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Abstract

The dynamic unsteady-state reactor process in a cocurrent tubular reactor with single-run reagents (continuous phase) and with multi-run
catalyst (dispersed phase) has been investigated. For the temperature-dependent catalyst deactivation the reactor process has been conside
in which after optimal numbédB of catalyst residences in the reactor the whole amount of catalyst leaves the system; then the fresh catalyst
is directed to the reactor and the n&tuns cycle of the optimal process starts. The optimization problem has been formulated in which
a maximum of an average (for one cycle) process profit flux is achieved by a best choice of Buofilwatalyst residences in the reactor
and best choice of temperature profiles along tubular reactor for each catalystub.. . . B, respectively. The set of parallel-consecutive
reactionsA + B—~R andR + B— S with desired producR has been taken into account. The algorithms of maximum principle have been
used for optimization. Optimization procedure allows for finding an optimal number of catalysBrfiansvhich an average process profit
flux reaches a maximum for a concrete value of fresh catalyst pri@ptimal value oB increases with.. A shape of optimal temperature
profile constitutes the effect of compromise between the overall production rate of desired Reggedtiction rate in the first reaction minus
disappearance rate in the second one) and the necessary savings of catalyst. The optimal solutions show that the most important influence
on the optimal temperature profile is due to the need of catalyst saving; low temperatures save catalyst during its initial runs. Moreover, the
optimal temperature profile is independent of fresh catalyst pritfeoptimal temperature profile fd8-run reaction process is known, then,
to obtain optimal profile forB—r)-run process, it is enough to cut the initial part of optimal profile corresponding to the ffinss.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction dependent and concentration independent catalyst decay, de-
activation rate is described IBq. (3) where the activity is

An optimization problem, which regularly appears forvar- defined as the ratio of reaction rate in presence of given cata-
ious catalytic reactors, is that of optimal temperature con- lysttothe rate in presence of fresh cata[@$andT(t) for 0 <
trol. Examples of catalytic reactors where the problem is t <t; describes the temperature profile along reactor. The net
important were presented by us at Second and Third In- profit flux accompanying reactor process can be expressed
ternational Symposium on Catalysis in Multiphase Reactors as difference between gross return determined by economic
[1,2]. A frequently encountered reaction system involves a value of desired produ&and total process cost. The optimal
set of parallel-consecutive reactions (1) and (2), with a de- temperature profile has to maximize the net profit flux.
sired producR, which undergo in a tubular reactor with mov-

ing deactivating catalyst (granular solid). For a temperature 4 | g El’_>"1°R (1)
Ep k
— R+ B 2X°S 2)
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L,c(0) L,e(t)
Nomenclature M
a catalyst activity REGENE |, !
ay fresh catalyst activity S,,a, | BATOR | s a(t)
B number of catalyst residences in reactor
b current number of catalyst residences in reactor Fig. 2. System of cocurrent tubular reactor-catalyst regenerator.
Ci concentration of reactant i (mol/l)
F performance index defined I&q. (12) containing (temperature dependent) reaction rate constants,
Ke fixed cost ($/min) concentrations of reagents, catalyst activity, as well as cata-
L mass flux of reagents in reactor (kg/min) lyst concentration in the reacting suspension and a measure of
Mg molar mass of desired produgt the slip between reagents and solid catalyst particles. The op-
P net profit fluxP ($/min) timal solutions show that a shape of the optimal temperature
r number of the first initial runs of catalyst profile depends on mutual relations between activation ener-
S catalyst mass flux in reactor (kg/min) gies of reactions and catalyst deactivation. It has been proved
T temperature (K) that the optimal temperature profile is a result of the compro-
te common residence time of reagents and cata- Mise between the overall production rates of desired reagent
lystin reactor during its single run along reactqr R (production rate in the first reaction minus disappearance
(min) rate in the second one), necessity of saving of reagents resi-
B dimensionless catalyst flugg. (14) dence time (reactor volume) and necessity of saving catalyst.
A dimensionless unit price of fresh catalyst, The most important role of the optimal temperature profile is
Eg. (13) associated with its influence on saving of the catalyst: When
W f fresh catalyst price ($/kg) catalyst recycle ratio increases (mean number of catalyst par-
WR price of desired produd® ($/kg) ticles residing in reactor increases) optimal temperatures save
oL density of reacting mixture the catalyst, as the optimal profile is shifted in direction of
05 catalyst density lower temperatures. The same is observed when catalyst slip

increases; in this case the optimal profile is shifted in direc-
tion of lower temperatures. When reactor unit volume price

