
where (5,);= Uy/L;, (5,);= W,V
4. H equation : energy balance (one for each stage)
Hy=L, \H, + V. Hy, +FH,—(L+ U)H,—(V,+ W,)H,— Q=0 (12)

where Kkinetic and potential energy changes are ignored.
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2.3.2. Numerical solution technique (Naphtali-Sandholm Algorithm)
St Al Adwsk MESH equationes ©] &3l AA7dE] EALS Falste Wi o 714



7} EA g} ©]% Naphtali-Sandholm <318 F& F5 Hol
WhR ol th, Naphtali-Sandholm ¢ d]&S Fig. 4.3 22
= TS Hed '3 'A e s A Table 29 2 =

duglFed Yos AES Aurd 24 (13)9 2 S T4 —7*7] <13 A
MESH 23 H,, Hy* 9= residue functiong WHEo]A (17)2] 3 #Fo] Newton-Raphson
WS o] &3sle] WslaS ALbsle] Fal residue functiono] o= WEo R A

A&stol 1 AxE A Ak

n= S S0L, 4 5,7 = 1

J=1

ij ZUM (14)
iT 24
c
L= Zlm (15)
=1
I —1a (A
AX (k):_[(%) F (k) (16)
XE+D) = x®) 44 A x &) (17)
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Start
Specify : all Fj, Zijp feed conditions (7' o PF], orH Fj),
P h,N;
all Qj or T] except O, and Qs
one variable for each side stream;
one top-stage variable and

one bottom-stage variable (Table 2, 3)

Set k=1 (to begin first iteration)

\
Initialize values of
T,V,L.

L L L

Y

Compute initial guesses
ofv. ., 1

Y

ij

Compute sum of squares
of discrepancy function

Compute
V, from Eq.(11)
L/. from Eq.(12)
Set k=k+1 | No
Not converged
Compute Newton-Raphson Compute
corrections from Eq.(13) Q, from H, and
Oy from Hy,
if not specified
Y
. . A
Compute optimal t in Eq.(14)
to minimize t, in Eq.(10). | Exit |

Then compute new values

of v, 1T,
L) L)

[ ¥ &4 ] Algorithm for Naphtali-Sandholm Simultaneous Correction (SC)
method



< ¥ 8-3 > Alternative functions for A, and Hy

Specification Replacement for H, Replacement for Hy

Reflux or reboil

(boilup) ratio, M= (L/D)>v, =00, y—( V/B)Zli,N =0

(L/D) or (V/B)

Stage temperatur,
Tp or Ty

T, — Tp=0 Ty — Ty=0

Product flow rate,
D or B

M —D=0 MNiliy—B=0

Component flow
rate in product, v, —d; =0 L v—0,=0
d; or b,

Component mole
fraction in product, v — (Z v; in »=0 Lin— (le N)% =0

Yia Or x4

2.3.3. Dynamic modeling
A7k wheE} state’} WH3tsl= A

A < o]&3te] CAlY AEE 7kl C - 1709 Ao =AW ¢
HE BRE S 4 7] diiel 283 wmEwAAS NC+DAZE " 28
N(C+1)7he] mEWAAS Z7] 984 internal flowe] #HS FaoF 3F=d|, internal
liquid flowE +3}7] ¢8]A = francis weir 23 4= 3} internal vapor flowel] A 2] o]
7= H g st

ol%l 7§ ool & dataBi WolAXL, AWYE Fofrby] Wi B A g
stel 7heks ®© mAb PHS APtk Bad bge B Bal Uk A% agy)
- EQe] Bk Ao, of w wo

T G F dgdmrt dASA 7257
balance?] S ©]&3}9] internal flows &
3 o 7

H
o] Fof total mass balance 2] ¥} total <€y
T w2 FAEATE JhEskAl "k 2

QA ek ol # A N(C-D7he] v



M‘;"L

A o5 nEEA AL ahle 4914 & 4 A+ component mass balance 2 %o 2 A
P
T

ATt

< 3 8-4 > Component mass balance equation

Component mass balance equation

dMx;
Total condenser j‘& =Vyw,»—(L,—Lpx,,

. aM
plate j 7’?—4 Vi w1+ Limxijo1— Viyi;— L

aMyx; ,
feed plate p dt =V wipr T Ly 1Xip 1= Vi y—Lyxi y T FZ;

. . am
reaction plate j 7’%1 ViewijmitL—x;j-1—Vy,j—Lwx; ,+ 4R, ;
. dM x;
reboiler df =L, 1% -1~ VWin—Lpx;,

3 Simulation Results of RD system for DMC Production

3.1. Configurations of the RD system

3.1.1. MeOH/ EC rich cases
=]

S SHES o835ty S HaA AHES W, FH9 Aedd wESRHORE R
S B 5 BHEFY feed7t E07ME 5478 DMCe EGE A4t 4= 1S Zola o] uj w
=R fls Aoltk. ey wkgo] 544 o' oAl A9rt ofyet mwkgE
Ao sHlEs At ¥4 28 9 ZA vmA7] i weEe dHEe=E
FHte T4 asA "Hu. olF 2] Al F 7FA Configurations AA|
T 9 =d, ol methanol ¥ FA4 3 EC I FA |t}



DMC+MeOH

MeOH r’ bMC

EC EC

(Excess)

Azeotropic

< Distillation >
System
MeOH o MeOH

(Excess) —P>

T,

EC+Cat.

