1 OPTIMIZING A CHEMICAL REACTION IN A PLATE-TYPE OPEN
REACTOR The present invention relates to a method of 5 optimizing a
chemical reaction in a plate-type open reactor constituted by a stack of
plates defining between them at least one block having a reaction
chamber and two side chambers for circhilating a heat-exchange utility
fluid. 10 Attempts are being made at present to optimize the running and
to improve the yield ofghamicaligagtions it genetah Mhigh reactions are
usually implemented in_batch_type reactors, i.e. reactors that operate
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A major drawback of such reactors is the difficulty
20 of removing the heat produced by a reaction, which puts
constraints on controlliing and optimizing the reaction.
A particular object of the present invention is to
provide a simple and effective sclution for controlling'
and optimizing chemical reactions by optimizing a reactor
25 of the open type, which sclution does not present the
above-mentioned drawbacks of discontinuocus reactors or
batch type reactors.
To this end, the invention provides & method of
optimizing a chemical reaction in a reactor, the method
30 belng characterized in that it consists in:
© using an open reactor constituted by a stack of
plates defining between them at least one block having a
reaction chamber formed between two heat exchange side
chambers for circulating a heat exchange utility fluid,
35 means for feeding the reaction chamber with a continuous
flow of one or more reagents, and means for feeding the



two side chambers with a continuous flow of utility fluid; establishing a
dynamic model of the reactor for a given reaction on the basis of a model
of the reaction 5 chamber and of the heat exchanges between said
reaction chamber and the side chambers for circulating utility fluid, the
dynamic model comprising mass balancé€ and energy balance equations,
and constraint equations; applying an integration software tool to the 10

dynamic model to solve the above equations; determining_and optimizing
a se%g? dﬁﬁgﬁsi%%a%%%fosr gﬁ&%ti%ngp%%ﬁe‘%gfssotg t%wrea%tgF o the
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control para.metlers or'the eactor o he said type
accordingly to the set of optimized parameters; and

doing measurements of physical parameters such as
the temperature and the pressure during the execution of
20 said reaction in the built reactor, for validating its
operation.

Using a continuous or open reactor comprising a
stack of plates defining at least one reaction chamber
between twe utility fluid circulation chambers makes it

25 possible to solve the problems of heat dissipation that
are observed in discentinuous or closed reactors of the
bateh type, by appropriately selecting the temperatures
and flow rates of the utility fluid(s) circulating on
either side of the reaction chamber, and also by

30 selecting the flow directions of these fluids {(co-
current, counter-current, or crossed-currents) relative
to the flow direction of the reaction fluid in the
reaction chamber.

This also makes it possible to optimize the

35 dimensions or the optimum configuration of the reactor
and to cptimize the operation or the operating conditions
of the reactor by providing control parameters for the



3 chemical reaction, and by describing accurately the temperature
distribution within the reactor. Accurately determining the way in which
temperatures vary within the reactor, which constitutes the essential 5
difference between the invention and prior methods of optimizing
reactions in discontinuous reactors, is made possible by dynamic
modeling of the reactor for the reaction in question, and by optimizing a
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funcégrglxl?;%tﬁi' tgfga&%‘/% %e gcr:]hcfek\i df%]sdﬁ:gﬁ the constraints to %etjha
compRBEHith I Blt Feht it oithe Shid iyh & RethetBGRF accordingly to
the set of dWrRESIOIT AV disTEepaYvEtibn g paFametersiseforelvdnd optirtizedres
the chemiocal tedctiamis Thaxesutedin s reacior antkexpaiimentaint ial

gneagyrementsef Rhysical natametes.ag.dongdopyalidating theys o
chen(")nqcal reaction oeft))lrFlzatlon. The.methqd of the invention may also
[

t
consiSLin, after-the building of the T6acior- 20 Sstablishing & new > ~=4°

dyndiffterfotiel BY e PeRdtor B e Baskiofthe B TEAELdrOappifing

the inégradion softvearestobdto thisthehy dyriaimicziodehtssolvefthe

abovH equations z oplictizing:againdhesatdiset of dimension aadioro25as a
1 0operatiopiyamaters of thegeactor.and. medifyingif prgessary;the said

built Jeactor, z;ll(;ccorgiggilj)ét% é@ne pew do%tirpged set of parameters. The

dynamic mod%a of the reéactor c%mprlses mass and energy balance

equations &nB@rRtEACEGGafdns MhigA S0 ER T abfetistied bt tthe
reactocand vithe chentital sesctdn. doeordimptaanétherarrerattaristic
of the= inventions the foedekatthepenstioacharnberineiides. stbgivding 1s
1sthe chambetinto.a setigs Qf sucsessivg 3ajndividual cells,&agh crents o
conRyag ANl aUted Auiddnecigd- 103 MM I AACHRIR can
reaction optimization.
The method of the invention may also consist in,
after the building of the reactor:
20 * establishing a new dynamic model of the reactor on
the basis of the built reactor;
applying the integration software tool to this new
dynamic model to solve the above eguations;
optimizing again the said set of dimension and/or
25 operation parameters of the reactor:; and

+ modifying if necessary the said built reactor,
accordingly to the new optimized set of parameters.

The dynamic model of the reactor comprises mass and
anergy balance equations and constraint eguations, which

30 are characteristics of the reactor and of the chemical
reaction.

According to another characteristic of the
invention, the model of the reaction chamber includes
subdividing the chamber into a series of successive

35 individual cells, each containing a thoroughly stirred
fluid medium. The utility fluid circulation chambers are
likewise mcdeled by being subdivided into individual



likewise modeled by being subdivided into individual 4 cells of number
equal to the number of individual cells in the reaction chamber. The
modeling of heat exchanges also takes account of the flow direction of
the fluid in each individual cell 5 of the reaction chamber relative to the
flow direction (co-current, counter-current, crossed-currents) of the utility
fluid(s) in the individual cells corresponding to the side chambers situated
on either side of said individual cell of the reaction chamber. The model
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1§eedi%%{% @_o ueaa_ch_1c| \éldggl Elele OJ:r the reaction chamber_. T_he integration
software tool applied to the system® 35 ot sqUatioheEsrstituting the
dynamic offs¢tion chamber is connected to inlet zones
and outlet zones which are associated with an individual
cell of the reaction chamber and which are, for example,
connection elements between the reagent feed means and a
20 reaction chamber feed point, and ceonnection elements
between a reaction chamber outlet point and means for
collecting the product of the reaction. When two
reaction chambers are connected together in series, the
cutlet element of the first chamber coincides with the
25 inlet element of the second chamber.

Advantageously, the dynamic model of the reactor
includes a modsl of the inlet and outlet zones of the
reactor, of the inlet and outlet zones of each reaction
chamber, and of transition zones between the various

3¢ blocks of the reactor.

The dynamic model also makes it possible to have a
feed point for each individual cell of the reaction
chamber,

The integration software tool applied to the system

35 of equations censtituting the dynamic model of the

reactor serves to solve those equations and to simulate



reactor serves to solve those equations and to simulate 5 the behavior of

the reactor, known as the "reactor state", for the chemical reaction under
study. For given targets and constraints, the dimension parameters of the
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theﬁﬁ&ﬁﬁ@ reaction medium and of the utility fluid(s).

The method consists, for example, in adjusting the
feed rates ¢f one or more reagents to the various
individual cells in order to obtain a better yield for
the reaction, and in defining limit values for the
operating parameters in order to satisfy safety and/or
environmental constraints.

For a chemical reaction in a homogeneous medium, the
dynamic model of the reactor comprises a dynamic model of
the reacticon chamber made up of eguaticns for mass
balance, energy balance, pressure balance, and volume
constraints. These eguations serve to define the state
of and the variations in the fluid medium in each
individual cell.

To do this, it is considered that in the individual
cells of the reaction chamber having thoroughly stirred
content, the characteristic magnitudes (temperature,
pressure, flow rate, composition, etc.), the physical
properties (density, viscosity, etc.}, and the physico-
chemical phenomena (reaction, transfer of material,

etc.), are uniform within each cell, and that the



chemical phenomena (reaction, transfer of material, etc.), are uniform

within each cell, and that the 6 physical properties of the utility fluids are
uniform and constant for a given temperature. For a chemical reaction in

a two-phase medium (liquid-liquid or liquid-gas), where the reaction

medium 5 is a mixture of a continuous phgse and a dispersed phase,

and for a reaction medium that is a mixture of two miscible liquids, the

state of and the variation in the reaction medium are defined in each
indivi@ITeTPH ol deakiohe fof ebtimating thewlehsitdshe speaifictent, and
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pressure, flow rate, composition), the physical
properties (density, viscosity, etc.), and the physico-
chemical phenomena (reaction, transfer of material,

20 etc.), are uniform within each cell, the temperatures and
the pressures of the phases are identical, and the
reactor medium is taken to be a pseudo-—homogeneous medium
and the physical properties of the two phases are
determined by association relationships enabling the

25 physical properties of the medium to be associated with
the properties of each of the phases and also Qith their
proportieons, the distribution of the phases being assumed
to be uniform in each individual cell.

it is also possible for two-phase equilibrium rules

30 to be applied to the phase mixture as a function of the
size of the droplets of the dispersed phase, of the
thermodynamic properties of the phases that are present,
and/or of the flow conditions.

The Sauter diameter makes it possible to determine

35 the size of the droplets of the dispersed phase.
Variations in the size of the droplets in the dispersed



35 the size of the droplets of the dispersed phase. Variations in the size

of the droplets in the dispersed 7 phase can also be tracked in the

various individual cells of the reaction chamber. Other models can add to
and refine the dynamic model of the reactor, such as: 5 modeling the
hydrodynamic behavior of the reactor orvthe basis of experimental

studies of the resident time distribution of the fluids in the various portions
of the_reactor, and enabling the number of individual cells havin
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the reaction fluid and, for the Htil_iLty quid;d':\nd 25 a model offreactiog flui
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metiG@ hdy ArsoinEfidF eBERATRGARB Hy st Srrbiferfies o fieents,
compbfients-sf the rrtogandwfttherreactionanid dtility fidds.3¢Fhe of
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behavior of aplate-reacter fox givenpperating conditions and it alsq -
15nakse L passinle o define.he.optmum configuraion gy, dimensipning
andthe optimum operating conditions or

medium, on the basis of the physical properties of the

two—phase medium and on the basis of the size of the
droplets of the dispersed phase;

a heat transfer model based on definitions of heat
20 transfer coefficients between the plates defining the
side chambers and the fluids circulating in the reaction
chamber and in the side chambers, and on the basis of
estimated film coefficients for the reaction fluid and
for the utility fluid; and
25 . + a model of reaction fluid pressure drops in the
reactor, based on experimental measurements.

The method may also include estimating the physical
properties of the components of the reactor and of the
reaction and utility fluids.