) decreases, catalyst residence time increases, whereas optimal
The papers quoted above refer to steady-state reaction proggmperature profile is shifted to lower temperatures.

cesses with single-run reagents, where the changes are along 1,4 papef[1] refers to the system of cocurrent tubular
the length of reactor (no recycling), and with single-run cat- ¢4 tor.catalyst regenerator presentefign 2((it is note wor-
alyst or its partial recycling. It should be underlined that for . that hoth the existence of catalyst regenerator as well as
processes with partial recycling of catalyst, the eX|sten_ce of axistence of fresh catalyst flu, admits steady-state pro-
fresh catalyst flwS, aIIovys for these processes to be in a cesses). The optimal solutions show that an increase of the
steady-state. For dynamic unsteady-state processes, that args cost of catalyst regeneration or an increase of the cata-
the subject matter of this paper, the fresh catalyst3judoes ot recycle ratio cause such optimal temperatures in reactor

not exist—compareig. 1andFig. 3 Therefore, fordynamic  \hich save the catalyst, as the optimal temperature profiles
unsteady-state processes it is required that the whole amount, e shifted towards lower temperatures.

of c.atalyst is exchapged after an optimal nunibef catalyst The papergl,2] refer to typically steady-state processes
residences occurs in the reactqr. ) whereas the optimization of dynamic unsteady-state reactor
_The both paperg1,2], underline that the mostimportant  5cesses with (still) single-run reagents but with multi-run
influence on the optimal temperature profile is associated o41a\yst is a task of this paper. In the processes considered
with necessity of saving the catalyst. here, after optimal numbeB of catalyst residences in the
R=5,/Ss 4 reactor the whole amount of catalyst leaves the system; then
the fresh catalyst is directed to the reactor and the next cycle
In the paperf2], which refers to the process presented of the optimal process startBig. 3. Our purpose here is to

in Fig. 1, catalyst recycle ratio has been definedduy (4) outline the optimization procedure that uses an average (for
The rates of reactions have been described by expressions

L,c(0) L,C(l) L 6 © : REACTOR L Civ (tk) 4
—*Sf,a, T 5.0 REACTOR ot —’sf,a ™ S, a, (0) » S 2 (t)
4 B runs
Sy alty) )

Fig. 3. Dynamic unsteady-state tubular reactor (the system investigated in
Fig. 1. Cocurrent tubular reactor with catalyst recycle. the present paper).
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one cycle) profit flux of the process as a performance index, Fig. 1subject the assumption of the piston catalyst flow. Still
which is maximized subject to the temperature profile as a the considered process would remain a steady-state process.
process control. On the other hand, for the vanishing feed flux in the pro-

