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Abstract: In chemical industries, fast and strongly exothermic reactimasoften to be carried out to
synthesize a number of intermediates and final desired products pBigesses can exhibit a phenomenon
known as “thermal runaway” that consists in a reactor temperagge®f control.

During the course of the years, lots of methods, aimed to dbhé&eset of operating parameters (e.g., dosing
times, initial reactor temperature, coolant temperature, eicwhich such a dangerous phenomenon can
occur, have been developed. Moreover, in the last few yearsiténéian has been posed on safe process
optimization, that is how to compute the set of operating paeasnable to ensure high reactor productivity
and, contextually, safe conditions.

To achieve this goal, with particular reference to indusse@hibatch synthesis carried out using both
isothermal and isoperibolic temperature control mode, a dedicaptimization software has been
implemented. Such a software identifies the optimum set of ampgrparameters using a topological
criterion able to bind the so-calle@FS region” (where reactants accumulation is low and all thé hea
released is readily removed by the cooling equipment) and, teeativiely searching for the constrained
system optimum. To manage the software, only a few expemdmpatameters are needed; essentially:
heat(s) of reaction, apparent system Kkinetics (Arrhenius l#wgshold temperature(s) above which
unwanted side reactions, decompositions or boiling phenomena a@eredg heat transfer coefficients and
reactants heat capacities. Such parameters can be obtsimgdimple calorimetric techniquedd3CG ARC

RC1], etc..). Over the optimization section, the software possasudation section where both normal and
upset operating conditions (such as pumps failure and external fire) caretde test
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1. INTRODUCTION

In pharmaceutical and fine chemical industries, fast and strexgiyrermic reactions are often carried out
in semibatch reactorSBR$ in order to better control the heat evolution by the feeding ratact, for such
processes, a phenomenon known as “thermal runaway” may be triggezaduwer the rate of heat removal
by a dedicated cooling system becomes lower than the rate abf pheduction. Such a dangerous
phenomenon consists in an uncontrolled reactor temperature indragsecturring in practically adiabatic
conditions, can trigger (at temperatures higher than a cema&shobld value that, in the following, will be
referred to adMAT, acronym of “Maximum Allowable Temperature”) secondary undeés@eothermic
reactions or, worse, decompositions of the whole reacting mixture withquargeeactor pressurization due
to incoercible gases formation. If the internal reactorguresovercomes a critical value, the reactor can
explode releasing high amounts of toxic and/or flammable gasesthiat atmosphere and leading to
disastrous consequences for both the workers and the inhabitatits damaged factory neighboring.
Terrible examples of such scenarios are Seveso (1976) and Bh§gd) (accidents. Minor and recent
examples are the T2 laboratories accident in Jacksonvibeid& (2007), where 4 workers died and 32
people were injured, and the Bayer CropScience LP, Westnidr¢2008), where 2 workers died and 8
people were injured [1].

As a consequence, during the last 25 years, a considerable numioeiiesf sh the detection of the so called
“runaway boundaries”, namely the set of operating parameters ah whiunaway phenomenon may be
triggered, has been performed [2-5]. However, from a practieatpoint, the desired goal of whatever
enterprise is to define a set of operating parameters (eigl neiactor temperature and dosing time) for
which the maximum reactor productivity is attained, maintaining safditons.

Recently, a criterion able to search for the optimum operatingitions of a generic exothermic semibatch
reactor, operated in the isoperibolic temperature control mode cwdirdging for thermal stability and
productivity constraints, has been developed: the topological criteribd][6-
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Successively, such a criterion has been extended by introducing janketature and dosing stream control
equations, mixing rules, cooling system energy balance and gloatiahdalance into the system of

ordinary differential equations describing the process dyndii¢sSuch an extension of the theory allows
for the topological criterion use to optimize processes caoigdat the full-plant scale, where complex
feeding strategies and temperature control systems (etheiimal, isoperibolic, etc..) make other runaway
boundary detection and optimization criteria practically unradiahlbrief description of the criterion and its

topological theory is provided in section 3.

In this work the implementation of the extended topologicalraitento a dedicated optimization software

is presented. Particular accent has been posed onto model equaiwinane the software core and allow to
simulate both normal and upset (such as pump failure and extieejadperating conditions as well as to

optimize the target process using the extended topological criterion.

2. MODEL EQUATIONS

As previously mentioned, model equations represent the core ofriéneay reaction optimization software
developed in this work.

Particularly, they consist into a system of ordinary difiéeg equations@QDE9 able to simulate the time
evolution of all the main process variables; namely: reastdrinlet/outlet jacket temperatures, conversions
with respect to all chemical species involved, mixture density astirgavolume/level.