30 The method of the present invention presents the
advantage of predicting the behavior ¢f a plate reactor
for given operating conditions, and it alsc makes it
possible to define the optimum cenfiguration or
dimensicning and the optimum operating conditions or

35 operation of the reactor for a given reaction or set of
reactions. The method also makes 1t possible to describe

variations in said behavior over time, with it being



35 operation of the reactor for a given reaction or set of reactions. The
method also makes it possible to describe variations in said behavior over
time, with it being 8 possible to represent such variation in numerous
ways in terms of optimizing control of the reactor, studying safety, and
managing non-production transient perio@s. Other advantages and
characteristics of the 5 invention will appear on reading the following
descriggggbnjgdgoby \(/ava%@osfarhqcn-limi%ln example and with reference to N
the dccompanying drawmgs, it which: Eigare 1 98 a'dlagtiifiie vays o
expldFed PePdp SEvE VD Bf SRPOFER phite it Be Feasicr st wrnena
meth®aifef 10 tedinventgnnFigore-2 ivdudiagrammaticsvientobthei ods .
reaction chamber sfithetigiwe brencins subdivided intg individual cells;
sloussdnaidRaiamnalig uew ghandadvithial Lo £6l e fiaure 2
reac%%rg(g:@arg:kgu(;:-)rl'1 Fi éjée 4 |sw%d|a(1§9£amom§th view of an individual i
reaction celFassociated with the IndividtEt itiffy: Fine cREAMRLA @i, with

Figures 54586%ah Stl&reedrframssHsninganénge mamm stebatin the

optimization rAéthutkoflthesinvediionr akigpirés Geapd ddare geaphs=ctive

showinguhedniuengrsobieagentygoncestiation and foynratgcand @log of
1 dtility fluid flowy, rate.on the temperature and the yield of the sodium

thiosulfate oxj at{%?‘ reaction; 25. Figures 8 to 10 are graphs showing the
influences ‘of the number and the% ﬁggﬁgﬁ%f‘fﬁﬂegﬁeﬁp?ee’be%%%%&" !

on tEEpEr&hird Bf the geEic Anhgaftierhyaksiysisdedctsncand
Figutesiivighth 12cwélgraphs showing the 30 influences of the reagent

feed rate at agplyality of ifeed puintsrandhe tempesatuse and thewieldigh
14he eagtion-farproguging.ngopentyl glycol,Rgfsrence is made initially to
Hg““al‘Nhk¥EEé}e 4 is a diagrammatic view of an individual
reaction cell associated with two individual utility
fluid circulation cells;
- Figures 5a, 5b, and 5¢c are diagrams showing the

20 main steps in the optimization method of the invention;

* Figures € and 7 are graphs showing the influences
of reagent concentration and flow rate, and of utility
fiuid flow rate on the temperature and the yield of the
sodium thicsulfate oxidation reactiocn;

25 * Figures 8 to 10 are graphs showing the influences
of the number and the disposition of the reagent feed
points on the temperature of the acetic anhydride
hydrolysis reaction; and

Figures 11 and 12 are graphs showing the

30 influences of the reagent feed rate at a plurality of
feed points on the temperature and the yield of the
reaction for producing neopentyl glycol.

Reference is made initially to Figure 1 which is a
diagram of an open or continuous reacior comprising a

35 stack of plates 20, 21, 22, 23 which define parallel
chambers between one another, The plates 21 and 22 are
referred to as "transition" plates and they define



diagram of an open or continuous reactor comprising a 35 stack of plates
20, 21, 22, 23 which define parallel chambers between one another. The
plates 21 and 22 are referred to as "transition" plates and they define 9
between them a reaction chamber 24 having a reagent feed point 25a
and one or more feed points 25b for one Br more other reagents, and an
outlet point 26 for the product(s) of the reaction. The plates 20 and 23 are
adiabatic 5 plates and they co-operate with thetflates 21 and 22 to define
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generglly fitted; 20 with, means defining fluid flow passages inside said
hambers. For e am le ﬂ}% reactign.champer 24 includes inserts formin
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Undercaptinyint bpesating eonditiosantia ovewdheat frapsterggoeffigignine
of a glajegeactor may lie in the range 2000 watts per square meter per

elvin (W.m:2.K-1) to 30 5000 W.m-2,K-1, The temperature in the .
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thermally froem the outside environment or from one or
more reaction blocks connected in series therewith.

The chambers 24, 27, and 28 are generally fitted
20 with means defining fluid flow passages inside said
chambers. For example, the reaction chamber 24 includes
inserts forming a baffle constraining the reaction medium
to follow a zigzag path inside the reaction chamber 29,
a5 shown in Figures 1 and 2.
z5 The chambers 24, 27, and 28 are fed continuously by
suitable means (not shown).

Under optimum operating conditions, the overall heat
transfer coefficient of a plate reactor may lie in the
range 2000 watts per square meter per Kelvin (W.m2.K-1) to
30 5000 W.m2.K1. The temperature in the reaction chamber 24
is controlled, for example, by suitably selecting the
temperature and/cr the flow rate of the utility fluid(s)
circulating on either side of the reaction chamber 24,
and also by appropriately selecting the composition, the
35 temperature, and/or the flcw rate of the reacticn medium
in the reaction chamber, and/or by appropriately
selecting the flow direction of the utility fluid in each



circulating on either side of the reaction chamber 24, and also by
appropriately selecting the composition, the 35 temperature, and/or the
flow rate of the reaction medium in the reaction chamber, and/or by
appropriately selecting the flow direction of the utility fluid in each 10 side
chamber relative to that of the reaction niedium in the reaction chamber.
A utility fluid flows as a co- current if it flows in the two side chambers 27
and 28 in the same direction as the reaction medium flows in the 5

reactforf EhaRMBE A, 53 ThURtdcdibéht i fldits HEARE Wppdgdium in
directibf, apddsierossbdmitrrentsaf it tHows in Hheisidé bhasnleer in the-
same:direstian as the femkammefﬂmta@d Hithe Qnaa&ié&siimti@ﬁdnzs in
the qther side chamber, as shown,in Figure i1, 1n this 10,example sthe, .

Eeaction n%%d&gmcgn%ggﬁl%igty ggsidacrggs ecause the rceaic%ion mfdéum .
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verticdlfy, Bk @Ry T her iR CortigUtatloR TotiP e dabpide it hids At
paralfdlcethfiguratien siSlAcbsséstial tharactenstie of e nethwdacf thige
inventionceansisis=itiestablishing a Bynamie siodel of ther reactorfara
giveneailiaft o - Madel FompyseR b diiding e reaction, chgmber
o individyal cells each of which is thoroughly 20 stirred, ans, o

1 preﬁ’fﬁ%ﬁ ﬁga? fn\?ceks% gé‘ﬁ%ﬁ I?o]foflesr?g éj rﬁu[llnm%% |stt|:'?%f1tilétﬁ?‘?hle1f ré ;J%/?ﬁ%ﬁinﬁrﬁs s
possitiE 5 En&R5 e TR FlotP RnBHLEBV ersuddP b Rin s ahepretdted
passagéseanderabiingahe mtbreindhereactiohichaniber@4ie bl owing
charaetetized] 25, Experimantal amalysis 6f the resigenk imsn disitibuytion
makesifpassiblefo.chagagterize it in. ferms of mean fegident time (t) and

19f varlanceA(lgzg.sOgn%h% Jt_)aglesiag:f tggsgicsh:argctg |slt__|c€sa, it is gogstt})%e ’E:%
éstimate the number oflndivy Uar ceffs nee%ied 1 order §81j_[ocbe °
repreSBARvE DT 1& BbgFde bR nfigibardd Md i BuyARiicE ot the péalthe
reactoFaBiyovay ©f exagipien reaction.

The model comprises subdividing the reaction chamber
into individual cells each of which is thorcughly

20 stirred, by means of experimental investigation of
resident time distribution, thereby making it possible to
analyze the flow and discover dead volumes and preferred
passages, and enabling the mixture in the reaction
chamber 24 to be characterized.

25 Experimental analysis of the resident time
distribution makes it possible to characterize it in
terms of mean resident time (¥ ) and of variance (o?). On
the basis of these characteristics, it is possible to
gstimate the number of individual cells needed in crder

30 to be representative of the degree of mixing and the
hydrodynamics of the real reactor. By way of example,
this number is calculated using the following formula:

‘_EZ

2

o

N:

In practice, this number depends in particular on
35 the feed rate of the reaction chamber 24 and on the
viscosity of the reaction medium. The number cf



this number is calculated using the following formula: N =2 a In practice,
this number depends in particular on 35 the feed rate of the reaction
chamber 24 and on the viscosity of the reaction medium. The number of
11 individual cells for a plate reactor comprising three reaction blocks is,
for example, 70 for a reaction medium rhade up solely of water fed at a
rate of 25 liters per hour (L.h-1), 100 for water fed at 50 L.h-1, 130 for
water 5 fed at 8Q L.h-1, and 25 for a reaction medium made up of

ethy B Iy E8rfed 4 a Fate 5t 0 HRTS mﬁ?@‘é%nﬁﬂ@%m@aee FPERRY

2, thégaatten EHanber has thidlve riipdtal ¢llSorheserrpeivéon medium
individused ceflssreaiuymbéred d«to F2:-following the d (olotzontat gigzage r
flow pidgr ofithe-reaction medium (broughythe reaction.chamber 244rQMce
ghe f§gg pQéntég) gﬁ?ﬂZSQ to tgg %Jtlgt é)omt ZQOf said %hamb &4 uTh'S £
flow Is Impose e_above-mentioned inser presen in*fhe feactio

charfib8¥ 281 E5 e Rbefa%dis Makath RBridws-éfthree cells each. A
reagent is iftrddreceiptd Hee pdadticniaisambernzd Front tise fead poimt
25a irheeibd r Thes eactibne mMedidm passes-banizontatly deom wedl1 -0 cell

2 andAhenitn.gell 3. itlgaxes csu&)@ra@@efe&@tq% Intg CellA 20 siinated
vertlgalrylbengaah it.and th%rﬂgasse horl IIy |nto eIIs 5 ancgl 6. The

reaction medium ea gg%he ce‘T é) enetr es |nto cejf? sniua%egl

vertitAmPBERe LTIt "5AG tHER pgé%}@?%r&%n@dfi?‘m’f@ecéi%e@ RAGE ()
Finafly thed@actiontmeditihlesves iind 28 ©efifd apdchearatmites idth. celfhis
10 sifuatedivertically chebeatihis, andthempassesbarizastally ipte-eelig 1in

and $Rd4n Qrdet tQ leavesthe reaciion chamber 24 via the point 26. Other
eed pomtsID bfor ne or.more other reagents can alsogJe,CRrowde ﬂs

the first cell of in 3 8|v(|;c?ual “cells othef than the first, ©- o0 ©F

each reagent is introduced into the reaction chamber
24 from the feed point 2%a in cell 1. The reaction
medium passes horizontally from cell 1 to cell 2 and then
to cell 3, it leaves cell 3 and penetrates inte cell 4
20 situated vertically beneath it, and then passes
horizontally into cells 5 and 6. The reaction medium
leaves the cell & and penetrates into cell 7 situated
vertically beneath it, and then passes horizontally into
cells 8 and 9. Finally, the reaction medium leaves the
25 cell 9 and penetrates into cell 10 situated vertically
beneath it, and then passes horizontally into cells 11
and 12 in order to leave the reaction chamber 24 via the
point 26. Other feed points 25b for one or more other
reagents can also be provided in the first cell or in

30 individual cells other than the first.

In & variant, the reaction medium can flow in the
reaction chamber 24 in parallel relative to the untility
fluld flowing in the side chambers 27 and 28.

Similarly, the side chambers 27 and 28 are
35 subdivided into individual cells for utility fluid flow,
s0 that each individual reactor cell is situated between
two individual utility fluid flow cells.



In a variant, the reaction medium can flow in the reaction chamber 24 in
parallel relative to the utility fluid flowing in the side chambers 27 and 28.
Similarly, the side chambers 27 and 28 are 35 subdivided into individual
cells for utility fluid flow, so that each individual reactor cell is situated
between two individual utility fluid flow cells. 12 In Figure 1, the left and
right side chambers 27 and 28 comprise respective series A B, C, D, E,
F,G, H, I dA B,C,D_E,F, G, H K', L' of individual
utility fluid Sw ce?ls The's alllpana-ilb ﬁ%a?BPdelrlcﬁE}ﬁesée(fﬁe&E??ﬁ?aﬁéhég and
the crlef WRACRASIRGIRIFBELTOFIHE ARididudt ré€acton BellE afd dbedl -
not ’iatck thie, flewcbfthe Wility fltid whicheis, dewnwardsHn the feft-hands !,
chambeb27 andk ypwiasds bt the wightshand ehambes 28, 10 Bye

ssub%@m@e%ﬂe&&@m&e%@n&% 'ﬂd%%%' Selis, 'ﬁgoserp'eé?;&@r
the re?ctron medium flowing in_each individual reaction ce to determrne

the Therfialiffiidnde orthE frtrﬁﬁ/rflLHB?IOWHQY&W@%WBQ@&?&BOH&W
side3RdivItRRT cens, BehTd thidRighthe I (b eransiticrtplaféspd amd el is
definingtive réaction ttkambet 24a kor example, hfakean hewexachanped-he
betwenjh tRoixickiad miiihe futesflow ceII E and the individual reaction cell 5
hrough the, pl t n I I ility, fluid flow. cell E' and the
D|tnd|vrdt(§:a1l %g ?Dégkc%?cl)ﬂ t\r?r%% %E gé?lgte %Z}Xfﬁ tﬁege?mbo%rment
shown it Fi t%% t?ferr’ntal l@h?rﬁé?ér&%rﬁs%‘f?herb%ll’%ea% YetefmHem
by trféé‘é*éflQhé%eﬁasfuetea%m@r&térﬁ%a@qu@ﬂnltﬁzaorrareuﬂ@wme the
dire¢tiorroiithel redctmemediunh & euthiel delly4 £ 26 Sintitaslyi the thermaal two
charasteristiss-efthe @&Eﬁ&ﬂlﬁ&%ﬂe&@m@e%@%@ tivaly e ne
scelis Band b Sualga ahead obk andisrespertivelyndng ULy ML

flow chencLbron he mdrvrdual reaction ceIIs are considere as
. For example, heat can be exchanged between

individual utility fluid flow cell E and the individual
reaction cell 5 through the plate 21, and between
individual utility fluid f£low cell E' and the individual
20 reaction cell 5 through the plate 22.

