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Forced unsteady -state reactors

w Forced unsteady staté-J$ reactors allow reaching higher conversions than
conventional reactors.

w Two alternatives:
A Reverse flow reactorFR

A Network of reactors: simulated moving bed reactds$/BR

w Within aSMBRnhetwork, the simulated moving bed is accomplished by periodically
switching the feed inlet from one reactor to the following one.

w APPLICATIQMethanol synthesis (ICI patent).

A Operating temperature: 22300 °C;
A Pressure: 88 MPa;
A CO = 120%; CO= 610%;H, = 7080%.
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Forced unsteady -state reactors

w Catalytic exothermic reactions can be carried out with an autothermal regime.

w FUSeactors are mainly advantageous when either the reactants concentration or

the reactions exothermicity are low.
w There is an increase of both conversion and productivity that allows:
A Using smaller reactors,

A Lower amounts of catalyst.

} © Davide Manca Dynamics and Control of Chemical Procegddaster Degree ilChemEng; Politecnico di Milano L3 3




Methanol synthesis in forced unsteady -state
reactors

w The methanol synthesis reaction is:

CO +2H, @ CHHOH AHgr = —90.769 kJ/mol t&

¢

w The reaction takes place with a reduction of the moles number. Therefore, the

reaction is carried out at high pressure.
w In the past, the methanol plants worked at 16800 bar.
wb2g¢l RIFeasx YSUKIy2t LIXIyda 62N O f2¢

w In the lowpressure plants, the following reactions are important too:

CO, +H, 2CO+HD
CO, +3H, 2 CHOH +H O

<1 © Davide Manca Dynamics and Control of Chemical Processesister Degree itChemEng; Politecnico di Milano L3 4



Reverse Flow Reactors

w ValvesV,,V,,V,, V, allow periodically inverting the feed direction in the reactor.

Inversione
Vv, Fase 1 Fase 2 v,

DI D - <

L I I 1

AN I I BVAVLVLN

AN, I I SVAVLVEN

EVAVEVEN I I AAAA

AAAA I I A

— SVAVaVaN > > SYAVaVaN —
| VA AVAN BN |
| A A, LAAAA, |
[ A AN L AAAA |
| AVAVAVAS LA AN |
I L1 _NJ' :
Vo V3
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RFR: first T principles model

Equations #EQ. Eqg. type Variables
Gas phase enthalpic . Partial T.,Tg, %;,i
balance derivative i=1...nCom|
Solid phase enthalpic Partial T, ’T J i1 i
1 e e e
balance (catalyst) derivative I=1..nComp i=1..nCom|
Gas phase material Partial TG ’ TS’ y@,i ’ %S,i
nComp o i=1.nC =1 nC
balance derivative =1..nomp 1=L1..nLom
Solid phase material Non-linear T.,T - -
P nComp _ bl %3" ’ %S"
balance (catalyst) algebraic i=1...nComp i=1...nComy
N— -
~— Il
2nComp + 2 2nComp + 2
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RFR: methanol synthesis

Reactor diameter Dr 0.1 [m]
Reactor length L 0.5 [m]

Void fraction 3 04 [-]
Catalyst mass W 41.2 [kg]
Apparent catalyst density 0S 1750 [kg/m’]
Catalyst porosity €5 0.5 [-]

Pellet diameter dp 0.0054 [m]

Inlet temperature Tin, 37315 [K]
Working pressure P 5 [MPa]
Surface flowrate Fin 3265 [mol/m?/s]

\ © Davide Manca, Dynamics and Control of Chemical Procegddsaster Degree ithemEng;, Politecnico di Milano
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RFR: methanol synthesis

Specie nel gas in ingresso Frazione molare

cO 0.045
cO, 0.02
Ho 0.935

Tipologia catalizzatore Cu/Zn/Al,b O3 oppure Cu/Zn/Cr, O3

Contenuto di CuO 50% <+ 70%
Contenuto di ZnO 20% = 30%
Durata circa 2 anni

presenza di zolfo

Cause disattivazione sinterizzazione Cu (T > 573K)

