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Complex dynamic behaviour of methanol synthesis
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Abstract

The dynamic behaviour of a three reactors network (or ring reactor), with periodic change of the feed position, was investigated in a
previous work for low pressure methanol synthesis, showing that cyclic steady-states and autothermal processing can be obtained, leading
to higher conversions than traditional devices. Furthermore, complex dynamics—highly periodic steady-states and multiplicity of periodic
steady-states—may arise, close to the conditions of maximum conversion. A simple open loop control policy, which can be useful for a
safe start-up, was also tested to study the response of the network to disturbances on the input parameters, showing that a more robus
control strategy is needed for this application.
© 2003 Elsevier B.V. All rights reserved.

Keywords. Forced unsteady-state reactors; Equilibrium-limited reactions; Methanol synthesis; Complex dynamic; Open loop control

1. Introduction The ring reactor, or reactor network, consists of a se-
guence of two or more catalytic fixed bed reactors in which
Forced unsteady-state catalytic reactors have receivedy sustained dynamic behaviour is obtained through the pe-
much attention in recent years, as concerns both industrialriodical variation of the feed position. In this work, we con-
applications and scientific investigation and have been pro- sider a network made of three reactors as showfign 1:
posed both for endothermal and exothermal processes ashe sequence of the reactors is changed after attinaeting
well as for reversible and equilibrium reactions. Favourable on a set of valves. By this way, contrary to the reverse-flow
temperature and composition distributions, which cannot reactor, the flow direction is maintained ensuring a uniform
be attained in any steady-state regime, can be reached by.atalyst exploitation.
means of forced variations of inlet parameters, as it has been This reactor configuration has received little attention up
showed in1]. The periodic reversal of the flow direction is  to now. A comparison between the reverse-flow reactor and
a simple technical solution to obtain forced unsteady-state a network of two reactors is given [B], pointing out that in
conditions. Extensive investigations about the reverse-flow the network there is On|y a small range of S\Nitching times in
reactor have been performed in the past 30 years (see theyhich stable operation can be obtained. A sequence of three
review works[2,3]), showing that this device can be used peds was investigated [6,7] to demonstrate the feasibility
for the combustion of lean and cold mixtures as the reversal of this solution for the combustion of lean VOC emissions.
of the flow keeps the heat of reaction inside the bed, which preliminary results confirmed that this device can be com-
acts as a regenerative heat exchanger, thus reducing theetitive, in certain conditions, with the reverse-flow combus-
need for auxiliary fuel, except for start-Uf,4]. Another  tor, as it strongly reduces the emissions of unburned gas due
advantage of this configuration is the possibility to achieve to wash-out, in correspondence of each switch. Autother-
an optimal temperature distribution, which makes possible mal behaviour can be obtained, even at low VOC concen-
the creation of favourable thermodynamic conditions for tration, but safe Operation is limited to a narrow range of
exothermic equilibrium-limited reactions. switching times. Consequently, a more robust control pol-
icy than the open loop strategy, based on fixed switching
times, has been proposgt}8]. The influence of the number
fax: +39-011-5644699. X . .
E-mail addresses: antonello.barresi@polito.it (A.A. Barresi) of reactors in the network and of the main operating param-
davide.manca@polimi.it (D. Manca). eters on the performance of the device has been recently
L Tel.: +39-02-23993271; fax:+39-02-70638173. investigated9].
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Nomenclature

ay external particle surface area per unit
volume of reactor (m?)

C molar concentration (mol f¥)

cp specific heat at constant pressure
(kg K1)

dp pellet diameter (m)

Deft effective mass dispersion coefficient
(m?s™1)

Fin superficial inlet flow rate (molm?s1)

h gas-—solid heat transfer coefficient
(@m2K-1s1

AHy molar enthalpy of formation (J mot)

Kett effective heat dispersion coefficient
@mik-1sY

ke gas—solid mass transfer coefficient
(molm=—2s~1)

kps reaction rate constant
(molstkg~tatm1)

K adsorption equilibrium constant (bah)

Kp chemical equilibrium constant based
on partial pressure

14 single reactor length (m)

L total network length (m)

Ny number of components in the mixture

Nr number of reactions

Pr Prandtl number

R reaction rate (molstkg—1)

Rep particle Reynolds number

< Schmidt number

t clock time (s)

te switching time (s)

T temperature (K)

v interstitial velocity (ms?)