EG+Cat. EC+EG-+Cat.

[ 29 85 ] Methanol and EC excess process for DMC production

FighellA B+ A3 o] F+ 714 configuration< distillation column®] Aol wz}
I FeErF 27 b Eo 42 3A-HS #3dS AT EAE ot 1 Ay E
H] a3 oF St}

3.1.2. Azeotropic distillation column

WSS RAI2ES Eato] AitsEod AAEES A5 wet FHRdES °oF
| o]E Egsle] Y4B E recycledt”] $3dlA] azeotropic distillation column®] & &3

th Fig6elA Hi= A3 o] ¢fg o wisto] we} FH| A= FH] o] Wststr] o

sto] AL &t AMES 48 F A, U A EZL BESEE recycle Al

N

-

=
Rl

e

e

ol#l AF3FS 1 dlo] HAlo| A= azeotropic distillation columnel] tHa XA HQ
3}t}. azeotropic distillation columng A A Z=FE O R HALSHZ| o= Al A"Hlo] Y B

A7) o] o] % s wAY Aask Aok HA FHL ASANE WSEFH

o] top product’} FHES HElst7] % THHS AA HSFSTHFHE recycle feed=
So]7b7] fallAE drlzre] Al7ro]l Ao Hth olH HS 1y Ete] first order?] time

lage 7FA+ ideal separators 7} 3sto] EAFstdtt.
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3.2. Operating Conditions

B BH BEAFel A A2 o] Jigret WS A
S & F A o] BALE 3] 93]
of gttt ofo] Aol A W3 A

Z] T #ehE = top product] wFIF A H] 7]
2 FYEE ol U ARE AAE
g ok

hlorobenzene¥} ethylbenzenes ©]
F7F Au 7] Z3tete] 27 Ax=dS g5kl
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of BAFIAE 2790 R FASGOmM W g #UA Fvirt Bolrte 5@ wo
2 R% wge] dejuttn gzsn wAstA 1 gl el e 2QEAL e
3} gt

MeOH/EC ratio 9.12:1/ 1:8
Pressure 1.8kg/crt
Pressure Drop 0.015kg/cnt
Column Temp. 78~82T
Rebolier heat duty 600000]J
Distillate rate 670g/Hr
Reaction region 5~27%

33. A A3 E "l #4

ol A A A E equationE ¥ B2 dataEs ©]83F9 methanol & ¥4 EC
HFe Aol st A AH EAFE Sl o] BEAF A= Fig 79 Fig8 ¢F #th
Fig.8S 2 B top product?] %A L azeotropeE ©]F il i, bottom productol] A=
EC7} 4«] Holx g+ S 8 F Addew Altel st ECQ] conversion®] 99%0°]
g g A} EC = FA- gk 2AF 231> EC/methanol mole
9le] %72 methanol &% 783 2Tt o] BALE Sdto] EC
Z3otal, methanol #%& &9 A} wlulste] 1 xpolE 1)
A 2reFs] gelste] B Table 6. ¥ 2t} Table 6.9 =AM
Fol A B DMC A4 FAANA #A|AS 4= 2= configurations methanolS ko =

Bal 248k Aol ECE HgFer Y xdstes A Bu #2g Aos nof v F
FH7E Aold s DMCY w=7F sl 2ol 7H7E A AL, methanolo] €% 3] HP—O—’O‘}X]
Be 8 54N, EC #F g4 A s S7e A8 7HE & glen ECS EG
2 Fg37] 93 distillation column®lel TopollA DMCE #gls7] €3 distillation
columng © &= s Hrh & Top product®] A4twa whgge] HEEg vlaLso
HOEE AFol®: B2 Aol& Hol7] wfFo A §&4 WA XE methanol 25 &
A o] s

A JEE AT oo o] Fol = methanol HEF FA O gk HALWHS Zld s}
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[ =19 8-7 ] Steady state simulation result of methanol excess process
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[ 219 8-8 ] Steady state simulation results of EC excess process



< ¥ 8-6 > Comparison result of methanol excess process and EC excess process
Methanol excess EC excess
Top product rate(g/Hr) 666.89 28.74
Bottom product rate(g/Hr) 145.00 783.15
Weight fraction of DMC in Top
28.77% 38.18%
product (%)
. 99.5% 47.31%
Conversion (%) ) )
(EC conversion) |(MeOH conversion)
DMC production rate (g/Hr) 191.86 10.97
4. Control of RD System
4.1. RD system &9 E3
WSS FA2~ES o] §ste] DMCE At uf FoskA AZsior @ 3E0] 9 71X
EA3t A AAE e 53 DMCE %ol Aibels Aola, &+ WHAlZ T4 &
5 AEste] ECY AIES HUg st Aolth, gl M E AFstdxol 34
off 5l ZE Al o7t Ay X|7F o] BQ3sty] wito] 3 Zask o A& HAR
st A mRE shubel w3 HAHe] | 4 gtk 2Eal ECY A Fvivh EAE o ==
7F 140°C o]Fo] W FalEo] g S Aost=d & FFES v A 7] witol bottomel A
o £ GA FaeA Zetelor At old o b £F BAL WEAY F e
A4 Ao A se] FEe] Wasit