} © Davide Manca Dynamics and Control of Chemical Procegddéaster Degree itChemEng, Politecnico di Milano L3 8




Reverse Flow Reactors

Temperature profile once the pseudstationary condition is reached
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Reverse Flow Reactors

Concentration profile once the pseudstationary condition is reached

Ymetanolo[—]

0.024
0.020 0.025
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Tempo [s]
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Simulated Moving Bed Reactors
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Simulated Moving Bed Reactors

e Continuity equation for the gas phase:

— 4+ —cgu =

dg 9 ”kag,,-au(_ i) (1)
a | ox e

i=1

e Continuity equation for component j in the gas phase:

Nej _ *yo,j , G, n kg, jav

= ‘\_? R b -
ot eff 92 i o () S,J )G,J)
" kG.ia
G,ity
_)"G,jE t"c;8l (¥s.,i — YG.i)
1=
withj=1,...,(n,—1). (2)

Energy balance for the gas phase:

Ry ke 0*Tg aTG+ ha,

—_— 1

~ oc ~ Te — Te). 3
o  olpg 9x3 ox  otp. GS( s—Ts). (3)

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004

e Mass balance for the solid phase:

Nr
k,jav(ys,j — ve, ) = [es(1 —&)] > meviu Ry
k=1
with j=1,..., n. (4)

e Energy balance for the solid phase:

BTS }\-S BZTS hal,
. = A a7 ~ (TS - TG)
ot oscps dx=  pscps(l—e)

1 fy Nr { B
+= Z(Z??kl’i.kRk (—AHz,). (5)

(
PS5 21 \k=1

AKinetic equations corresponding to a deaé Langmuir
Hinshelwood mechanism, based on three independent
reactions: methanol formation from CO, wagesshift
reaction and methanol formation from CO2:

CO + 2H, = CH;0H, (6)
CO,+H, = CO + H,0, (7)
CO2+3H; = CH30H + H»O0. (8)
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Simulated Moving Bed Reactors

AReaction rates for a catalyst based oinZ2ii Al mixed oxides

/

o 3/2 PCH;30H
ko aKco |:PC0}-”H2 —

sz p.A

RCH;OH.A = | )
| i Reorcot KCOEPCOE)[péI/zz + (KHzo/Klf)pHgo]

; ko nKeo, | peowpm — "0 | (10)

RHzo,B = i ~ |
(1+ Keopco + Keo, peoy) Py, + (Kio/ Ky, )P0
t 3/ ; |

! / Py, p.C) | 1)

Remsonc = Ruyoc =

12 172 :
(I'+ Kcopco + Kcou’?cog)[PH/2 + (KHQO/KH/2 ) PH;0]

Concerning the gas-solid heat transfer coefficient, the fol-
lowing correlation has been adopted:

hd ,
—2 — 1.6(2 + FREY P13 (12)
rG

with

0.0557Re%3 P23
F=0.664 |1+

1+ 2.44(Pr?/3 — 1)Rep ™!

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004
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Simulated Moving Bed Reactors

The prediction of the axial heat dispersion coefficient has
been carried out adopting a correlation by Dixon and Cress-
well [15]:

Kefr B 0.73 + (hst /1) N 0.5
ovCp gdp RepPr 1 +9.7(RepPr)’

where the term A/l accounts for the stagnant zone con-
tribution. According to Edwards and Richardson [16] a cor-
relation of the same general form as Eq. (14) can be used
tor the prediction of mass dispersion coefficient:
Deg  0.73 0.5

vdp  RepSc + 14+9.7/(RepSc)”

(14)

(15)

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004

© Davide Manca Dynamics and Control of Chemical Procegddaster Degree ithemEng, Politecnico di Milano