X axial reactor coordinate (m)

y molar fraction

ZcHsoH  carbon to methanol conversion

Greek symbols

e void fraction of the catalytic bed

Nk effectiveness factor for reactidn

A thermal conductivity (JmK~=1s71)

v stoichiometric coefficient

0 density (kg nT3)

Subscripts and superscripts

A indicates CHOH from CO reaction

B indicates CHOH from CG, reaction

C indicates water-gas-shift reaction

G gas phase

in inlet condition

st stagnant

S solid phase or solid surface

0 initial condition

—

——f 2 F——f0 3 [— <

inlet outlet

J

outlet inlet

outlet inlet

Fig. 1. The three-reactors network (or ring reactor) with variable feed
position.

In the case of exothermic, equilibrium-limited synthesis
reactions the aim is to approach the ideal profile of maximum
product generation. The feasibility of synthesis gas produc-
tion by means of catalytic partial oxidation of methane in a
network of three reactors and the influence of the main op-
erating parameters has been demonstratg¢tidfy showing
that conversion and selectivity are similar to those that can
be obtained in a reverse-flow reactor. In this work methanol
synthesis will be considered, as it was showfiih that this
process, when carried out in a reverse-flow reactor, can give
higher conversion in comparison to traditional steady-state
technology, based on multi-bed adiabatic reactors. Velardi
and Barresi12] have demonstrated the feasibility of this
process in a three reactors network, showing that in certain
conditions higher conversion and selectivity can be obtained
in comparison to traditional technologies. In this work, the
influence of the main operating parameters on the dynamic
behaviour of this configuration operated with an open loop
control strategy has been studied, with particular attention to
the possibility of highly periodic steady-states. Furthermore,
the dynamic response of the system to external disturbances
has been considered.

2. Modd

A one-dimensional heterogeneous model has been
adopted for the numerical simulations. A network of three
adiabatic reactors has been considered, with plug flow
condition for the gas phase. Mass and energy dispersive
transport have been taken into account as well as the tran-
sient terms in the gas phase equations and in the energy
equation for the solid. The time-dependent term in the mass
balance for the solid phase has been neglected, thus leading
to a pseudo-steady-state condition for the catalyst surface.
The set of algebraic differential equations that describes the
dynamics of the system is the following:



S \elardi et al./Chemical Engineering Journal 99 (2004) 117-123 119

Continuity equation for the gas phase:

dcg 0 " kg.ia
D = 0si — ¥6.0)- 1)

i=1
Continuity equation for componepin the gas phase:

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

h
% — 1.6(2 + FREXSPY/3) (12)
G

with

G, j 2yG, j ayG,j | ke, ja 0.0557Re23Pr2/3 2
o= Detf — 4 —v =2+ (s — G, )) F=0664 |1+ il 5 (13)
. G 1+ 2.44(Pr2/3 — 1)Re;™
r
k .
_yG*J‘Z G.idy (ys.i — ¥G.i) and a similar correlation has been considered for the mass
i-1 €6 transfer coefficient, according to Chilton—Colburn’s analogy
withj=1,...,(n —1). (2) (see[6] for further details).
Enerav balance for the gas phase: The prediction of the axial heat dispersion coefficient has
9y ) gasp ' been carried out adopting a correlation by Dixon and Cress-
T ket 0°T, 0T ha, :
9% _ Keff 2G e L ™ ). 3) well [15]:
ot ocpG 0x 0x 0CP,GE ket _ 0.73+ (Ast/2c) 0.5 (14)
Mass balance for the solid phase: ovcp,cdp RepPr 1+9.7(RepPr)’
Ne where the ternmikg/Ag accounts for the stagnant zone con-

tribution. According to Edwards and Richard4d®] a cor-
relation of the same general form &g. (14)can be used
for the prediction of mass dispersion coefficient:
Det 073 0.5

vdp  Rep ' 1+9.7/(RepSe)