However, before any optimization developmentthe reader cess inFig. 2 (at the inlet and the outlet) the process would
should be warned that that the analysis in the present papefwork at a steady-state provided that catalyst grain regenera-
does not refer to the most typical scheme of the catalytic tion is possible to a fixed activity, independent of the regener-
contacting represented by the fixed bed reactor, thus no sim-ation number. This is usually not a case because the decaying
ilarities with fixed bed reactors optimization are expected. catalyst acquires (as the result of subsequent regenerations)
Our work refers to an unsteady-state reactor with a moving lower and lower activitie§s]. Therefore the process in the
deactivating catalyst, presentedrig. 3. The total mass of  reactor—regenerator system without the fresh catalyst feed is
the catalyst in this reactor is set as the product of the catalystan unsteady-state process (similarly like the proceSg)ir8).
residence timetand the catalyst flu& Similarly asthereac-  In this process, after the expiration of a period of its work-
tors shownirFigs. 1 and Zthat refer to our previous analyses ing time (the result of optimization) the whole amount of the
in papergd1] and[2]) also the reactor presentedriy. 3(the catalyst in the system (i.e. the sum of the catalyst amount in
object of our investigation here) belongs to the class of reac- the reactor and regenerator) is removed from the system and
tors with moving deactivating catalyst. However, while each replaced by the fresh catalyst.
of the reactors irFigs. 1 and Zan achieve the steady-state Also, in the process optimized herEig. 3) the whole
mode in any stable reaction process (sustained by a finite,amount of the catalyst is exchanged after an optimal number
fixed flow of the solid phase5y), the reactor ofig. 3 can of the catalyst residenc&(optimal number of “runs”). The
only work as an unsteady-state system. An additional com- optimum value oB is therefore an important outcome of the
mon property of the reactors presented on all three figuresoptimization.
is that each element of the continuous phase of reagents re- Now we shallfocus on the procesdHig. 3exclusively. We
sides in the reactor only once (single-run phase). On the otherdesignatec;(0) is concentration of reactant i in inlet reagent
hand, the moving deactivating catalyst (solid phase fw, flux, independent of catalyst run indbxt; residence time of
can reside in the reactor many times, and, therefore, the setseagents in reactor and also catalyst residence time in reactor
of states (paths) followed by the moving deactivating catalyst during its single run through reactasj(t;) concentration of
are different in each run. This causes an essential differencereactant i in outlet reagents flux during catalyst buwhere
between the processeshigs. 1 and 2and the processin  b=1,..., B; ay(0) inlet catalyst activity during catalyst run
Fig. 3,; processes undergoing in reactor$-afs. 1 and are b, whereb =1, .. ., B, satisfying relationship
usually steady in time whereas the ones in reactétign 3
are always the unsteady-state. This also influences the mode»(0) = ap—1(x) ®)
of the optimization analysis which differs substantially in our
paper from that in refgl] and[2].

Regarding the process &fig. 1 its stationarity follows
from the finite flux of the fresh catalyst. This stationarity is
preserved in spite of diverse number of residences of various
catalyst grains in the reactor. The number of the residences . o
of a definite grain in the reactor lies between zero and an 2: Mathematical model of catalyst deactivation and
infinity: hence the activity of a definite catalyst grain in the Cchemical reactions
reactor is between the activity of the fresh catalyst and zero. . ) ) .

On the other hand, an average number of the catalyst grain FOr the considered dynamic multi-run processas(3)is
residences increases with the value of the catalyst recycle2PPlied in the form

index. Accordingly, an average activity of the catalyst grain 0 —E,

in the reactor decreases with the recycle ind®x, q = ~laoexp (RT(I)) ap(t) (6)

Regarding the process Big. 2its stationarity, in the gen- b
eral case, is the result of both factors: a finite flux of the fresh that contains explicitly run index. Eq. (6)is valid forb =1,
catalyst,Sy, and the regenerator. Here, the residence path of | Band O< t <t,.
catalyst grains is such that each grain that resides in the re- The catalytic reactions (1) and (2) are described by
generator more then once is subjected a regeneration procesggs. (7)—(10)valid forb=1,...,Band 0< t < t;. The
in the regenerator, between each Subsequent residence in th@action rate constanks andky satisfy Arrhenius equation
reactor. In practice such a process scheme is accomplished ifyith activation energieE; andEs, respectively.
the catalytic cracking of the crude oil.
~ Fora'frozen” regeneration of the catalyst, the regenerator deap(t) _ Ky (Ty(O)apeascas %
in Fig. 2would become a container of the recycled catalyst  dr
with the unchanged catalyst grains flowing through it. This 0
process would be identical with the process in the reactor in

with initial condition a;(0) = ay, wherea; = 1 is a fresh
catalyst activitya, (t;) outlet catalyst activity during catalyst
runb, whereb=1,..., B.