4.2. Basic Regulatory Control systems
ZNEA o2 SREY Aojdde vt 2 57HA B3 W EAjgi
(1) reflux drum level control
(2) bottom sump level control
(3) pressure control
(4) Top product composition
(5) bottom product composition
EAbE Aes AuEd JHAA dAFedite] ol dASA FAHAL A, B
FE&49 EAFS 9359 reflux drume]y bottom sump? level®] 4% +dA|o] Erha
N

7}Agstdeh. o] Agol g #BA AA Aojsior & AE top product®t bottom



product®] composition®]t}. =L % top product®] 7-¢ FHFZAHES o] F7] wFo] FH|
Aol A xAdo] AL WslelA &+
ECeol A$ #e=Ho] A4d3] =7 uliFd topollA &A1 471 gl old EC 3k
ol 7H 2 n| 213 A o] bottomoll| ¢ EC ZAlo] At} oo ¥ FaoWS
¢l EC Ag&s Addstr] Sl w&5FEe bottomel A ECel g compositions
control &tojof afm, 1 o] &fof SkeflA AAF +H HEAES WA= AoJE o= A
&

oz AN zde BHL aoE & gk

N

2 o g
O

MeOH+DMC
(MeOH rich)
MeOH+DMC
@r@* Azeotropic
EC+KOH l Separation [ DMC
1 Composition
q_, Controller

Fresh MeQH — MeOH > MeOH
L Separation
T v l

? B EG+KOH+MeOH

EG+KOH

’ To be considered ‘

[ =¥ 8-9 ] Schematic diagram of control system in DMC manufacturing process
4.3. Controls for Unit Objectives

4.3.1. PI control
TAEAR BFSSFAIEHY] F9 AAE & = =B
o] = o]g3sle] oA AFE FAHO EHES wtHA| AR s}
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ZAWMTZ gt FA 9
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regulatory control& $]3te] &S Fojof st=d YTFoR FoAHd F A= AHE T
o /] EC feed rateE W3IA| 7| = Ho] Ao 235 71 s & =
rates WA A Ao H= FJEHE FHH g

A o1E PI controller
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4.3.2. MPC(Model predictive control)
PI controllerE o]&3lo] Aloja] 2 Ay W3 Azd F

weje] 4o ® TE %49 DMC A4E HAose oy EE
242 94a]E ek ool nut oY hA BAYSEE BA BENY F YE

Aol Wl MPCE Altalsith.
MPC¢] 7% dynamic matrixZ TFA3le] Lo zo] AyE o= 4= Q7] wFof PI

control Bt} &&H oz Aojst 4 gt} ma oy 71x 2H 3§

o constraints A4 7}ty W o FA
EAgr] A 2 Alzde] BHo g o

min [— w; X U;+ wy X Uy+ (AU X wy, X AN U)
U, : Distillate flow rate, U, : Reboiler heat duty
Yy : ECcompositon in bottom

w,; = Weighting fator

°o]= DMC2 A Huige} dvA] v st EC A& 24 &
A7} 9+ bottom®l /\1«] EC compositiong YAHAFFOZ FA3L 3 MVHEEL &2
A HaA3 o= W = TASATY. EC dgso] Hig dv= A2 DMCeo A4t

O
ol W= 3 % ousl7] wjFol topoll A ¢ distillate rateo] EolubH EAld] EC
Az go] FUeleE A DMC AAkko] S7hsttie= A A= H),
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= = A&l Al = = F 7FA configurations

|
EAES ol&ste] s A =AM Ans
A

Eoto] 7}X] configuration®] & 2A} A#}Z v E o2 M methanolS FFo =z F
JgF TAHAA B e ARE A F A} methanol IF 4o B9 EC 347
Al vlgte] G4 DMCe A& AR DMC AibEFolat =7 S/#Ee &84
o] S i WgE d¥E & AHE®S W methanol FF FAHo] B &&
A AL & F A}

LS Z=F A]xde] disk Ale] Fx AAS7] 93] PI controld MPCE F3stg =
o, 234082 FA HAd g 95 A= MPC7E Sttt 288 4t
PI control®] 7 stite] H4& 1T & AAN, 49 oy 7M1 H2& FA =
A 71 7] = SHAI 7 YErsth dbE MPCO] 4 9= 745 o1% dynamic matrix S
o]g, ofg] WFEo] ngoe] YA WEst=A dFT = o] B a&4<2 Aojrf 7f
ot ar, o8 7HA 548429} constraintsE FAl mE S = Q7] wEo whg-FRFAl
28] A3tet ATR2E 75T 7 AJTH vRF MPCO 4§ HFH AibsEol o
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