In the embodiment shown in Figqure 1, the thermal
characteristics of the cell 5 are determined by those of
the cell situated immediately ahead of it in the fluid
flow direction of the reaction medium, i.e. the cell 4,
25 Similarly, the thermal characteristics of the cells E and
E' are determined respectively by the cells B and H!
situated ahead of E and E' respectively in the utility
fluid flow directicn.

The individual reaction cells are considered as
30 being continucusly stirred reactors, thus making it
possible to generalize the equations for the
characteristics and balances of the reactor and of the
chemical reaction in the mathematical model using a
number of equations which is a function of the number of
35 individual reaction cells, where this number is given by
the following expression:

n = [No. of cells] x (No. of equations per cell)



30 being continuously stirred reactors, thus making it possible to
generalize the equations for the characteristics and balances of the
reactor and of the chemical reaction in the mathematical model using a
number of equations which is a function of the number of 35 individual
reaction cells, where this number is giveh?by the following expression: n =
[No. of cells] x (No. of equations per cell) 13 The number of equations in

the mathe é fﬁ odel |sfalso a%unctlon of t,IC”l[e num&er oszone useéj l_{'u
ow chambers. The 1 J56 maSRH e
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thusyaresenis tivee feedqointsnand thiee autiatipoints] dokthe: wtility fhtithe r
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ollowin ression 0; 9f cells] x (No. of equations per ce
}&V gqu%g%})s g&#%ne X Iﬁo oﬁufllt zone%] t%%penalngjporgbfhz)ones

mod*éﬁlﬁﬁd%‘r” eOREIRrAfSITS. & BF aHﬁ’&r’hB@eﬁ%uEhrﬁ@alu?HH%F points
two-phaseiaedivin ithe Admbér of TS eyerationsds nettké Sanse, witly tlee
totalmatmbes ©f caquaitens: of thecmadel bedg definad bycthediellawing

10equg@g1g§y;rgggeneous model: 1 n- L(ncell / block + 3) X n eck + 1]x (16

+ nCo,lIr.) +3 x one/ ocl&? lac Otw phase model; n [(Hafbleck
+3)xnN k%+1]x% +2xr%/l,,, ?{Zunel fockXnDlock i"nov% m%n “Lethe

numberg?%ﬁltl?&ﬁ%to‘f‘i‘ﬁé EREMTEAIS LattidN CnbRFCR T e KuRMBErof

reaction blBeksnazotedlotkes trdndmbetaf Wtling zdres perneadtien 2for

block, aedagalidalaek s themumber afiodvidisal eelsinet, reactionhlesk. o

1gFor @&m&%re%ctmint%@og%%en%p%%ﬁ@gé%-teﬁa%%m%@uab the

Cha%%%%“%“%%qu%u%%%ag% &1 being defined by the following
aquations:

homogeneous model:

== [(nceﬂn'b.’ock + 3} X My + I]"< 6+ 1 Y+ 3X M bt0ck X Pitaek +

20 + two-phase model;

= [(nceﬂlbfadc + 3) X nb{oek + 1]>< (21 +2x noom') +3 % nzaueib!ock x nb[oc.?;: ;

in which ngy,s is the number of constituents of the
chemical reaction, ng, . is the number of reaction blocks,
Nosnesmisex 45 the number of utility zones per reaction

25 block, and Nggi/piecx 18 the number of individual cells per
reaction block.

For a chemical reacticn in a homogeneous or single-
phase medium, the characteristic equations are as
fellows, for example:

30 - for each individual cell ¢f the reaction chamber:
an overall mass balance, component mass balances, an
energy balance, a pressure balance, a volume model, a
molar enthalpy model, a volume constraint, a molar volume
model, a heat balance for the thermal environment, heat
35 balances for the transition plates, heat balances for the



follows, for example: 30 for each individual cell of the reaction chamber:
an overall mass balance, component mass balances, an energy balance,
a pressure balance, a volume model, a molar enthalpy model, a volume
constraint, a molar volume model, a heat balance for the thermal
environment, heat 35 balances for the tihsition plates, heat balances for
the 14 utility fluids, heat balances for the adiabatic plates, and mass
balances for the utility fluids; and for each utility zone in the utility fluid

flow™ Citity HuicttehTeratia e SRFRRES anB a iRty Hid B HOR Rtates-
conStPAinPFG Hehanfed rexetibhan Eivd-phasewrdfeterdgeneous
medium, the €haracietistic égiiationsase as tollows,ifde exafinledfof each
indivigduakes)! efithereastion.chamberoA0:averal massibalanceiforfhe 1 ,: g

ontj has f dispersed phase, component mass balance
sCONURLRHS RUG %&?] pLi g
for the continuousf;é)1 ase and for the dispersed phase, an energy

balance, a'FtesBufé BakTRE, Toftithe todBis¥oF tite PGt IRNIS phase

and F6t e aRpepsEd PRasEmmAtae 1 SertRalpyrhotérs foathd tontinaoasas

phase ahdwier tHerdisperge:phase, molar volume models for the

cr?nténuous Bﬁ@g&e@f&%f%@ﬁﬁd@@ﬂ?%@ha@% \f:@;lw%%ge%@fﬂinéﬁfé%ﬁx:

the e@]?ﬂ the ¢ 0 se, a heat balance for t
10thermlé_?ﬂ %%%e‘}ro%mgegnt, eaf{?é%lla‘%noélggE #gélz%gt eltrrlgr?&ﬁoﬁ%p?ast%s?ﬂ%eafor Ehe

balahtBRT6P BTk BHAGS fuf AT bRISRESS Rt thERidesid Prtes, and
massChalaneessforihe tiftEfl dier ahbisfor baph ity Pbasen the usiligrgy
fluiddftovan erijityaflpidete mperatureseenrstraintsuard modid ity fledd- 25, 8ow
rate comsiraidi d Nerdyanicreastor model of the inventionds digyuy up
1501 16 A2815,0 g chamie nogel o e teagtion shamber, and.a dynamic
mode] for heat exchanges, each dynamic moge comprising equations
éﬁ&?&%ﬁﬁd phase, molar volume models for the continuous

relapbuase and for the dispersed phase, volume constraints for
the dispersed phase and for the continuous phase, a heat
balance for the thermal environment, heat balances for
20 the transition plates, heat balances for the utility
fluids, heat balances for the adiabatic plates, and mass
balances for the utility fluid; and
for each utility zone in the utility fluid flow:
utility fluid temperature constraints and a utility fluid
25 filow rate constraint.

The dynamic reactor model of the invention is drawn
up on the basis of a dynamic model of the reaction
chamber and a dynamic model for heat exchanges, each
dynamic model comprising eguations relating to an

30 individual reaction cell 5 represented diagrammatically
in Figure 3 by a rectangle.

Arrows 32 and 33 represent respectively the flow
direction of the reaction medium in the individual cell 5
of the reaction chamber 24 and o¢f the utility fluid in

35 the individual side cells E and E' of the side chambers
27 and 28, the utility fluid flow direction in the two
chambars 27 and 28 in this example being a co-current



30 individual reaction cell 5 represented diagrammatically in Figure 3 by a
rectangle. Arrows 32 and 33 represent respectively the flow direction of
the reaction medium in the individual cell 5 of the reaction chamber 24
and of the utility fluid in 35 the individual side cells E and E' of the side
chambers 27 and 28, the utility fluid flow @irection in the two chambers
27 and 28 in this example being a co-current 15 flow relative to the flow of
the reaction medium i th Jeagtion ch er 24, contraryt hat whic
shovgr?ln I‘—rl urgjl Fl"f?% In ces é’ And° 1?2?% useed res ectlveel 10'defin IH?SE
the rE%EﬁGﬁ?ﬁe&Rﬁﬁ‘%?nﬁ t%%'utﬂ&yﬁamrw%&%%n@%ﬁe naa|a?lmiw in
rate Bt thvereedstion medium in an individual cell and is given in moles per
second (mmis-ixdzandpl aae respestivelydhe depperatueoft theiefine

geactign @@Q%&H‘%“&D&P%&f'%:'i?’e'“u‘@fﬂﬂt%'%&'ﬂ&a' CellS,epresents
expre sed [ |s the mol arfntga PY,, oft e reacUgn medidm i |n an
e

|nd|V|duaI ceq{laexpresse adn : rrf) VPis'the Volume of

s per mole jmol-
an inBRidisRACEEA £ drfedirBSBed in BEHRENRIErS@RSNC. is the

numibee bf moéles ), thadedctionenadiape ot I&ady individuatwetz andx3; £
is thewaolag daction afea ir@agent of A constituant:@yinan:individugheel,

1dhe $HRLSGHRLS kdand, ké&&l‘?@ﬁgg&h%u"&bew the Jpdividyal reagtign .,
cell g to 1112 in the embo i dent of a reactjon,c aEQ r 24 own in

Figures I and 25 5F the' 2896taF of the' haividadr iRy flﬁl oW BEFTRTS 17
L arPALES LPfor thet&ft ehdfight lchababérs Sharftr28me P@Lﬁlé 1). Ifitis
assuingd thatthe indadddalcallsobthe reactiorsedanber@dilrave tentent

that ignthgroughly 2hstisrethihenthenshemical repstiondakesplacaina in

1gomogenggus single-phase liguid n,aedimtﬂewm@faérMu%o%%%ﬂ%n

can be applied, and thed n m|c m el of the react on chamber
comp nség) e?OHOMI é% %. ? ! in an in lVld n1 cell, the

superscrlpts k- 1 and k indicating the number of the
individual reaction cell (1 to 12 in the embodiment of a
reaction chamber 24 snown in Figures 1 and 2) or the
20 letter of the individual utility fluid flow cell (A to L
and A' to L' for the left and right chambers 27 and 28 in
Figure 1}.
If it is assumed that the individual cells of the
reaction chamber 24 have content that is thoroughly
25 stirred, then the chemical reacticn takes place in a
homogeneous single-phase liguid medium to which
Arrhenius’ equation can be applied, and the dynamic model
of the reaction chamber comprises the following
equations, for example:
30 » the overall mass balance for the reaction medium
in an individual cell (in mol.s"l){
d k
dt