The effectiveness factorg in Eq. (4) have been estimated
following the linearization procedure described113].
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 im-
posed between each reactor of the sequence, at sectiens
The model is completed by the kinetic equations by ¢and Z. In addition, spatial derivatives should vanish at the
Graaf et al.[14], corresponding to a dual-site Langmuir— outlet sections. At time = O the reactants concentration
Hinshelwood mechanism, based on three independent reacis null, while the initial temperatures of the gas and solid
tions: methanol formation from CO, water-gas-shift reaction phases are the same. When the switching time is reached
and methanol formation from CO the origin of thex-axis moves from the first reactor of the
sequence to the second one and the switching conditions are

kg, jav(ys,j — ya,j) = [es(1 —&)] anVj,kRL
k=1
with j=1,...,n. (4)

e Energy balance for the solid phase: (15)

aTs As  0%Ts ha,
— =— > — —————(Ts— Tg)
ot osCps Ox oscps(l—e)

1 nr NR B
> (anvi,kR;{> (—AH ). ®)

€P.Si37 \im1

CO+ 2H,; = CH3OH, 6 o g . "
e 3 © applied in order to simulate the change of the inlet position:
COp+Hz = CO+ H0, (7
)’G,j(x)|t+ = )’G,j(x + Ol
CO+3H, = CHyOH + H-0. ®)  xel0.2ef { Te@lr =Tolx+ 0Ol
The reaction rates for methanol and water from reactions (6), Ts()|+ = Ts(x + O~
(7) and (8) are given by the following equations, according Y6, M+ = yo.(x — 20)]-
to the model proposed by Graaf et fl4] for a catalyst
based on Cu-Zn-Al mixed oxides: xef2e.3t]  To@lr =Telx =20~ . (16)
Ts(x)|+ = Ts(x — 20)|,-
k/ K 3/2 _ PCH30H
psAXCO [ PCOPH, —P],_}/ZKpA
Rehona = — , ©)
’ (1+ Kcopco + Kcozpcoz)[l?ﬁ/zz + (KHzo/Kﬁ/zz)PHzo]
/ kpsKco, [Pcoszz - —pHIZ(i_[;CO]
R = : : (10)
H20.B 1/2 12
(14 Kcopco + Kco, pco,)lph, + (KH,0/ Ky, ) Phy0l
32 p P
KpucKeoy | pooyil - e |
Rosomc = Rinoc = " foc (1)
CH30H,C H,0,C

172 172 :
(1+ Kcopco + Kcozpcoz)[PH/2 + (KHZO/KH/2 ) PH,0]
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Table 1 e e

Parameters used in the numerical simulations g 60 % i ]

Total length [) (m) 05 g [ 1

Void fraction ) 0.4 > L )

Catalyst densityds) (kgm~3) 1750 5§ 50%¢L £ lowt .

Catalyst specific heat 1000 : [ 3 npen;ting range i
(ers) kg itk = N

Catalyst thermal conductivity 0.33 2 0% ]
(xs) Wm=tK™1h) an) N

Pellet diameterdp) (m) 0.0054 o) ;i high f:grii“::i"“"

Total pressure (MPa) 5 m"’ [Ji Y

Superficial inlet flow rate 32.65 O 30% s ///// high ¢, operating range
(Fin) (molm~2s71) & * /% E\—o