An example of such a system@DES§ for a single reacting phase, is reported on the following, (1).
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wheret is time (s),m is the total reacting mass (k@kos is the dosing stream function (that can assume a
number of different time dependent expressions lwigian not bea priori specified), Teoo v iS the inlet
coolant temperature (KYo0 iS the actual coolant temperature (K)o setiS the set-point temperature of the
jacket (K), T is the reactor temperature (Kljs is the dosing stream temperature (K, is the ambient
temperature (K)T is the reference temperature (= 300 K); is the proportional gain (-Kir is the reset
time (s),Kqr is the derivative time (s} are the moles of the i-th compound (km®)is the total volume
(m°), %, is the initial mixture volume (M, ¢y is a function accounting for mixing rules (thahassume a
number of different time, temperature and compasitidependent expressions which can noa Ipeiori
specified),h is the molar enthalpy of the reacting mixture ifddK), UA is the global heat transfer coefficient
for the cooling system (W/K)JAc is the global heat transfer coefficient for thebént (W/K),r; is the j-th

reaction rate (kmol/(fhs)) according to, e.g., Arrhenius LeuﬁtH-vrxnyj is the j-th reaction enthalpy (J/kmal),
vij is the i-th stoichiometric coefficient in the j-teaction (-),n is the molar flow rate (kmol/s)] is the

volumetric flow rate (ris), p is the density (kg/f and ép is the specific heat capacity (J/(kg K)). Subdcrip
coolis referred to the coolant fluithN andOUT are referred to inlet and outlet streams.



In this system, the first equation accounts for ¢haracteristics of the dosing stream and allowsttie
simulation of different and even complex feed siis (typical of the full-scale synthesis); theoss
equation implements the controller logic onto thieti jacket coolant temperature; particularly, {ougy
algorithm has been used in order to speed up edionltimes during simulation and optimization step
Moreover, the presence of such an equation petaisnulate both isothermal and isoperibolic terapse
control mode (or mixed schemes).

The third equation formally expresses mixing rude®pted to describe reacting mixture density viarat
during the synthesis. As it can be easily obserteel structure of, strongly depends on both reactants,
products and additives physical-chemical charasttesi and reaction type.

Finally, the forth and five equations representrgndalances on, respectively, the jacket and daetor;
while the last group of equations represents thieniaé balances on all the chemical species invblnethe
process kinetics.

It is important to stress that, for whatever sirtiolaor optimization step, initial time always repents the
start of the dosing stream supply.

3. OPTIMIZATION CRITERION

The original topological criterion theory [6] statihat, for a semibatch process carried out ursdgeribolic
temperature control mode, the boundary betweenwamaandQFS conditions with respect to a desired
product X is identified by an inversion of the téggical curve showing a concavity towards right.
Particularly, this curve shows all the possibleied behavior regions of an isoperiboB8Robtainable by
varying one system constitutive parameter (e.gngpsime) or initial condition (e.g. coolant tempteira),
referred to as generating parameter, in a suitedslge. The topological curve can be drawn by sglvin
material and reactor energy balance equationsideggthe analyzed system for each investigatedevaf
the generating parameter and, then, reporting afiidimensional diagram the obtained reactor teatper
maxima divided by the initial temperaturgyu.a=Twmax/To, and the conversion with respect to the desired
product in correspondence of such maxit{i#yax)-

Moreover, it has been demonstrated that whenewertapological curve exhibits an inversion whose
concavity is towards left one of the following tarsystem thermal behavior boundaries is encountered
transition (the system thermal loss of control tshifs occurrence from times lower/larger than diosing
period to times larger/lower), runaway (the ovessltem thermal loss of control starts) or starhe
system state shifts fro@FS conditions to low productivity operating conditonharacterized by a squared
pseudo-stationary reactor temperature profile afodcd linear conversion during the dosing period)
Whatever optimization algorithm based on the amslgsthe topological curve uses tQ&Sinversion as a
boundary beyond which the optimum operating coodgi (that is, dosing time and initial/coolant
temperature) can be searched for accounting reaotirture thermal stability (that i¢AT) and desired
productivity constraints.

Recently, it has been demonstrated that the tomalbgriterion theory for theQFS detection does not
depend on the particular system of ordinary difited equations used to describe the process dysgiin]
because only two dependent variables contributectfely to characterize the system thermal bemavio
temperature and conversion with respect to theretgoroduct X. Such variables appear in all possibl
systems of equations writable to describe a gememaplex controlled process: they can be referoedst
“core constants”. Accounting for this feature, dagsistream and jacket temperature control equations,
mixing rules for densities determination, globaltengl and jacket energy balance equations candmted
into the system of ordinary differential equatiatescribing the analyzed process without invaligatime
topological criterion.