= —k1(Tp(t))apcarcpy — ko(Tp(1))apcprery  (8)
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dc;;};(t) = k1(Tp(t))apcapcpy — ko(Tp(1))apcppcrp 9)
dc;l;(t) = k2(T(t))ancBocrp (10)

3. Process profit flux

The net profit fluxP accompanying reactor process can
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dences in reactor) during one optimal cycle and optimal tem-
perature profile along reactor for every catalyst residence in
reactorp = 1, ...B. Of course, when performance indéxs
maximized, the dynamic (statejs. (6) and (7)—-(1Mave to

be satisfied. The production Bfis calculated as the compo-
nent of the process profit.

4. Results of numerical computations

be expressed as difference between gross return determined

by economic value of desired produRtand process cost
consisting cost of fresh catalyst and fixed ddst Note that

For optimization calculation the discrete optimization al-
gorithm with a constant Hamiltonigd] worked out by the

the cost flux of fresh catalyst appears only in the catalyst run’s @uthors of this paper, is applied.

b =1, thus an average rather than instantaneous profiPflux

The optimization calculations were performed for the

should be considered. If the inlet reacting mixture does not S8me data of reaction kinetics and catalyst deactiva-

contain desired reageRtand the catalyst leaving the system
(after the last rurB) is worthless one, the average net profit
flux P referred to one process cycle can be expressed as

B

L 1
> —crot)Mrir — =Sy — Ke,
b1 PL B

P==
B

(11)
where the first term on the right-hand side B§. (11)
describes an average (fBfruns cycle) economic value of
desired reage with its molar mas3/g and priceu . This
reagent is contained in the volumetric fluko; of reagent
mixture with concentratiortg,(t;) in output flux (catalyst
runb). The second term on the right-hand sidé&qf (11)de-
scribes the average f&runs cycle economic value of fresh
catalyst (fresh catalyst flux appears only in the bun1).

Eqg. (11)can be transformed into the form

c 12 1
B % "B ;WW) ~ (12)
where:
A= (/prs) (13)
(urMR)
_ (S/Ps)
~ (L/pL) (14)

As the costK,. and expressionL{p;) Mrug are given
constants, for the purpose of optimization, performance
index P can be replaced by performance indexlescribed
by Eqg. (12)or Eq. (15)—consider stoichiometriEgs. (1)
and (2)and kineticEq. (9}

1 &
F=2 ,;1 { (kalToas (e an(t)esn(t)
kT Ol 0en e Oid — 18

(15)

Performance inde¥ has to be maximized by optimal
choice of number of catalyst runs (number of catalyst resi-

tion kinetics as those in our earlier papdfis2]: E1 =

67 kd/mol,K1p = 5x10%1%/(mol minn?), E» = 125kJ/mol,
Koo = 3x10%2/(molminn?) Eq = 105kJ/mol, Kgo =
410 min1, c4(0) = c3(0) = 1 mol/l, &(0) = c,(0) = 0

T, = 335K andT* = 355K (whereT, andT* describe min-
imal and maximal allowable temperature, respectively), as
well aspg = 0.1t; = 1 min and various values of dimension-
less unit price of fresh catalyat The results obtained are
presented irrigs. 4—-6 For more details see rgB]

Optimization procedure allows for finding an optimal
number of catalyst runB for which performance indek
reaches maximum for concrete value of fresh catalyst price
\. Fig. 4shows that optimal value & increases with. For
\ =0, e.g. for the case when fresh catalyst price is very low
and can be approximated by zero, the maximum of profit
flux P represented by the maximum of performance index
is reached foB = 1. This means that, in the optimal process,
the catalyst has to leave the system after only one residence
in the reactor. For more expensive fresh catalystie=g0.2,
the maximum of performance indéxis reached foB = 2.