Feed composition (mol%) g g 3 1

Co 4.5 > 20% T TN TN 57 W BN S P P

Co, 20 < 0 10 20 30 40170 180 190 200 210

CH3O0H 0.0 ¢ s

H>0 0.0 P

Ha 93.5

Fig. 2. Influence of the switching time on the average carbon to methanol

Kinetic and equilibrium constants conversion when the heat and mass transfer coefficients are evaluated

k;JsA 2,69 x 10" expl~10990QRT] according toEq. (12)(solid line) and when their value is multiplied by
kose 7.31 x 10° exp[-123400RT] 2 (dashed line) and by 10 (dotted ling}, = 100°C.

khsc 4.36 x 107 exp[-6520Q'RT]

Kco 7.99 x 10—; exp[58100RT]

le; / K}ff jggi ig_lfgfgffgfgozgn sim_ulations reveal that the network can operate 'in two
log10Kp A (51397) — 12621 regions oft; values: the highe and the lowt; operating
l0g10Kp.8 —(2073/T) — 2.029 range, separated by a region in which extinction occurs.
log10Kp,c (3066/7) — 14.650 Autothermal behaviour is possible because no energy sup-

ply is needed, except a moderate preheating of the feeding,
required to avoid the condensation of the reactants. Never-
The domain of the spatial variabiehas been discretised theless, the solid bed must be preheated above the ignition
on a grid of equally spaced points; 101 points are sufficient temperature in order to prevent extinction during start-up
to ensure a grid-independent solution. As a consequenceand to attain autothermal processing. Therefore, an initial
the partial differential algebraic equations system (PDAE) temperature of the beﬁg = 220°C was chosen for simula-
(1)—(6) is transformed into a differential algebraic equations tions in the higtt. range, while a value d“g — 290°C was
(DAE) problem: the algebraic system of non-linear equa- required in order to have a safe start-up at lgwalues.
tions resulting from the mass balance on the solid has been \when the switching frequency is high the heat and mass
solved through the routine BUNSI[17], while the integra- transfer evaluated according fy. (12) may not be ade-
tion in time of the differential part of the system has been quate to describe the transport process as the correlation has
performed implementing the Fortran routine LSODES, from peen proposed for steady-state conditions, which are barely
the package ODEPACKL8]. Both relative and absolute tol-  reached in a period wheis low. As it is extremely difficult
erances are set to the square root of the working machine preto have reliable estimations of the heat and mass transfer co-
cision. The parameter values used in simulations are givenefficients in these conditions, the sensitivity of the model to
in Table 1 and correspond to the conditions adopted in a these parameters has been evaluated, by changing the value
previous work on the reverse flow operation of methanol of the heat transfer coefficient (and also the mass transfer
synthesig19]. coefficient according to Chilton-Colburn’s analog§g. 2
After a transient period, the solution of the system evolves shows the carbon to methanol conversion when these co-
towards a periodic-steady-state: the behaviour of the reactorefficients are 2 and 10 times higher than in the base case
(temperature and concentration profiles) is the same within (Eq. (14): the range of. in which the operation is feasible
every three switches. is practically the same, even if the conversion slightly de-
creases when the value of the coefficients is increased. If the
heat and mass transfer coefficients are further increased, no

3. Results further decrease in the conversion is noticed; similarly, no
variations are observed when they are reduced with respect
3.1. Operating ranges to the base case. The same analysis has been repeated in the

high t; range, leading to analogous results: the value of the
Fig. 2 shows the performance of the network of three re- heat and mass transfer coefficients slightly affects the carbon
actors for different values of the switching time. Numerical to methanol conversion, but it does not affect the dynamic
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Fig. 3. Solid temperature (upper figure) and methanol concentration pro-

files (lower figure) in the high and lot rangesrontinuousline: 7. = 40s,

Tin = 130°C; dashed line: 1c = 162, Tin = 100°C. Profiles are taken at  Fig. 4. Solid temperature (upper graph) and methanol concentration pro-

the end of the cycle. files (lower graph) in three subsequent cycles in the complex behaviour
region; tc = 20 s, Tip = 100°C.