Therefore, a new extended topological criteriorotiiecan be developed and synthesized into theviolip
theorem: “for a semibatch process, carried out ubdéh isoperibolic and isothermal temperature @nt
mode, the boundary between runaway @i conditions with respect to a desired product Xentified

by an inversion of its topological curve showingamcavity towards right”.

Some examples of topological curves are reportétgare 1.
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Figure 1. Bunch of topological curves. A) Singlagon system operated in the isothermal tempegatur
control mode (generating paramefgy); B) Consecutive reactions system carried ouhénisoperibolic
temperature control mode (generating paramétey) [7]; C) Emulsion homopolymerization system
operated in the isoperibolic temperature contralilengenerating parametésss) [8].

As it can be noticed, independently on the tempesatontrol mode (isoperibolic or isothermal) ahd t
generating paramete /Ty Or ty9, the QFS inversion is always individuated by a concavity tbé
topological curve towards right.

Such a general optimization criterion can be edsilglemented into an iterative optimization algomit
capable of optimizing both initial/coolant temperat and dosing time for a highly exothermic senubat
reactor.

4. OPTIMIZATION ALGORITHM

From the extended topological criterion for QFSedgbn, a procedure aimed to optimize dosing titag (
and initial/mean coolant temperatur€y/T..,) arises straightforward along the same lines presly
proposed by Copelli et al. [6-9]. In the followirthpe desired product will be considered the gersgacies
X: such a species may be an intermediate or a firaduct. In particular, for an$B process involving
whatever complex kinetic schemg, should be minimum to obtain the maximum produttiaf species X
fulfilling safety constraints.



After the manual insertion of reaction type (eiggke reaction, consecutive reactions, homopolyna¢ion
reaction, etc..), all microkinetic and thermocheamhisystem parameters, reactor and cooling equipment
characteristics, controller parameters, temperatargrol mode (isothermal or isoperibolic), init@olant
temperaturesTlcoo v Torcoolmad @nd dosing timestdos min taosmay ranges into a dedicated data acquisition
system (see Section 5), the general optimizatigordhm can be summarized as follows:

1- According to the selected reaction type and satpre control mode, straightforward identificatf the
topological curve generating parameter choosingr@ iy, Teoo OF taos

Such an identification bases on a simple considerain order to correctly draw the topological ey its
generating parameter have to be varied into acseffily wide range. As an example, if an emulsion
polymerization system is considerdd,or T (according to the selected temperature controlenodnnot
be varied into a sufficiently wide range becausérail product quality restrictions (such as meartiples
size, average molecular weight distribution, etich strongly depend on temperature). Therefdgegr
Teool CANNOL be selected as generating parameter tdpbiogical curvety,s must be compulsory selected by
the algorithm.

Always taking into account the desired temperatargrol mode, the parameter which has not beenechos
as generating parameter is automatically seledémi@ative parameter.

2- According to the selected reaction type and txatpre control mode, search for QESX initial/coolant
temperature Tocooi,orsy) N the X-space fotgestaosn (at the algorithm start-up, N=Bs =taosmn), aNdToscool
U [Torcoomiv Torcoolmad (@nalogously, we can identif@FSX dosing time (gos,orsy in the X-space for
TO/cooI:TO/cooI,n (at the algorithm Start'up1 n:-n:)()/cool,r1:T0/cooI,MAQ andtdos u [tdos,MIN; tdos,MA>]);

3- At the QFSX conditions, maximum reactor temperatufg.x has to be checked with respect to the
experimentally determinefAT. If Tyax>MAT, the dosing time should be increased (or theailhitbolant
temperature should be decreased) and step 2 rdpeisitethis new value;

4- As a final check, the conversion of species Xhatend of the dosing tim& 405 iS required to be larger
than a given threshold valugwn. If this is not true, the dosing time should ber@ased (or the
initial/coolant temperature should be decreased)step 2 repeated with this new value until conercg is
reached. If convergence is not reached the pra@@ssot be carried out safely in the selected teabyies
control mode.

5. SOFTWARE DESCRIPTION

Scandium Optimization Simulation (ScOptSim) softevdras been designed to both simulate and safely
optimize potentially runaway semibatch systemsintplementation has been realized using GUIDE, the
MATLAB Graphical User Interface Development Envinoent, which provides a set of tools for creating
graphical user interfaces (GUIs) and allows fordfigting all the MATLAB calculation power. Thesedis
greatly simplify the process of laying out and peogming GUIs.