Sk gt & k k
F Fp —Fp +Anprp

with An, = ZAnF, An ZCZ

- 51.
and r; = k, pJ d

f)j



equations, for example: 30 the overall mass balance for the reaction
medium in an individual cell (in mol.s-1): du™ -P = Ff +F-' -P +An’ x yk dt
PPPPPE! with AnP =J: An.,,, An,,, =X ar,11. and rJ =k~ exp(--L
)~(CFrir RT 16 the component mass balance for the constituents (i) of
the reaction medium in an individual celll(fh mol.s-1): d(uk x Xk P P.f
-Fl.kx 1L.Lk+Fk-1 Xk _I'FkXk *enk xVk dIP PJP OJ P P.f P.i P 5 the
pressure balance equation for the reaction medium in an individual cell (in
pascals (Pa)) Bk CBRIPPRPk. BB e PBRfiné ModbrefiRtitt Fitsihes
reactién nféditing iReERT iHdhAduaRéEm(ihrma) 1o ihWike20 i mMi =uk
xVP médR £} P the molar enthalpy equation of the reaction medium in
an individual cell {ja,ﬂmg_l{-)l) HI?;mfl—f[k:O;k ) tq__el voltﬁrr;e constrainkt or molar
flow rate equation—I%dforthé RBECHaN TARdim nfEr indidieuad’Gell (in m3
or moles 1): k- FP during the stage in which all of the individual reaction
Zells are beingH#leoly exsithenk 20adRanbqua ViorV et VEhonoesthei cells

haverkaendilled; an individual cell {(in pascals (Pa)):
b _ phel k.
P, =P —AF;

the volume model equation for the reaction medium
in an individual cell {in m®):
k ko . koK mi
10 Vp —mVP =0 with mVp —uprp ;

the molar enthalpy equaticn of the reaction medium

in an individual cell (in J.mol-1):
Hy—mH: =0 ;

the volume constraint or molar flow rate eguation
15 for the reaction medium in an individual cell {(in m3® or
mol.s )
k.
E;-—O

during the stage in which all of the individual reaction

cells are being filled, and then:
20 £ -f-ci—o yE=pet
Hp V;:l.k = « F
once the cells have been filled:;
in which Ff is the feed rate in mol.s™!, An represents
production speed in moles per cubic meter per second
(mol.m3.s571), o is the stoichiometric coefficlent, r is
25
factor, E? iz the activation energy in J.mol"l, R is the
ideal gas constant, C is the reagent concentraticn in
mol.m3, V is volume in m?, mV and mH respectively the
model of module and the model of enthalpy (m° and J.mol™)
30 val o is the molar volume in cubic meters per mole

the reaction rate in mol.m™3.s!, k° is the pre-exponential

(m®.mol"l), the superscript "cell" designates the physical

cell, the superscript B is the reaction order, the



in which Ff is the feed rate in mol.s-1, An represents production speed in
moles per cubic meter per second (mol.m"3.s-1), a is the stoichiometric
coefficient, r is 25 the reaction rate in mol.m-3.s-1, k is the pre-exponential
factor, Ea is the activation energy in J.mol-1, R is the ideal gas constant,
C is the reagent concentration in mol.m3, V is volume in m3, mV and mH
respectively the model of module and the model of enthalpy (m3 and

J.mal’ J% 30 Vl,Ql IS Ihe Iar ﬂ%ume A curk'inc meters per subscript
(m3m 1 . the erscrl es%nates “thie ah smé’l ce the P

supe]rs&ﬁpff?lscﬁfésliéjaEﬁﬁﬁtoragPstﬁ %‘F%'ub%cﬁﬁt fikMReiiumbel ofhe
reactiSRPEIESUBSCH | 5.the donRingsmetnside@ AP is inmerisssuEds drop
temperatarecen K, fis prasstre,iandidB issprassure drap lindgasegls (Pa)
yvhichds gefined by the following 5 equation: 7 4L 1Pv2; d,, 2 where the
Fanning or friction factor if is given bnyL510464 Re-0.5328 for a flow of
the reaction medium through thé{hdi @4¢ction cell that is laminar
(Reynolds 10 number Re < 2200) , or f £ 217347 Re-0-42316 for a
turbwieaee flow (Rern 2290y is-thedengtix ok the:pathifollgwad by fhe -
reactiop, gediure. threugh,the repctiop £hamber 24 in 8}19&%%1%}1 F&h‘?éﬂsh
denscgleofltzc? reaé;tloP mgglcum in kl|0 Eam é{:er 15§eb|c meter (kg.m-3

is the spead of the reaction” medlufEin mer o %ng 8h

1Gs th@ugaﬁﬁla?@ntﬁi&% ic dPFméteT of -ar/ Fﬁ?ﬂwﬁ@a‘i rééétléﬁrceﬁll in
metdrsrimil ¢hitasSimed! fatthe pldte:reactor is constituted 20 by a

successior Rk COBHAWOUS Stied reactorssuhinat the piasicalpropskties

of thﬁé&i\l}ﬁf'yﬂ&é‘ﬁ%ﬁoeﬁ@”}e%% homegengous E’é QQ'Vﬁé‘t‘&%pe(Gﬁ‘}ure
the dynacrﬂlc CEnodel of thg u&lty fluid com rlse the followin Oglqéjatlons

forexa g reactior lum in ki ms per
5 cublc meter (kg.m™?}, v is the speed of the reaction
medium in meters per second (m.s-1), and d, is the
equivalent hydraulic diameter of an individual reaction
cell in meters (m).
If it assumed that the plate reactor is constituted
20 by a succession of continuous stirred reactors and that
the physical properties of the utility fluid are constant
and homogeneous for a given temperature, the dynamic
model of the utility fluid comprises the following
eguations, for example:
25 - the continuity equation for the utility fluid flow
{in cubic meters per second (m3.s.-%)}:
Fr =

+ the continuity equation for the temperature of the
utility fluid {in kelvins (K)):

ne n
out Z Ta
30 e A=ngencordl
% ncr
where the superscripts "in" and "out” designate
respectively the inlet and the outlet of the utility

fluid flow chamber, “ncr” designates the number of cells



25 the continuity equation for the utility fluid flow (in cubic meters per
second (m3.s.-1) Fm =Fmrt u rs the continuity equation for the
temperature of the utility fluid (in kelvins (K)): nci Tu 30 i+cnt = i-nc-r
cr+1 u ncr where the superscripts "in" and "out" designate respectively
the inlet and the outlet of the utility fluid I®w chamber, "ncr" designates
the number of cells 1s per row of cells in the utility fluid flow chamber (in

flgurel ncr is equal tq three fo the chambers 27 and_28), and "
desi natesotﬂeﬂgst c:i-LQIl b Gy S %F&(N%%’éh?bgrlﬁ’ﬁ) F?(E\ﬂ’@bf in th

chamB&HZ?, Ae H’&és@ﬁa?é%‘ﬁ%@q dédifRated KL AR dRRfasigRdtesndl
and R¥the elraimber 28]ecidesigpatesh®’, hestdesignates Bleand ntiZy
designates @'ioﬁh@}%mic(m@dE‘h%QéJ%anﬁ%e%@e”@Q@ﬂnMﬂh@?, nc
Pehayiar m@e@@em@fngag@w@&m e'%@?&ﬁﬁg“ 189@ %)5 :

means and the fee point 25a in ceIT

between the t fe

behavior ﬁmd%%rr}ﬁ m?)eactglB m@&’uﬂ?ﬁ%ﬁf@ESﬁnécﬂoﬁ’ETelrngﬁﬁégnates
betwen thecoiitfet? peiftiZE#ofE cBll 12 and the means for collecting the
products ofitiee actmicomadedd pbi aranjet iees15 cetldala seconthe
reactien shasbert(natshann and (spnshiuting a-seaerd reactionhlaek) ;i

1ds IMpeftant . %tﬁkeea&%ewt&tgh%gg@ﬁet'@@ Aem%he 34.and 35 when

makin ady£| mi¢ Mo ggo the plate feactor since the fotal volume 0

t
thesBZ18Ments is Aot Ry |b|é388m5bak?386251\?/ﬁhmcﬁg%ﬁr?@ Jfthersactor
reacBAEMBMBe 22, RARGEFRATE HrFTTRiENEe &iF theyield bt thetlet
chemizghreadtioicoRurtheimze amdsudhecornectichy eleméntschead the

exchangescvathothe-utilitydutds are ditedreed point or inlet to a
15 cell in a second reaction chamber (not shown and
constituting a second reaction block). It is important
te take account of the connection elements 34 and 35 when
making a dynamic model of the plate reactor since the
total volume of these elements is not negligible compared
20 with the volume of the reaction chamber 24, and can have
an influence on the yvield of the chemical reaction.
Furthermore, in such connection elements, heat exchanges
with the utility fluids are limited.

A plurality of plate reactor elements contribute to
25 heat exchanges, such as the transition plates, 21, 22,
the utility fluid flow chambers 27, 28, the adiabatic
plates 20, 23, and the thermal environment of the
reaction medium {presence of inserts in the reaction
chamber 24},
30 The heat exchange model of the reactor medium in the
individual reaction cells comprises characteristic
eguatiens applied to an individual reaction cell §
represented diagrammatically in Figure 4 by a rectangle
which is defined by the two plates 21 and 22, and two
35 utility filuid flow side cells E, E' defined respectively
by the plates 20, 21 and 22, 23 in Figure 1. The arrows
32 and 33 represent respectively the flow direction of



A plurality of plate reactor elements contribute to 25 heat exchanges,
such as the transition plates, 21, 22, the utility fluid flow chambers 27, 28,
the adiabatic plates 20, 23, and the thermal environment of the reaction
medium (presence of inserts in the reaction chamber 24). 30 The heat
exchange model of the reactor medium irthe individual reaction cells
comprises characteristic equations applied to an individual reaction cell 5
repr%%entgg di% ramma ically in Figure,4 by a rectangle which is defined
by the ‘fwé piates D1 and 22" ant tWS 35ty ittt 16w stae cBits BBy
defifétPFdspeetivB AP theipREss 98, 2handtild 2y if Fydeln The
arrowsd32 efieh33 sépresaritrespectively the Hlewsdisectioranb&9sther, 25,
reactine nredivnain-the indiviskial gell Saftheyreaction shamber 24.and of
he ytili idkinthe dndividual side cel ' pf [ ers 27,
5t28, lgﬂegﬁ]fig\%%/%ir‘r12 (L:!?forii %f %gr%u |Iitél f%%d J|:!r§1lt re}%xngo %ﬁaﬁ%ﬁe%g I]qu??ztgqbe‘iﬁa
a co-cuor"r‘rer?tfﬂétw?eFé?ﬁ‘/%ttbofﬁemggw& thd rERBGSRFREN M fRfRPer 24,
reactiBh Crafbér 24 &oritheryto thatwhieh istsHOVE# e Figure 1 The
temperaturtref themgtity fluie i antinelividualiside foellidegends.on the
temperaturesithes 1@preceding individushsidecelbindbeflaw dirgetion of
1ghe @E&QH%?%Q&S&%&H‘*QIS%G%C?@ %ﬂ“t HE0RE3 g},eréec%%“c?@ of
bloc hIt IS thlf' E[os Ple, 0 represint all of the thermal configurations
conceivabie forthe Varsus ABRY Gireict &1itility ARRICES Pélativd thHe
reactioRSReduirh Fhastibsteipt® e Hnd uRtarksusdd fo Hesighate tihe
utility ¢eidsrespectivedfintthe lgficheanbena T and-#t the sighb chaimher] e
28, with the otharsynbolg bavina-the: same Bieanings as described

1@bo%l%ggdgist%s%egetggéy&p g%f'g%eqroperties of the transition and

adiabatic pll%tes and of the utility fluid are constant for an individual cell at
a given & subscripts ug and u, are used to designate the

utility fluids respectively in the left chamber 27 and in
the right chamber 28, with the other symbols having the
same meanings as described above.