behaviour and the range tfwhere stable operation can be ] o o ]
obtained. As a consequence, in the following, the values of Methanol conversions the switching time in the hight
heat and mass transfer coefficients are evaluated according@nge, which is shown ifig. 2
to Eq. (12)

Fig. 3 shows a comparison between typical temperature 3.2. Complex behaviour region
and conversion profiles in the two operating ranges. At high
t. (dashed lines) profiles are very similar to those obtainable If the switching time belongs to the high operat-
in a reverse flow reactor. Initially, the positive slope of the ing range, transition from stable periodic operation to a
temperature wave brings the fresh feed above the ignition non-ignited state occurs at a precise valug:pivhile op-
temperature£180°C) so that the exothermic synthesis re- erating at low switching time, transition to extinction is
action starts with heat generation. In correspondence of thenot well defined, but it takes place through a region where
maximum temperature an equilibrium plateau is approachedhighly periodic solutions are obtained with lower conver-
by the conversion profile. When the temperature decreasession. Even if permanent pseudo-steady-state conditions have
at the downstream end of the wave, conversion increasesheen reached, the profiles in a generic cycle are different
because methanol synthesis equilibrium is shifted towardsfrom the others since the material and energy balances have
higher values. Finally, when the temperature falls below the a solution of period greater than the cycle time. For exam-
ignition value, the reaction rate becomes negligible and a ple, Fig. 4 shows the temperature and concentration profiles
second plateau is observed. At ldwvalues Fig. 3, con- in three subsequent cycles for a switching time of 20 s.
tinuous lines) the switching strategy implemented in the re-  An example of high periodicity of the solution is shown
actor network leads to the formation of profiles that present in Fig. 5 where, for,; = 20 s, the evolution of the average
a series of temperature drops. These are somewhat analomethanol conversion is plotted versus the number of oper-
gous to intermediate coolings, which shift the reaction far ating cycles. If we choose two representative variables (e.g.
from equilibrium, thus allowing the conversion to contin- outlet gas temperature and methanol conversion) the status
uously increase along the beds. Since this effect becomef the reactor during a cycle can be defined by a unique
more important as the switching time increases, methanolcouple of values, both operating in the high and in the low
conversion enhances with while operating in the low switching time range.
range, as it is shown ifig. 2 As we increase the switch- Conversely, in the complex behaviour region, the status
ing time, working at high; values, the hot central section of the system can be represented by a stroboscopic map,
of the network enlarges, while the downstream end of the given by a number of points equal to the number of cycles
temperature wave tends to leave the system. Consequentlycorresponding to the periodicity of the solution. The strobo-
the increment in conversion, given by the final temperature scopic map ofig. 6 (left hand side) shows that 47 combina-
reduction, becomes smaller. This results in the decrease oftions of outlet gas temperature and methanol conversion are
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Fig. 5. Periodic evolution of the average methanol outlet conversion in Fig. 7. Open loop response to a step disturbance A7gin = —10°C and
the complex behaviour regioms = 205, Tj, = 100°C. transition to a multi-periodic steady-state; tc = 40s, Tin = 130°C.

possible when, = 20, each one corresponding to one of g very close to the zones of complex periodic behaviour.
the 47 cycles of the period. If we changiealso the period Furthermore, the useful operating ranges have a narrow
of the solution changes. As we move away from the stabil- extension, so even small disturbances may drive the reactor
ity operation range the period of the solution increases up gt of optimum. For example, for a—10°C step disturbance
to a value of 33% (right hand side), which corresponds to  j, theinlet temperature, the reactor falls outside the operat-

the upper limit of this high periodicity range. ing range at low t; values. The slow transition to a complex
periodic steady-state can be observed in Fig. 7. The system
3.3. Open loop response to disturbances exhibits an inverse response, because initially the aver-