Because of some limitation concerning MATLAB GUB¢OptSim graphics is unsophisticated but all
fundamental data acquisition and processing taelpeovided.

5.1. Initial window

Figure 2 shows ScOptSim initial window. As it caarioticed, four different window menus are present:

- File: it allows for saving data, printing and txg from ScOptSim environment.

- Simulation: it allows for selecting either normaf upset operating conditions. Choosing “Normal
Operations”, a new window submenu appears and sifowselecting the desired reaction scheme; chgosi
“Upset Operations”, accidents window submenu appedlowing for the selection of either a “Pump
Failure” or an “External Fire”. Clicking on one tiife accident typology, a final window submenu cining
reaction schemes is visualized.

- Optimization: it allows for selecting the desireghction scheme to be optimized using the extended
topological criterion for the QFS detection.

- Help: it allows for consulting the help sectiohave a brief description of the software is prodide
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Figure 2. A sketch of the ScOptSim initial window.
5.2. Simulation section

As described in subsection 5.1, clicking on “Sintiola’ shows a submenu where it is possible to choos
between normal and upset operating conditionshén latter case, before selecting the desired oracti

scheme, it is necessary to choose among differeciient typologies (actually, ScOptSim allows for

selecting only between “Pump Failure” and “Exterfriaé”).

Once selected the desired simulation path, a stioolavindow is opened. Figure 3 shows how such an
interactive window appears for single reactingexyst operated in normal conditions.
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Figure 3. Simulation window for a single reactilygtem operated in normal conditions.

Observing Figure 3, a number of window menus caolserved. Such menus allow for inserting all input
data necessary to solve equation (1) for the sslgeiaction scheme.
Proceeding from left to right, we encounter:



- Recipe: it opens another active window whereradictants/products amounts (masses) and properties
(densities and molecular weights) can be manuadlgried by the user.

- Calorimetric Data: it opens an active window whegaction(s) calorimetric data such as specifathand
reaction enthalpies can be inserted.

- Kinetic Parameters: it opens a dedicated activedow where it is possible to digit Arrhenius Law
parameters (such as pre-exponential factors, &ictivanergies and reaction orders) for each reactio
comprised in the selected reaction scheme, Arrlsebaw correcting parameters, reactions stoichiometr
and material transfer coefficients.

- Reactor: it opens an active window divided iMo tsections: jacket and reactor. In the first segtjacket
volume, coolant flow rate, density and specificthean be inserted; in the second one, reactor r@dmin
volume, global heat transfer coefficient at initiebnditions, active surface and global heat transfe
coefficient for external dispersion must be prodide

- Controller: it opens an active window where ahtroller parameters such as static gain (or etgrivig,
proportion band), reset (or integral) time and \d®ive time can be inserted for both temperatuit lavel
controllers. Moreover, saturation temperatures amakimum/minimum allowed reactor level must be
provided.

- Process Parameters: it opens an active windowentteés possible to choose the reactor temperature
control mode (e.g. isothermal or isoperibolic) aindert dosing time, reaction time and all required
temperatures (such as dosing stream temperatiia) heactor temperature, ambient temperaturdialni
coolant temperature and set point temperature +efactor, if the isothermal mode has been seleéted,;
jacket, if the isoperibolic mode is desired).

5.3. Optimization section

This is the software core section. In fact, as ijptesly mentioned, in such a section the optimizatio
algorithm (see section 4) based on the extendexddgigal criterion for th€FSdetection is implemented.
Clicking onto the Optimization option, the reactscheme window menu is directly visualized allowing
the desired selection. Once the reacting path &éas thosen, an active window is opened.

Such a window is substantially similar to the siatign section one; in fact, all window menus encered
from left to right are the same but the last onéctvlis substituted by the Optimization Parametersiow
menu.

Optimization Parameters active window allows fosdring temperature control mode, minimum and
maximum dosing time, minimum and maximum initigdecr/coolant temperature (according to the safecte
temperature control mode), dosing stream tempe&aambient temperature and optimization constraints
that is, MAT and minimum conversion with respect to the despemtiuct at the end of the dosing period.
Such parameters are those ones that are compuksgugsted by the optimization algorithm previously
presented in section 4.

Finally, clicking onto the evaluate button locatetb the Optimization window, optimum dosing time,
initial/coolant temperature, stop time and conwersat both the end of the dosing period and the ttoe
are automatically calculated (by running iteratyvéhe optimization algorithm) and listed in a shiea
window report. Such a report can be saved in oxhét.