This means that in the optimal process the catalyst in reactor
has to leave the system after two residences. And so on: for
\ = 0.4 the optimal numbeB of catalyst residences in the
reactor isB = 3, whereas foh =0.6B=4B =4

A shape of optimal temperature profile constitutes the ef-
fect of compromise between the overall production rate of
desired reagenR (production rate in the first reaction mi-

f 3
F \\_‘0
0.6} A=0
ey o
——a1=0.4
0.4f /’o A=0.6
0.2t
1 2 3 4 g

Fig. 4. Optimal performance index vs. total number of catalyst runs, for
various prices of fresh catalyst.
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T number of catalyst residences in rea@oForB = 1 the curve
[K] , a(t) is rapidly going down. WheB increases the curt)
35571 bbecomes more and more flat.
345 Moreover, an optimal temperature profile is independent
335 L of fresh catalyst price. (Fig. 5, valid for variousi). This

T is because the functional properties of costs are unchanged
355} with A.

If optimal temperature profile fdB-run reaction process
345 . . ) X
is known, then, to obtain an optimal profile fdB-)-run

335 ¢ process, it is enough to cut the initial part of optimal profile

T corresponding to the firstruns.
3551
345 ¢
335 5. Concluding remarks

T
355+ For a dynamic unsteady-state reactor processes in a cocur-

rent tubular reactor with single-run reagents (continuous
phase) and with multi-run catalyst (dispersed phase) the op-
G _ timization problem has been formulated. In such processes
't [min] after optimal numbeB of catalyst residences in the reactor
the whole amount of catalyst leaves the system; then the fresh
catalyst is directed to the reactor and the rgxtins cycle
of the optimal process starts. In this optimization problem a
maximum of an average (for one cycle) process profit flux is
nus disappearance rate in the second one) and the necessaachieved by a best choice of numligeof catalyst residences
savings of catalyst. The results presented in Figs 5 and 6in the reactor and best choice of temperature profiles along
show that the most important role of the optimal temperature tubular reactor, for each catalyst run= 1, ..., B, respec-
profile is due to its influence on catalyst saving; low tempera- tively. The set of parallel-consecutive reactioAs+ B—R
tures save catalyst during its initial runs. To show that optimal andR + B— S, with desired produd® has been taken into ac-
temperature strategies save catalyst during its initial runs it count. A relatively unknown discrete optimization algorithm
is enough to compare optimal temperature profiles along theof maximum principle type has been used for optimization
length of reactor for the first catalyst run, for various optimal [4,6].
It has been shown that an optimal number of catalyst runs

3457
335

05 05 05

Fig. 5. Optimal temperature profiles for successive runs in 1-, 2-, 3- and
4-run processes.

a B for which an average process profit flux reaches a maxi-
1.0 mum exists for every concrete value of fresh catalyst price
Optimal value oB increases with.
0.5 A shape of optimal temperature profile constitutes the ef-
fect of compromise between the overall production rate of
ay 05 [It[min] desired reagerR and the necessary savings of catalyst. The
1.0 | optimal solutions show that the most important influence on
the optimal temperature profile is due to the need of cata-
0.5¢ | lyst saving; low temperatures save catalyst during its initial
N runs. Moreover, an optimal temperature profile is indepen-
a 0.5 ! 0.5 | t [min] dent of fresh catalyst price. If optimal temperature profile
1.0 [ . for B-run reaction process is known, then, to obtain opti-
| ' mal profile for B—r)-run process, it is enough to cut the
0.5 | | initial part of optimal profile corresponding to the first
P S — runs.
ay 05 05 05 |t[min] The described above situation with cutting of the initial
: | part of optimal temperature profile is known for non-catalytic
| : parallel reactions, leading to desired reagerénd unde-
| | sired reagen@Q, respectively. In this case a shape of opti-
1 | 1

mal temperature profile constitutes the effect of compromise
between the production rate of desired reademind pro-

Fig. 6. Optimal catalyst activity trajectories for successive runs in 1-, 2-, 3- duction rat_e of u_nde&_‘,lred reageQt |n_ our catalytic _prOb'
and 4-run processes. lem undesired direction of process is the one which leads

0.5 0.5 0.5 0.5 t [min]
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