Conventional Danckwerts boundary conditions are as-
sumed at the inlet section of the network. The continuity of
the gas temperature and concentration profiles has been 1m-
posed between each reactor of the sequence, at sections x =
¢ and 2¢. In addition, spatial derivatives should vamish at the
outlet sections. At time ¢+ = 0 the reactants concentration
1s null, while the initial temperatures of the gas and solid
phases are the same. When the switching time is reached
the origin of the x-axis moves from the first reactor of the
sequence to the second one and the switching conditions are
applied in order to simulate the change of the inlet position:

VG, j (X)) = yG, j(x + €)]~

x €0, 2¢[ To(0) |+ = Ta(x + )~
Ts(x) |+ = Ts(x + 0)]-
VG, j(0]+ = yg, j(x — 20|~
x € [2¢,3(] T+ = To(x —20)|,- . (16)

Ts () |+ = Ts(x — 20)| -

L3r 14



Simulated Moving Bed Reactors

w After a suitable number of switches the temperature profile reachpseaudc
stationary condition.

High switch times Low switch times

Temperatura [K]

Temperatura [K] N
600 “@.\\%\:{%\\\\\\\\\f\
RN \!s.\\\ QAR \\\\.\\‘ | ] 600 ~ \\\\\‘\\_\\\\\\\@ \\
50 |- ,.;:‘\Q\\q\};\{\\\“m\ﬁ il - %
i A A TR Wit B \
"'*‘1“\\\\'&\ \\R\\{\\ \}\ \1‘.\\\{1@\\{.\ \\}1 \'ﬁ \{.&&\{“‘Q i \
500 L {1 \\@\@\\\t A L A m&;,;
"}"’ ."i‘x‘“&%‘\‘{‘ :&\‘R\}t‘t\%\ W \@\\‘k}\\g}{{.\“ 500
A R R
450 - S 450
A RN
i) o— 400
400 0 ‘. ‘, ) .

nr. switch [—]

Lunghezza [—]
Lunghezza [—] 15
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SMBR: the thermal wave
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SMBR: open loop response
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Fig. 6. Correlation between methanol conversion and the outlet gas tem-
perature for different switching times. (a) Period = 47¢.. 1. = 20s; (b)
period = 721.. 1. = 22 s; (c) period = 332+¢., f. = 24s. Points are taken

in the middle of each cycle.

Fig. 5. Periodic evolution of the average methanol outlet conversion in
the complex behaviour region; f. = 20s, Ty = 100°C.

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004
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SMBR: open loop response
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Fig. 7. Open loop response to a step disturbance ATg i = —10°C and
transition to a multi-periodic steady-state; . = 40s, Ty, = 130°C.

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004
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SMBR: open loop response

Disturbance stop after 195 switches Disturbance stop after 310 switches
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Fig. 8. Open loop response to a step disturbance ATgi; = —10°C

Fig. 9. Open loop response to a step disturbance ATg jn = —10°C (point
1) and new complex steady-state obtained when the conditions before the
disturbance are restored (point 2): t. = 40s, T, = 130°C.

(point 1) and restoration of the previous steady-state after the disturbance
(point 2); t. =405, T, = 130°C.

|:> There are more periodic stationary conditions

Velardi S., A. Barresi, D. Manca, D. Fissore, Chem. Eng. J., 99 1171 123, 2004
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The control problem

w FEATURES

A Thesystemmaysuddenlydivergeto unstableoperatingconditions(evenchaotic
behavior)

A Thenetwork mayshut-down;
A Thereactorsmayworkin a suboptimalregion
w PROBLEM
A Thereactornetwork shouldwork within an optimal operatingrange

A Sucharangeis often narrow andits identification maybe difficult.
w SOLUTION

A Asuitablecontrol systemmust be synthesizedand implementedon-line to avoid
both shutdown andchaoticbehaviors

A Anadvancedcontrol systemis highlyrecommended

A Modelbasedcontrol A Model PredictiveControl, MPC
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