5.4. Help section

In such a section a brief description on how totheedifferent sections composing the softwaredwiped.



6. EXAMPLE: SAFE OPTIMIZATION OF THE 2-OCTANOL NITRIC ACID OXIDATIONWITH
ScOptSim

In order to test ScOptSim calculation power andabdity, a case study concerning the oxidation2ef
octanol to 2-octanone by means of nitric acid (6@vA&) has been considered. The process kineticnsehe
may be represented as follows:

1) A+B - 2B+C 5

2 B+C - D @)
where A is 2-octanol, B is nitrosonium ion (N@he species responsible for the oxidation of igses and
C and also for the autocatalytic behavior of remrci), C is desired product 2-octanone and D isxéune of
unwanted carboxylic acids. This is a heterogendiousd—liquid system and all reactions occur inke t
continuous aqueous phase (which is formed by tiie icid). As several oxidations of organic compdsl
carried out in nitric acid, these reactions are, faxothermic and they exhibit a strong selectiyitpblem
with respect to the intermediate species (2-octapavhich is the desired one.
Nevertheless, product quality is almost insensitiith respect to temperature; therefore such ahggid can
be carried out under isoperibolic conditions withparticular problems.
Taking into account these features, it is possibliafer that the most relevant system constituggeameter
and initial condition is the coolant temperaturbefiefore, in order to generate the topological € (#ax
vs. {c(Puax)), coolant temperature will be automatically seddcas generating parameter by the ScOptSim
optimization algorithm and, consequently, dosimggtiwill be selected as iterating parameter (set@set).
Since this reacting system has been extensivelgstipated elsewhere [11,12], microkinetic and all
thermodynamic parameters necessary to generat€-8pace by compiling (1) are already known and,
therefore, can be easily inserted into their stgtalbquisition windows.
For this procesdIAT parameter has been assumed to be 100 °C (20 oW ltieé boiling point of diluted
nitric acid, b.p~120 °C) for safety reasons, wihiile desired minimum dimensionless C concentratidhea
end of the dosing periodc wn, has been set equal to 0.60 to avoid an exceslgigeee of co-reactant
accumulation.
Finally, according to physical constraints (no dification of the reacting mixture must occur) avié\T
value (no boiling or decomposition of the reactmigture must occur), the following ranges of vadatcan
be defined:T.y [-13, 37] °C andy.s [300, 5400] s. Moreover, a temperature step etud.5 °C and a
dosing time step equal to 30 s have been usedtetdterating part of the optimization algorithnugh
parameters cannot be modified by users in thisorerd ScOptSim).
Running the software by clicking onto the evaluatimtton, the optimurii.., — t4s couple has been found
to be equal to: 4 °C — 3600 s. Such a result agmtbswvhat has been experimentally found by van Yiloe
and Westerterp [12] and, therefore, confirms thelbiity of ScOptSim with respect to its abilityni
simulating and optimizing potentially runaway syste

ScOptSim has been tested on a number of differieetik scheme using both isothermal and isopeiboli
temperature control mode (some other examplesegrarted in [10]). In all cases, ScOptSim prediction
well agreed with available experimental data (Haotim laboratory experiments and literature data).

7. CONCLUSIONS

In this work, a useful tool able to manage potdigtiainaway reactions carried out in semibatch teac
under both isothermal and isoperibolic temperatorgrol mode has been developed and presented.

Such a tool, named ScOptSim, exhibits a simple dftdctive graphic interface and allows for both
simulating normal (or upset) operating conditiomsl aptimizing a suitable set of operating paranseter
Particularly, ScOptSim optimization section uses ¢ixtended topological criterion theory to bind QIS
region and, then, iteratively search for the caisad system optimum.

To manage the software, only a few experimentahrpaters are needed; essentially: heat(s) of reactio
Arrhenius law parameterS|AT, heat transfer coefficients and reactants heataitigs. Such parameters can
be obtained using simple calorimetric technigi2S@ ARC RC], etc..).

ScOptSim calculation power and reliability have lbdemonstrated by testing it with a number of add
experimental data. In all cases, a good agreenewiebn theoretical predictions and experimental tdas
been achieved.



List of Abbreviations

ARC Accelerated Rate Calorimeter

DSC Differential Scanning Calorimeter

MAT Maximum Allowable Temperature

ODE Ordinary Differential Equation

QFS Quick onset, Fair conversion, Smooth tempergtuoéle
RC1 Reaction Calorimeter

SBR SemiBatch Reactor
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