1

20 If it is assumed that the physical properties of the
transition and adiabatic plates and of the utility fluid
are constant for an individual cell at a given
temperature, and that the temperature of each plate is
calculated in the middle of the wall, the model for

25 reaction medium heat exchanges comprises the following
equations, for example:

- the energy balance egquation for the reaction
medium in an individual reaction cell {in joules per

second (J.s71)):
d(ul xHE)

. Tl rrh—t krrk k 13 k k k k k 4 e
30 o S E = EH Mg )V by AT T) + AT T
: 1 v,
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temperature, and that the temperature of each plate is calculated in the
middle of the wall, the model for 25 reaction medium heat exchanges
comprises the following equations, for example: the energy balance
equation for the reaction medium in an individual reaction cell (in joules
per second (J. s-1)) : d(uk xHk) 30 P =EP'H-FPHP+Aq,xvP +hy., AP(T
Tn)i ha., ~P(7p-7' t) kwithhk=1k =1k CCU VP P-11L ek e hP.nq k
AP x rdl hk! hk hk )k hk I~t P~4 P Hx Pix P and aq %AH xrd"). 20
-with the heX¥tbSahte SHfiaticrbTE UEREAiE N Eﬁ@ Side c‘éﬁ’dfltﬁéf left
charhbid7i(fh kel siflth arldamb édgatiori beithpobed fér'theisioe -cett,
in theiripht beamdres 28JukBion being used for the side cell in
P,V %d@rigﬁg%@%gy Jehk)+hyPAo(Tp-T,~) the heat balance
equation for the plate Zldg,lsposed between an individual reaction cell and

ghe side cell opfhiglettichathbeF 25 (@) &1 the 'sprid (;ﬂpatjon?bgalng

used for the plate 22 dlsp8’§ed between an 10 individual reaction cell and
the side gell afitheright ehambex Zﬁiu&tPlsA/kf%xplﬁﬁJ B, thk Ay(Tk -Tk
Hhkd“%& i'ﬁ&%&( xS 92%809% 1P %; Ay %“ﬂth AR sige

am inw u represent

resp%%ﬁ%eI?/qhgk}ﬁoﬂae?‘ﬂrov?hamber 27 (in J.s"!, the same eguation

being used for the plate 22 disposed between an
10 individual reaction cell and the side cell of the right

chamber 28):
k Vﬁ' C k dT;fL hl; ch h Aca!f Ti‘: T.’:
pP"I. Py pP"L df = pugp R P( Pﬂ;_ ) + LI ( 1y pity, )
1 !
k k —

with h, = o ; and h, = o :
A+ G-+

ﬂpul hp Zl.ﬂﬂr, h"f.

in which F, and F, represent respectively the molar flow
i5 rate of the reaction medium in mol.s™! and the volume flow
rate of the utility fluid in m*.s71, e is the thickness of
the plates 21, 22 defining the reaction chamber 24 in m,
A is the thermal conductivity in joules per second per
meter per Kelvin (J.sl.mi.K'1l), h is the heat transfer
20 coefficient in joules per second per sguare meter per
Kelvin (J.s?.m2.K1), T is the temperature in K, Cp is
the specific heat of the medium in joules per kilogram
per kelvin (J.kg*.K"1), p is the density of the medium in
kg.m3, Ag is the heat generated by the reactions in J.m”
25 3.57!, AHr is the molar heat of reaction in J.mol"l, A is
the area of heat exchange in m®, and the subscripts pu,
and pu, designate respectively the plate 21 between the
reaction chamber 24 and the left chamber 27 and the plate
22 betwesn the reaction chamber 24 and the right chamber
30 28.



15 rate of the reaction medium in mol.s-1 and the volume flow rate of the
utility fluid in m3.s-1, e is the thickness of the plates 21, 22 defining the
reaction chamber 24 inin, A. is the thermal conductivity in joules per
second per meter per Kelvin (J.s-1.m1.K-1), h is the heat transfer 20
coefficient in joules per second per squére meter per Kelvin
(J.s-1.m-2.K'1), T is the temperature in K, Cp is the specific heat of the
medium in joules per kilogram per kelvin_(J.kg-1.K-1), p is the density of
the mediuifTh REFASS 4 & e FeCiorated By he TARRABH i 3.m 25
3.a-EXARRI§hé Momf hedt of reasdiT frd.nidISE tA ds thetdrearoftiéat
exchanrge irm2, T theesubdcriptspula anckipls slesigrate sespaetively
the plate 2betwveanthe: reactien chamhe24 snddhedef chambear27

%Q?PJJ%@ @?e%%%&”o@ec%%a‘ﬁig&%h ber g andfhe QQQ%ﬁgémbﬂ

and

30 28. 21 The above-described model for heat exchange is extended to
incIRE i fRamidl In &b SPIHS RIS e bRRsH TR Harithl ifdia 1RBaEhe
senRESeeakeY atedafionthel stridtare Bhthedempesitivhtofthetdie
variolis eterheatsrof-thenplate séactos. Faréxampla,ut comprises the
following equationsyuiich differframdhe. preseding aqvationsipdhakieYor
ofakeagoountaling afingl enviranmenols.various fuids: tha eneigy
balance gquation for the environment of 10 the reaction medium in an
individtia )reactiqn %qll (in J. s-1) : d(un xHK) = Ff' H4.k +Fk'-'H k™ -F'H" A-
o Vithk " ALTKTA B piP bR iR R AR B Wi i, et A (TP
-Tv)+hP'._, Ao (TA, -Ta ) the heat balance equation for the utility fluid
environment ih’tite ides et o the 1k chamber 27 (in 15 J.s-1, with the
same equatiep peing used fanthe sigecalbin Mg right chamber2®i ki q

environment in the side cell of the left chamber 27 {in

&3]

15 J.s57%, with the same equation being used for the sides cell
in the right chamber 28):
aT*
= Fip,, Cp, (T = T0)

L u i,
dt L L L

+hk jzc‘eﬂ(Tk _Tk

DY i Plig fy

k

¥ k
prsl P’:‘L Cpu,_
)"!"hk Acel!(Tk """"'Tk)

(TR L L Wip
- the heat balance eguation for the environment of
the reaction medium in the individual reaction cell (in
20 J.s"*):
*

. 47,
PV Gl = b AT =T

- the heat balance equation for the environment of
the adiabatlic plate 20 ¢f the left chamber 27 {(in J.s71,

the same eguation being used for the adiabatic plate 23
25 of the right chamber 28):

dr, ,
Pao, Ve, Prey, — =1t e, Ay (T =T )

dt 0,98,

in which the heat transfer coefficients are expressed as
follows (in J.s"*.m2.K1}:



Pff, 1, cpk, TI =F,pk,Cpk {T ' -T~) +hk cell (T+k -l )fhk Ace(Tk -T k) Prtl.a,l,

\ Pnk ny UiJm" lea' I1Z the heat balance equation for the environment of

the reaction medium in the individual reaction cell (in 20 J.s-1) : k k k dTi
_kkkk pill arc, CPre, dt -h P. re, AP(TP -T., the heat balance equation

for the environment of the adiabatic plat20 of the left chamber 27 (in

J.s-1, the same equation being used for the adiabatic plate 23 25 of the
right cﬁrlamber 28): dT lfk* "a N., le,CP:&dtl ::Pulelz_ 71 _Tl(élr)niré Wr.lilch the
heat trapsfer cogfficiens.areexpressethas foffows(in JAERUMALK-1),
IkIklkl Pf?v’l‘rg-”ﬁp.rc, =efhPgiu,=1e apd-hiftier, PP, P/e,jhur,%’:‘rﬁci
hP AI'P., hP APS,"hr~ ~"pn.r~a H,7Au,ua in whichte subscripts tep*and**
teu q%siga@@qreép@c;iﬁg%m(gme%gl sRYrqamet ofdhe reaciai e e i vely
mediyrm and of e utlib medum. apd Hijs (he moler enthaloy ofthe. .
feed Taflo_w rate in fmd]-f.nﬁlegt exchanges between the reaction Dediuh™e

and e Wity RGRH<Ere 8@ FintdactbtintedparfBRPRIRAHE taRsiticted
platef Pav 22dnorder tb irelitie the thermal inertia due to these plates
(e.g. madenef=siaitess 1fstephtindbe dynamie medeh Thedieat balanege
equatian fqrtheenviconment ofthe feactionmedivmin theipdiidyl, o.cp
reacpggncel which 1%%%@}(13 o thf Igegwlpﬁeratutrg Qlf p}hﬁ utt gtrrggllEE th@r[fl%}
€10 ta

. S1L1 . er.
envwonmentt:o?z%hg reaction ‘medium, makes it POSSI € accoun

15 tHE Hérifaldnert dGB %6 tha AiuefuréfoftheedRtish EharbEro and
100 thetipsdits . ¢ rmaderofpolyebéel -

The heat balance equation for the envircnment of the
reaction medium in the individual reaction cell, which
depends on the temperature of the thermal environment of
the resaction medium, makes it possible to take account of
15 the thermal inertia due to the structure of the reaction
chamber 24 and to the inserts (e.g. made of polyether-
etherketone} present in said chamber. For a given
individual cell, the heat transfer area and the mass of
sald thermal environment are calculated on the basis of
20 the geomstrical characteristics of the insert and on the
basis of the structure of the rsactican chamber 24.

The heat balance equations for the environment of
the utility fluids in the individual cells of the left
and right side chambers 27 and 28, which depend on the
25 temperature of the thermal environment of the utility
fluids, enable account to be taken of the thermal inertia
due to the adiabatic plates 20 and 23 (e.g. of stainless
steel) in the dynamic model. The characteristics of the
thermal environment {heat transfer area, mass) are
30 calculated from the geometrical characteristics of these
adiabatic plates.

For a chemical reaction performed in a two-phase
medium, the dynamic model of the reactor comprises all of
the above-specified characteristic equations and balance
35 equations {energy, heat, mass, etc.), established for



etherketone) present in said chamber. For a given individual cell, the heat
transfer area and the mass of said thermal environment are calculated on
the basis of 20 the geometrical characteristics of the insert and on the
basis of the structure of the reaction chamber 24. The heat balance
equations for the environment of the utitity fluids in the individual cells of
the left and right side chambers 27 and 28, which depend on the 25
temperature of the thermal environment of the utility fluids, enable

accdtfitto bk ERerPErREStheiMal FRAEANYGE fo BhE SRl ASAROpraiss 58-
and 23detdcofstairassdstebb dn the tynamid havdel. Fheclwracterities

of theythesmakemdionment theat deansfenatesd roassharend0 sakaatad
fromdhe.gromeirical eharacteristics of thegey adigbatic plates. EQLAners 27
5Chenglgg| E%actlooi_n Qerfor ed in a tw -pt‘kase meq:lum, the(igijynamlc model

he behaviqr of tne reac medium. in th
of the reactdr comprises all of the a ove-specf’fledl Characteridtic ®

equatibrEafdhatahds 85 EGiaits @hetgs Reatdds etegetion
establisimée fors23 2dacty bf the phasesthe chrprioustphiase beirty liquid,
and the-Hispersed phase helaga iguideeriagasn Thee dynamic madelsof1 s

the reacfjon nediyin i the Leaglion, charpher.24, gfethe utility fluds in the,
10S|de chamb%irs 275 n%JZBlS of the bghawor of the reaction medium in the
T o)

Inlet S Satlet SleRiant 34 and 55 of e readtiohe Ch3mBEH PSR Sfhetor

pres8hrd-Bfopd Bfrthe meat eXcRarGas bt tik féactiohifraitfcnthase
indivithgiilwells 1 to 12, and of the thermal inertia of the reactor, are 10
adapted torestablish the dynamiepedekefanopan reasty-otthe-platen
typedgra reactinn i'EP?aQie\.@nat}_‘\@fEBﬂ%%d@legg@sTQ&Q:H"@:&%:‘LCM, and
l.{Denj eratures and t ?gressures in_each of the phases areC%o_ sidered as
eing identical, and 1 e ehetian THEGNT & BSsGmRIadse Romogeneous
pseRfEhEh dgéiedliis S A RANRRERHSIGT PEpéhrescartRsponding
corrésporrdiage twesphas eomettiumdising detarrinetslsp assodiation
relationships associating the physical properties of the
two-phase medium with the properties of each of its
20 phases and also with theilr respective proporticns, it
being assumed that the phases are distributed
homogeneously within each individual cell. Examples of
associlation relaticnships are given below:
+ estimated density of the two-phase medium:
25 1ynd, 1
g om g

+ estimated specific heat ¢f the two~phase medium:

I
Qp—;gzzmﬂﬁqg

+ estimated thermal conductivity of the twoc-phase

medium:

1
30 = — M4
A mZn,M,;L,

+ estimated viscosity cf the two-phase medium:

1
4= ;;anMfﬂ!m



relationships associating the physical properties of the two-phase

medium with the properties of each of its 20 phases and also with their
respective proportions, it being assumed that the phases are distributed
homogeneously within each individual cell. Examples of association
relationships are given below: estimateckdensity of the two-phase

medium; 25 1 n'M' p 1 m pr estimated specific heat of the two-phase
medium: Cp=zn,M;Cpr ; estimated thermal conductivity of the two-phase
meditin "8 K= 7} FHPAS 351 bE ik Re 8 WRSiG oMtAé toofh4sE Phase in
mediutd; | hushevinel 23 24z gswihich-herapresentstheidugbenof peelescie
of thelphaselin) mal, Mhthermokar rass of the phasednkilogeamspem-meole

(kg mokr ), mythe pil mass of the. puaphase raediup i lagtans, (o)1 o,

Is a suybscript specifying Tontjnuquys or 5 dispersed phase, % Is th
herr%%?@grl%ﬁcti\?ﬁgg e n%'é*d%#ﬁ%intg?ﬂ%ﬁ?- ,“a‘fr‘fcfﬁji‘s’ft’hé’%istéb%ity
of thBefieduAtin’pascat-sedondsi®a. &). The-procisisf ot i dyharhie
modekdfithe igngtors dol aTeactids in Batwaor-phase medium is based on
the 10 reactiengnediisn being siable sgndiius fpdbere being-equilibriym
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poputatien. Thedoitwarestooh foreevaldatiig thelpbpalatiom function of
the size of the droplets of the dispersed phase in the
continuous phase. The size and the distribution of the
15 droplets are determined by means of a software tool for
evaluating the droplet population.