age carbon to methanol conversion oscillates around 0.59,
Numerical simulations reveal that high conversion can which improves of about 5% the performance of the op-
be obtained in a network of three reactors operating in timal network configuration. Nevertheless, the oscillations
unsteady-state conditions, but care must be paid to thebecomelarger and the outlet conversion falls down after 150
existence of unstable regions of operation, which separateswitches from the disturbance. Finally, a pseudo-steady con-
stable zones where profile along the reactor are completelydition is approached, in which a solution of 48t is obtained.
different. In order to attain and maintain stable periodic op-  If the disturbance has a relatively short length and the
erations a simple open-loop control strategy was adopted,switching timeis not changed, the system is able to take the
which consists of the periodic alternations of the inlet sec- average conversion back to its original value. Thisis shown
tions at fixed time intervat. The knowledge of the dynamic  in Fig. 8, which shows the evolution of the mean conversion
behaviour of the reactor is quite important for the control when the disturbance of —10°C on the inlet temperature
of such a system, because the condition of maximum yield

065
300[ ‘ S @
@ ® 7 G g
£
250 A g
© 0.60 A
&) H =
o . 200 .: ; L V‘/\'\/M
]
) / S|
150 | 5 ossl]
3 3 (0]
A o { g @ j
100 e redan o~ o = =
z
02 03 04 05 02 03 04 05 02 03 04 05 0.00

CH_OH conversion 100 150 200 250
Number of switches
Fig. 6. Correlation between methanol conversion and the outlet gas tem-
perature for different switching times. (a) Period = 47t;, tc = 20s; (b) Fig. 8. Open loop response to a step disturbance A7gin = —10°C
period = 72tc, tc = 225, (C) period = 3321, tc = 24s. Points are taken (point 1) and restoration of the previous steady-state after the disturbance
in the middle of each cycle. (point 2); tc = 40s, Tin = 130°C.
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Fig. 9. Open loop response to a step disturbance A7g in = —10°C (point
1) and new complex steady-state obtained when the conditions before the
disturbance are restored (point 2); 7. = 40s, Tin = 130°C.

stops after 195 cycles, before the new cyclic steady-state
has been reached. After along time disturbance the system
is not able to return to the original state without changing
the switching time. Fig. 9 shows the performance of the
network when the disturbance ATg jn = —10°C stops after
200 cycles. It can be seen that the reactor does not return to
the optimal conditions, but it falls in a new highly periodic
steady-state, thus outlining the existence of multiple periodic
steady-states.

As a consequence of these results, a control scheme for
this device has to face any disturbances both in the inlet
temperature and in the flow rate. Equally, whenever the inlet
velocity changes, the reactor may exhibit similar complex
behaviours. This may be accomplished for example by any
commercial PID controller. If atighter control on the outlet
methanol conversion is needed, a model predictive control
(MPC) scheme should be used, varying the switching time
to maximise the selectivity of the reactor; the on-line opti-
misation requires the use of asimplified model and this will
be the subject of a future work.

4. Conclusions

The dynamic behaviour of a network of three catalytic
fixed bed reactors, with periodical variation of the feed
position, has been investigated by means of numerical
simulations. The mildly exotermic, equilibrium-limited
methanol synthesis process has been considered. A cyclic
unsteady-state regime with autothermal behaviour can be
reached in such a reactor, but this is achievable only for
switching times varying in two distinct ranges. the high t
and the low t. operating regions. Out of the useful operat-
ing regions, two other reactor states are possible: extinction

or complex behaviour. In the latter, cyclic steady-states
of period greater than the switching time are observed, in
which poor performances are expected. It has been shown
that in this complex behaviour region, the periodicity of the
solutions increases as the limit of extinction is approached.

The achievement of a sustained cyclic regime is made
possible by an open loop control strategy, which consists of
the periodic switching of the feed at a fixed time interval
tc. This open-loop control allows for a safe start-up, with
an appropriate choice of the bed pre-heating temperature,
but it can be ineffective if the inlet conditions are subject
to fluctuations. Furthermore, the simulations of the response
of the system to disturbances pointed out the existence of
multiple highly periodic steady-states close to the optimum
zone. As aconsequence, more robust control strategies must
be adopted.
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