The scftware tool for evaluating the population
serves to predict how an initial distribution of droplet
sizes will vary over time, and consequently to predict

20 the Sauter diameter in the various individual reaction
cells of the chamber 24 of the plate reactor. This
variation depends on the rates at which droplets appear
and disappear, which rates are directly associated with
phenomena of coalescence and rupture. The phencmena of

25 coalescence and rupture are introduced into the program
from correlations relying on the physical and transport
properties of the two-phase medium.

The matter transfer model relies on the assumption
that the dispersed phase is present in the form of

30 spherical droplets having a mean diameter egual to the
Sauter diameter. Matter transfer between the two phases
is modeled on the basis of Whitmen's double~film theory.

In the dynamic model of the optimization method of
the invention, the mass transfer characteristics are

35 calculated for each individvual reacticn cell. Because af
mass transfer correlations, all of the mass transier

characteristics {mass transfer coefficient, interface



serves to predict how an initial distribution of droplet sizes will vary over
time, and consequently to predict 20 the Sauter diameter in the various
individual reaction cells of the chamber 24 of the plate reactor. This
variation depends on the rates at which droplets appear and disappear,
which rates are directly associated with ghenomena of coalescence and
rupture. The phenomena of 25 coalescence and rupture are introduced

into the program from correlations relying on the physical and transport

propéfifdy of e Rid-phikedhedris OFhé Rgted trinsfet mbder@iks on
the asstpsptioresthatthe dispersed phiasd i presdnrtsa thedonm @80 with

sphetical drepleis havimgra mear dianagiaseaug) ¢ she sSautesdiamateq-

Matter, ransfer 0.the0, phases, Jsmadeled on (e basis gf ¢ ¢pe
Whltg1 sdouble ILt the Inthe d%/namlc maqdel of the optimization

hethot of’ 1RE ifVerttioh, e HasS FahRfer At tetistikiard S8 rrect
calc st e daFindidS AP dh RIL Be B adsiagral cell
corralditiohs, adkefthemassatrdrsfer characteristics (mass transfer

coefficient, satpitaces2s jarea, sobdiliy) srewssgciated yytrihe physicahs

propeffies,af aliawd-lauid iwe:pbase mediym and with, the S@Ht%m the
Odlamceter Con eim% for aﬁsven I| uid- liquid twolghase medium, a

precise rep resent Aion o the 5 BehBvdT bf thé prate %Iﬁ%rltse%’furaes only
a coﬁéﬁfBés%waeffo?fﬁﬁéeeiﬁéﬂaﬁﬁe@waﬁéaeﬁ indididel eeficof the
reactigrahemiser! $igttecSads atdiageemdhowingdtiezdssential steps in

the optimizaionteethedobtheswentien, rbwhiciythes 10:dyinamic medel:«
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alance €q gtli)ns Ol’t e reactor asgescrl ed above. An mtegratlon

S oftwarEhT 3798 Ss et to SifmiSRS 19&E bERRVDITIF RS JigaFFeor oh1s
the 444 of 7€ 155dyrism Ry figefel 8f theFdactoE B6tia dfvethrbaction. This
tool endlfesstheigyistequef-botisalgébraie afhamic model to be solved

by coupling with a database which includes the
hydrodynamic description of the reactor 38, the physical
20 properties 39 of the reaction medium, of the utility
fluid{s), and of the materials of the components of the
reactor (inserts, plates, ...}, models 40 for the
reaction heat and kinetics of the chemical reaction, the
heat transfers 41 between the various fluids, and the
25 liquid-liguid matter transfers 42 or liquid-gas matter
transfers 42 for reactions in a two-phase medium.
Numercous parameters or inputs invelved in the
various models are needed by the tool for integrating the
dynamic model. These parameters comprise operating
30 conditions 43 for the reaction such as the number of
reactions, the number of reagents, the natures of the
reagents, their flow rates, their temperature, their
pressure, their feed duration, the characteristics of the
reactions, the stoichometric coefficients, reaction
35 crders, the pre-exponential factor for the rate
constants, the activation energies, and the flow rates
and the temperatures of the utility fluilds, a description



differential equations of the dynamic model to be solved by coupling with

a database which includes the hydrodynamic description of the reactor

38, the physical 20 properties 39 of the reaction medium, of the utility
fluid(s), and of the materials of the components of the reactor (inserts,
plates, ...), models 40 for the reaction heat and kinetics of the chemical
reaction, the heat transfers 41 between the various fluids, and the 25
liquid-liquid matter transfers 42 or liquid-gas matter transfers 42 for
reacttdn®in & RdSpRasePiddiunt t Nefndrousipearansaeks or ppmsising,
invol¥ed ietheplariousimodelsare sieetediby thestoaldan mntegrating=thei on

dynamisdrodek d hasoparamretals compise eperaling. 30.6nditigns A3nner
for ﬂb‘afr%cé'é’@l%‘ﬁdb% 5@3 nq:nger of rggctl S the q:umber of reaegrents

the natures of the_ reag ents’ t errflow rates, t errtem e’rature their
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stoichefRane toetHiciénis seaetion 35 gredisithe re-Sggdnentididacor

for theceate, cohstamtairibe adtivstioneanerdgies] anchthekflewdgates ansh the
tempexatires &f the sdility fluids, adescription 26 144 of arhasic

confrg fiQ fq;ltpeerseacé%rc rrsrn nfSor gxa hpIe the nrfrmbecr
mdrvrdgljja% ceh er reaction b% the number o |ﬁdrvrd3uaﬁ cells per row
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block ttheidithehkidns of e phateatadiiretie: témperatruasithne cutsideas
medium gtherlveat exchange wareasy thersumberiof plates, fheit. Lable for
thicknessgs.atheln densities, their heat capacities, their thermal

conductrvrtrﬁeét%}eéggggngrgqrslof the |n§$rts therr 10 densrtles tr%%lr hegt
capacities, and the natures o tﬁe ut| ity Iur andg 0 er mtegratlon

%araﬁ?et&?é’su@ﬁl%s 518PAREes oﬂha‘?)s%"f’l}t@k?rf‘&rslﬁr tHertifR R Rble
for iRfatranth. THEpetsss skileton thethivisrawhee bf fiskivd <bBople
tool andtatalase:hThe database ioOrexample dynamic models with

more than 5000 characteristic and balance equations with
great speed and accuracy.

20 DISCo (Do Integrate by Software Components) is a
tool for integrating systems of algebraic and
differential equations based on Gear's method of backward
differentiation using a predictor-corrector scheme. This
tool presents numerous advantages such as processing the

25 system as a whole, without discriminating betwsen
equations or variables, the possibility of integrating
additicnal equations and thus additional variables into
the basic system, thereby providing éreat flexibility to
the mathematical model, automatic procedures for

30 detecting events, and for calculating consistent initial
conditions, which is particularly useful when looking for
and managing events (starting procedure, dynamics}), and
the possibility of processing the system by means a
sparse matrix which leads to a major reducticn in

35 computation time.

The integration software tool 37 zerves to simulate
the behavior of the chemical reactor refsrred to as the



Bipphyd_ The integration software tool is for example DISCo, which is
capable of solving dynamic models with more than 5000 characteristic

and balance equations with great speed and accuracy. 20 DISCo (Do
integrate by Software Components) is a tool for integrating systems of
algebraic and differential equations based on Gear's method of backward
differentiation using a predictor-corrector scheme. This tool presents
numerous advantages such as processing the 25 system as a whole,
without &Rt betivedr? e fuadibfRlorasRisias, therssdsibility BY way
integfatimgaaiditeonahdguationsland ehusadditioral varablessinte theedict
basicsystens lihessby: peovidiagigrent flexibilityt0 thenpethemadicahanges
model, autematic pracedyres, fog 30 detecting events, and for calculating
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his simulatign makes, if possihle to predict the yield of the chemical
léeac?(gﬁ ,efé?%yer ?ﬁ‘r%cl ghq“gaé% l(]:ulrl%g % P’e%st%i% " et 5(f ?nwFi‘dhr'%qf&,’
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for théh isdctor 6. <ha te this; the operdtr detesainesyor evajuateisvtiey a
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(reagtion,Weld). being;enyiropmentally, 10 fiendly (small gyanities; of, ; ¢y,
1 g/vaste%o I\%\é ;Qi%o%%i, sets ryﬁ% cogstr%r}:ts 48 that are éc:)L be com lied with
and SWHich may refate, for example, 10 satety & - giving & niaxifiafhe TS
tempEratiite aF 7S fed QB Heditim that {S'AGE teThe'agEseddtitoritp toxic
prodaetiviarof plofiabififf fitult to recycle or tec bicdegrade, and
also sets the variable characteristics 49 in the
structure of the reactor.

20 These variable characteristics 49 comprise, for
example, the number of reaction blocks, the number of
utility zones per block, the number and positions of the
feed points, the dimensions of the reaction chambers, the
co-current, counter-current, or crossed-current flow

25 directions of the utility fluid relative to the flow of
the reaction medium in the reaction chamber, and the
number, natures, and geometries of the inserts in the
reaction chamber.

In a variant, the target to be achieved ccould be =&

30 mathematical function comprising a plurality of
quantitative criteria. For example, the function giving
the target for a production line may be defined relative
to a productivity criterion and an environmental
criterion by the following egquation:

35 f=uqa, xk, = g x &k

where g; is the quantity of product looked for from the

reaction, k; is the unit cost of the product, g, is the



15 predetermined maximum or minimum quantities of reagents, or to the
environment, with limits on waste that is toxic or harmful or difficult to
recycle or to biodegrade, and also sets the variable characteristics 49 in
the structure of the reactor. 20 These variable characteristics 49 comprise,
for example, the number of reaction blogks, the number of utility zones
per block, the number and positions of the feed points, the dimensions of

the reaction chambers, the. co-current, counter-qurrent, or crossed-current
flow 25&iettivns ofiRe tRieyfakresive frthelffionofmthe/Fdadtiorend  k,
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constraints, by acting on all of the variable
characteristics of the structure of the plate reactor.
The dimensions of the reaction are optimized by
neans of a second software tool 51, such as SQP®
20 (Successive Quadratic Programming) which makes it
possibie to define 46 the optimum parameters for
dimensioning or confiquring the reactor for a given
reaction.
In Figure 5c, the operator then seeks to determine
25 the optimum operating conditions 52 for optimizing the
operation of the reactor for the given reaction., The
target{s) 47 to be achisved and the constraints 48 to be
complied with remain the same as while optimizing the
dimensions of the reactor. Only the variables change,
30 which are the reaction variables 53 which comprise for
example the flow rate, the temperature, the pressure, and
the composition of the various reagents, the order in
which the reagents are fed into the reaction chamber 24,
and the flow rates and the temperatures of the utility
35 fluids.
The method of the invention makes it possible to
optimize the operation of the reactor by determining



satisfying the constraints, and possibly also the 15 authorized margins for
the targets and for the constraints, by acting on all of the variable
characteristics of the structure of the plate reactor. The dimensions of the
reaction are optimized by means of a second software tool 51, such as
SQP(r) 20 (Successive Quadratic Programming) which makes it possible
to define 46 the optimum parameters for dimensioning or configuring the
reactor for a given reaction. In Figure 5c, the operator then seeks to
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reaéﬁﬁﬁ orm comparatlve studies in terms of reactor control,
safety, and sensitivity of the chemical reaction.

Examples of optimizing the behavior of a plate
reactor of a given size and for given reactions are

20 illustrated in Figures 6 to 12.

Figures 6 and 7 are graphs ftracking the reacticn of
oxidizing sodium thiosulfate. The abscissa axis 149
represents the volume of the reaction chamber in liters.
The crdinate axis 130 on the left shows temperature in

25 degrees Celsius, and the ordinate axis 151 on the right
gives the yield of the reaction on a scale up to 1.

Curve 152 shows how the yield of the oxidation
reaction varies, curves 153, 154, and 155 showing
variations in the temperatures of the reaction medium, of

30 the utility fluids, and of the plates defining the
reaction chamber respectively.

Scdium thiosulfate is oxidized by hydrogen peroxide
using the following reaction, with the reaction products
being sodium trithionate, sodium sulfate, and water.

35 2Na,8,0; + 4H,0, - Na,5,0, + Na,50, + 4H,0

The reaction is highly exothermic and takes place in

a homogeneous liquid medium in a plate reactor having



The operation of the reactor is also optimized by means of the
above-mentioned software tool 51. Optimum 15 operating conditions
make it possible, for example, to perform comparative studies in terms of
reactor control, safety, and sensitivity of the chemical reaction. Examples
of optimizing the behavior of a plate reactor of a given size and for given
reactions are 20 illustrated in Figures 6 to 12. Figures 6 and 7 are graphs
tracking the reaction of oxidizing sodium thiosulfate. The abscissa axis
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yield of the optimization reaction, a reaction variabls
datum, which was the flow rate of the utility fluids, and
a temperature constraint on the reaction medium which

20 mist remain below 45°C.

In Figure 7, the reaction medium has a higher
concentraticn of reagent, the sodium thiosulfate being
injected at 40 L.h"! at a concentration of 0.75 mol.L-1,
the hydrogen peroxide at 10 L.h! with a concentration of

25 1.59% mol.L-!, and the utility fluids being water at 14°C
fed at a flow rate of 1.8 m’.h™* in the Ffirst reaction
block and of 0.9 m*.h™ in the two others reaction blocks.

The method of the invention makes it possible to
optimize the plate reactor for the sodium thiosulfate

30 oxidation reaction by acting on reacticn variable data
such as the uwtility fluids flow rzates.

The reaction of oxidizing sodium thiosulfate is then
executed in a plate reactor built for operating with the
cptimized flow rates of the utility fluids, and

35 measurements of physical parameters such as the
temperature and the pressure are done during this
execution for validating the operation of the reactor.



concentration of 0.62 moles per liter (mol.L-1), the hydrogen peroxide at
10 L.h-1 with a concentration of 1.28 mol.L-1, and the utility fluids were
water at 14C 15 fed at a flow rate of 3.4 m3.h-1 in each reaction block.
The operator set a single target, i.e. improving the yield of the
optimization reaction, a reaction variables datum, which was the flow rate
of the utility fluids, and a temperature constraint on the reaction medium
which 20 must remain below 45C. In Figure 7, the reaction medium has a
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his BXBRUNIBH foF Vadaig ¥ oparatith SFETeadtsst 1P FiGures 6
and ?YHHeRzefhge-shaped points 156 are experimental measurements of
the yield foFike srgactioni the Squatespords 187 and thetriangudanpatis v
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ofth€¥ﬁﬁ%ﬁﬁ%4n6@%lﬂiﬁ%33t measured reaction being less than
6G°C.

Figures 8 to 10 are graphs tracking the reaction of
hydrolyzing acetic anhydride. The abscissa axis 159
20 represents the numbers of the individual reaction cells,
in this embodiment, the plate reactor had thirty
individual cells subdivided into three reaction blocks,
the passage from one reaction chamber to a following
block being represented diagrammatically by the vertical
25 dashed lines 160. The ordinate axis 161 represents
temperature in degrees Celsius. The curves 162, 163, and
164 show variations in the temperatures of ithe reaction
medium, of the utility fluids, and of the transition
plates defining the reaction chamber, respectively.
30 The hydrolysis of acetic anhydride produces acetic
acld via the following reaction:
CH,~CO-0-CO~CH; + H,0 = 2CH,~CO-OH
The operator set a target of maximum productivity, a
temperature constraint on the reaction medium which was
35 to remain less than 80°C, and reactor structure variable
characteristics which were the number and the disposition



evaluated. The simulation further serves to locate accurately the
temperature peak 158 in Figure 7 (at more than 90C) which does not
appear in the experimental measurements 15 because of the small
number of sensors and how they are disposed, the highest measured
reaction being less than 60C. Figures 84¢ 10 are graphs tracking the
reaction of hydrolyzing acetic anhydride. The abscissa axis 159 20
represents the numbers of the individual reaction cells. In this
embBimeAt thepldraaroriad ety omeividaancelid sulsdRiicel prd ng
three feattion-blocksy the passage from one reaction chamber to a

following hieck-being.represgated-diagrammaticallyby;the vailical 22
dashggtgr}%sigﬁgngge Qrdinate afq%&gl J%E’ resents _temperature in

degrees Celsius. The curves 162, 1 ghow varlatlons |n the
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Figuwd. 8 the acetic anhydride was injected entirely into cell 1 of the

reaction chambegata %temaeraée@;%w%}a}@aé rale of #9d-hid.
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seert 109REEthe DaRIe’Seleétedor the eplilnizatidhvafibbikis block) at a

temperature of 30°C and at a rate of 5 L.h1l, and into
cell 11 (first cell of the second reaction block), at a
temperature of 30°C and at a rate of 5 L.h-l. The utility
20 filuids were at a temperature of 15°C and at a flow rate
of 10,800 L.h™%,

Water was thus introduced intc the reaction chamber
twice, at two different feed points. This made it
possible to reduce a little the maximum temperature of
25 the reaction medium, which went from 138°C in Figure 8 %o
104°C in Pigure 9. The number and the disposition of the
reagent feed points in the reactor were nevertheless not
correct since the temperature constraint was still not
complied with.

30 In Figure 10, the acetic anhydride was injected
entirely into ¢ell 1 of the reaction chamber at a
temperature of 30°C and at a flow rate of 4G L.h"'. Water
was injected into the cell 1 at a temperature of 30°C and
at a flow rate of 3.33 L.h"!, into cell 11 at a

35 temperature of 30°C and at a flow rate of 3.33 L.h!, and
into ¢cell 21 (the first cell of the first block) at a
temperature of 30°C and at a flow rate of 3.33 L.h-l. The



do not enable the temperature constraint to be complied with. In Figure 9,
the acetic anhydride was injected entirely into cell 1 of the reaction
chamber at a 15 temperature of 30C and at a rate of 40 L.h-1. Water was
injected into cell 1 (first cell of the first block) at a temperature of 30C and
at arate of 5 L.h-1, and into cell 11 (first gell of the second reaction

block), at a temperature of 30C and at a rate of 5 L.h-1. The utility 20
fluids were at a temperature of 15C and at a flow rate of 10,800 L.h-1.
Watétakas thud Intreguced midthe reasres ehanthert tiizes anndoat a
differentveed tpoints. Thisg atade li-possible to reduce a little the maximum
temperature0f25 the: teaction madiyms whieh wantdrpm 138G in Figuwe§ ,
to 1%%% Figure geTpJ(_amré%m [ land thehdlsgo§|t|99 of th feae%ent feeg
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0.035 liters {1). The left-hand ordinate axis 166
represents temperature in degree Celsius, and the right-
hand ordinate axis 167 represents the yield of the
reaction in percentage.
20 Curve 168 shows how the yield of the reaction
varies, while curves 169, 170, and 171 show respectively
variation in the temperature of the reaction medium, of
the utility fluids, and of the plates defining the
reactlon chamber,
25 The equation for producing necpentyl glycol is as
follows:
2 {formaldehyde) + (2-methyl propanal) + (sodium hydroxide)}
- (neopentyl glycol) + {sodium formate)

In Figures 11 and 12, the wvertical dashed lines 172
30 and 173 represent respectively the sodium hydroxide feed
point and the 2-methyl propanal feed point. The sodium
hydroxide was thus introduced once only when the volume
of the reaction chamber was close to 9.05 L, which
corresponds to the second cell in the reaction chamber
35 (0.035 L per individual cell), and the 2-methyl propanal
was introduced on three occasions, into the thirzd cell,
the fifteenth cell, and the twenty-eighth cell.
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10 Figures 11 and 12 are graphs tracking the reaction of producing
neopentyl glycol. The abscissa axis 165 represents the volume of the
reaction chamber in liters. In this implementation, the reaction chamber
comprised 40 individual cells subdivided into four blocks of 10 15
individual cells each having a volume of-gpout 0.035 liters (L). The
left-hand ordinate axis 166 represents temperature in degree Celsius,
and the right- hand ordinate axis 167 represents the yield of the reaction
in percentatje. Pooctfved 168%1itRis hbatthehfiekesttheoreattionxvatkiesmic,
whileeourvesil69yl TQudnd Lvdrehew raspestively tiariation inothe and at a
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The result is shown in Figure 12, where the utility

fluids are at a temperature of 50°C and a flow rate of

1.5 md.h-t, the reagents are fed at a temperature of 18°C,
0 and the 2-methyl propanal at a concentration of 2 mol. kgl

for a total flow rate of 9.14 L.h"l. The three injections

of 2-methyl propanal are at different flow rates;

5.91 L.h"l for the first feed to cell 3, 2.73 L.h"! for the

second fzed to cell 11, and 0.50 L.h! for the third feed
5 to cell 21. The conversion ratio achieved is 95.6% and

the maximum temperature of the reaction medium during the

reaction reached 65°C, thereby complying with the imposed

constraint.

The optimization method thus makes it possible to

30 achieve a target yield for a reaction while complying

with a temperature constraint by acting on a reaction
variable data which in this case are the feed rates of a
reagent at a plurality of points into the reaction
chamber.
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during the reaction was 66.6C. 10 The operator set a target of increasing

yield from the reaction producing neopentyl glycol, the variable data for
optimizing the operation of the reaction, which were the feed rates of
2-methyl propanal for each feed point, and a constraint to be compliedwCSLLP
with, which was 15 the maximum temp#@rature of the reaction medium

which was not to exceed 65C. The result is shown in Figure 12, where

the utility fluids are at a temperatufelgfB48 and a flow rate of 1.5

m3.h-1, the reagents are fed at a temperature of 18C, 20 and the 2-methyl
propanal at a concentration of 2 mol.kg-1 for a total flow rate of 9.14

L.h"1. FFhe thfeBfijestishepimmineashomisdnelcaiendn ditlerpen frastedtes;

coritlitiBalolon theclirst [aed doeeh 3, 2 733h Rk faf e sesead feeiacele
11, and 0.50 L.h-1 for the third feed 25 to cell 21.°The conversion ratio

blpshdidng b ek dhehamebsi it desmerhperassretorthest exehoremsdium
cHuiBerihe 71e85ieNcieaaheskbkeathaely COMAMNGNIINE IARoReHin,

constraint. The optimization method thus makes it possible to 30 achieve

e dRRrAonSRITAP oAttt G ANBIBRISIRY Witha e mpr: staes iomsthint
ndsActinofenimsanction yddablediate whictgindhis Lasaaiphaired fatasy

ﬂ%{%ﬁea e t%t aﬁiluraljty of points into the reaction chamber. MCSLLP
ﬁ.ﬁl‘%@ql‘i. AOMBHHBYRof optimizing a chemical reaction in an open

reactoregahitiiuigd dy@staok afdpB@so(28e 2dactds R3hdefiningLabMes the
them at least one 5 block having a reaction chamber (24) formed between
PR RSN GG 0 CCR S HBBPEr o) 2851 il e between said
rexchangentiity Mjdnthernsdociesting (e 18patiachiamheniRae) mith, ahe
dcgntirilu%% E13‘50@/ f one ar.more re%%ents, and means for feeding the two
SRR R Sy R X o o R B S A Ao
cooshpiisiagpatidnestablishing a dynamic model (36) of the reactor for a
given -%Sﬁf&?ﬁg%% egration software tool (37) to the dynamic model (36) to
solve the above equations; and
« determining and optimizing a set of dimension and/or operation
parameters of the reactor on the basis of evaluating targets (47) to be achieved,
constraints (48) to be complied with, and variable data for the reactor (49) and/or
the reaction (53);
» building the reactor accordingly to the set of optimized parameters; and
* doing measurements of physical parameters such as the temperature and

the pressure during the execution of said reaction in the built reactor, for validating

its operation.

2. A method according to claim 1, characterized in that it consists, after the

building of the reactor:



basis of a model of the reaction chamber (24) and of the heat exchanges
between said reaction chamber (24) and the side chambers (27, 28) ﬂMCSLm
circulating utility fluid, the dynamic model (36) comprising mass balance
and energy balance equations, and constraint equations; 15 applying an
integration software tool (37) to the dynaic model (36) to solve the
above equations; and determining and optimizing a set of dimension
and/or operation parameters of the reactor on the basis of evaluating

targets (47) t6 bethacniglago p%n%ﬁ‘éirﬁgrtﬁgz)ifb BeWnifed Mfithtamgror on
varidblé deta¥er tHe feuttbrMd) ifd6E20 the reaction (53); building the
reactor accoraimgly totheset dhoptmizad pakameterszandodoing) +o
meaﬁuﬁ@sm:@@xtﬁd _ epaamsi@a}qaa@l?e@@@we ac%@ﬁam_ler@gug%gﬂstﬁe
Jressure duripg, the. ti said reaction in the huilt,reactar, for
validating its%gf):e%g%%%% 5%&%%3&8@5&%}&% 0 clgillrﬁn Eir,lsmn and/ox

char3RE&edTh Bt T EoristsC bkl the S5ty of Btk reactor: MCSLLP
36 establishif§ @iiéiW By nhicsredepstheheastorcom thitbasis of the
builtaeactat; rapplying thecntegratipn seftvatedaol (37 )ior thris fiews .
dynamic model to solve the above equations; 5 . optimizing again the said

1c°€t of dimension and/or. operation parameters of the reactor; and
modifying If necessary the slal% gl%lt%gé{%r? a%%oﬁfﬁéﬁl/ t%’the new

|
optifilzEd SEF61 EAmMBtere2 1088 sAtREfbCdcddtaing /iy Eitm Corehram
2, chdrdbtémedd fethatthe Hiddanar thesreabtohchabmtier {24Rinthsdes
subdividing tHechambieriidtma seriebok subcessive indivigual ceds aaghl v
containingaathargughlye stirkgd fluid medium. 15 4. A method according to
1 Claim 3, characterized in that the fluid medium in each individual cell is
homogeneous and its state and its variations are defined by mass

balance’ eRBrGY Bafsite Pradsiid Fadite *anG¥ohffcerized in that

the fluid medium in each individual cell is homocgenesous

and its state and its variations are defined by mass

balance, energy balance, pressure balance, and volume
20 censtraint egquations.

5. A method according to claim 3, characterized in that

the fiuid medium contained in each individual cell of the

reaction chamber (24} is a two-phase medium comprising a
25 continucus phase and a dispersed phase,

6. A method according to c¢laim 5, characterized in that
the state and the variation of the two-phase medium are
cdefined in each individual cell from equations estimating

30 the density, the specific heat, the thermal conductivity,
and the viscosity cf the two-phase medium, and from mass
balance, energy balance, pressure balance, and volume
constraint equations,

35 7. A method according to any one of claims 3 to 6,
characterized in that the heat exchange model includes
subdividing each of the side chambers (27, 28) into a



20 constraint equations. 5. A method according to claim 3, characterized

in that the fluid medium contained in each individual cell of the reaction
chamber (24) is a two-phase medium comprising a 25 continuous phaslgms!_m
and a dispersed phase. 6. A method according to claim 5, characterized in

that the state and the variation of the tw®7phase medium are defined in

each individual cell from equations estimating 30 the density, the specific

heat, the thermal conductjvity, and the viscosity of the two-phase

meditifd "&d Trom Mads BiancE Terie Gy BalaHEE 2oresaaré basHed Ehdy
volurpel E6Agtraint edutkidbhen a5t sA mEthed actokdimiodamy opeldfs in
claims: 8106 dehatastbrzed v thatdhe et @xehaage tmodekincludes of
s?bdiyi_am@la@%h ofthe §idj§1‘?*ﬂ%@b§i%£%l&1?)ciﬂ$%§§\é F%Ed_%?,ée%&es
In ! cont Ing a thorou surr ul edium, the
%um%g%ﬁrg(i?vi%lfg}c (cueullgqﬁ]%e%a%%osnldg %%a%m geruéﬁsz%sf t%e%é’ %qh%l % ch

the rittABER BF dAditRdual HE it YRe T@altich CRAMISEH( 2], 4 AT 5Pe
definfifg afiow direetidnifor the vty Hhaganeden imdividbared! relbtiveto
the flove direstion of theargaetionfiuid in the corresponding individual cell
of the reaction chamber (24). 10 8. A method according to claim 7,

h i ' t t . I includes heat.bal
L T g e f'é%?u%f? 5555 Chat
defintRg tﬁ‘??l%a?’é%ﬁﬁﬁﬁer%‘?dié’%hﬁﬁ?&érén(ﬁﬂ%‘3, RgtotRéaitfity

fluidsenetiring insthetim gidecchidmbees (27,28)f hndidnats batancd ates
equatiths ot , thezytility fluids imtheyvatieus.abave-sgegified sndviditainbers
cells gfthezside chambeysdi2d, #8)19+4 nethogkacoordingioanyin the

1recedig ehins20ehasacterged o hag e dynamic model of i feaglor
also includes models for inlet and outlet zones oaf e reactor, |nlert1and

outlet Yonds'for phchdi@fionthdfpdprious above-specified

individual cells of the side chambers (27, 2B).

3. A method according to any preceding claim,

20 characterized in that the dynamic model of the reactor
also inciudes models for inlet and outlet zones of the
reactor, inlet and cutiet zones for each reaction chamber
{24), and transition zones between the various blocks of
the reactor.

25
10. A method according to any one of claims 3 to 9,
characterized in that 1t consists in modeling the
hydrodynamic behavior of the reactor on the basis of
experimental studies of the resident time distribution of

30 the fluids in the various portions of the reactor in
order to define the number of individual cells having
content that is thoroughly stirred.

11. A method according to any one of claims 3 to 10,

35 characterized in that it also comprises a model of the
reaction based on equations for reaction rate, rate of
production of the constituents of the reaction, and rate



(24), and transition zones between the various blocks of the reactor. 25

10. A method according to any one of claims 3 to 9, characterized in that

it consists in modeling the hydrodynamic behavior of the reactor on the
basis of experimental studies of the resident time distribution of 30 thdCSLLRE
fluids in the various portions of the react@gin order to define the number

of individual cells having content that is thoroughly stirred. 11. A method
according to any one of claims 3 to 10, 35 characterized in that it also

comPrisEEBThOHEPBT fHe 18aEtor BagadortBHiYieHE forgebttiBh raks
rate & grbdottichaithe tohsliflBnts of the reaction, and rate MCSLLP
38 of generation of heat, in each individual cell of the reaction chamber(s)
(24).112. A methodaceording fo,apy Preceding claim, b chatacterized in
ghat halsa inclydes adeling mater asTRLIn  Mo-phase Feacion .
medium JE)etweenztﬁe two phases of the reaction meditinT on the Basis of
the pR{SIBAFProperfies T HBARG-FIRAE hiuilkrdng orcthee Basiesr e
size phvedroplets:of tradisporsegghasesri Ch8. Aanéthofacberding to
any ptegetiing claibpeehakacterzath i that Hoalsedngludesra madelof heat
trangfgrbased an,definifions ofheat ransfer. gogﬁl%@tsdq%%&%@%mse .
1dolates defining the side 15 chambers (27, 28) and the fluids flowing in"the
reaction chamberé24) and the side chambers (27, 28), and estimates of
the fit- cSeffitigifte Gt tRE FeaBtort fudr ardrSaRiaditg Haid20 14. A
methdthaecoriiig ¢d ahy prietediny elaim, iohelradesizedrindhat tBldeat
inclutlesras rradel of e teactianeffuigpressuresdropsin thesreactor based on
eXPEIHReRAl [ARASUISMGAIS, the plates defining the side
i3 chambers (27, 28} and the fluids flowing in the reaction
chamber (24} and the side chambers (27, 28), and
estimates of the film coefficients of the reacticn fluid

and of the utility fluid.

20 14. A method according to any preceding claim,
characterized in that 1t alse inciludes a model of
reaction fluid pressure drops in the reactor based on

experimental measurements.

25 15. A method accorxding to any preceding claim,
characterized in that it also includes an estimate of the
physical properties of the components of the reactor and
of the reaction and utility fluids.

30 16. A method according to any one of claims 3 to 15,
characterized in that it consists in optimizing the
dimensioning of the reactor for given targets (47) and
constraints (48} by adjusting parameters such as the
number of series of individual cells, the number of

35 reagent feed points into the reaction chamber (24), the
flow direction of the utility Ffluid relative to the
reaciion medium, the nature and the distribution of the



25 15. A method according to any preceding claim, characterized in that it
also includes an estimate of the physical properties of the component's,\/i(e;fSLLP
the reactor and of the reaction and utility fluids. 30 16. A method

according to any one of claims 3 to 15, characterized in that it consists in
optimizing the dimensioning of the reactos for given targets (47) and
constraints (48) by adjusting parameters such as the number of series of
individual cells, the number of 35 reagent feed points into the reaction

chariibér 54, e fibw i ctioh Brene fitikBenidia ekt o et esadidn -
mediumd/te makreahdge distridutioniofthelMEsLHP (39 utiig) fldidr the

volumerefithetraagtion chiangben (24), and/or the volumes of the side
chambers (27, 2B) for circulating utility fluid. 5 17. A method according to
any preceding claim, characterized in that it consists in optimizing the
D peron o he R8T G g 47 ST HaRs AT (45) by
adjuSthig eperstitg Patamebérs ebnffRMFtemperaFes isréssuids
compwsitiahspandforte:flowerates of the Eactiontfiuids and(d@fitheanglity
fluide.ck8tAmethwdiagoonsingto cleimnly , sharactenigegandhat dec a

reactonnrpaplign Aamber (GAJnclding.a AP A AUt ang o
. one&éwerr%%tggd /cfor%%gtsrlgagg .usnlngfheélgmé@tgs th tem eratures,

he préssurés, and/or the compositiGng of e fitiis |?1Fec & ihtd thdde
varidus*26fes. 20 19. A method according to any one of claims 5 to 18,
characterized in that the two-phase reaction medium is considered as
being@. pseuderhomageneaus gediuanand the , physicalproperties oftheat
two phases 9&%9@&%@969@%@%C@%@iﬂﬂ@ﬁ}hm@m%gng the
zéohyswial ZBSLQ%(g)%rPe%loéng ,thé%h%soenmsedl%@ewge é e £ro ertl,estof .
eacli of the phases and also thelr préportions. 0¢ consists in
adjusting the flow rates, the temperatures, the
pressures, and/or the compositions of the fluids injected

into these wvarious zones.

20 12. A method according to any one of claims 5 to 18,
characterized in that the two-phase reaction medium is
considered as being a pseudo-homogenecus medium and the
physical properties of the two phases are determined by
association relationships associating the physical

25 properties of the two-phase medium with the properties of
geach of the phases and alsc their proportions.

20. A method according to claim 1%, characterized in that
it consists in applying to the phase mixture rules for

30 equilibrium between the two phases at a function of the
size of the droplets of the dispersed phase, of the
thermodynamic properties of the phases present, and/or of
the flow conditions.

35 2L. A methoed according to claim 19 or claim 20,
characterized in that it consists in following variation



20. A method according to claim 19, characterized in that it consists in
applying to the phase mixture rules for 30 equilibrium between the two
phases at a function of the size of the droplets of the dispersed phasgcaf_| p
the thermodynamic properties of the phases present, and/or of the flow
conditions. 35 21. A method according taiclaim 19 or claim 20,

characterized in that it consists in following variation MCSLLP 40 in the

size of the droplets of the dispersed phase in the individual cells of the
reactidh EREmbEF(s) (547752 9K TRt &dcordm g thsRNy 8Re itdafnd 16the
to 21} Bhurdetetizeslinahafittdiso voasksiom definipgiifmit @des for
operating parameters that satisfy safety and/or environmental constraints.

22. A method accerding to any one of claims 16 to 21,

5 characterized in that it also consists in defining limit
values for operating parameters that satisfy safety
and/or environmental constraints.



