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1 (PTI M ZI NG A CHEM CAL REACTION I N A PLATE- TYPE OPEN
CTOR The |nvent| on relates to a nethod of 5

optl m m“ll@l lﬂfwﬂmﬁm reaction in a plate-type open

react or by a stack of plates defining

bet ween themi&t | east one bl ock having a reaction

chanber and two side chanbers for circulating a

heat - exchange utility fluid. 10 Attenpts are being

made at present bwmtzmcx& CREMT CAD MRErmeh t o I

i nprove the yieldQ e gener al ,

mnPch reactions are ug%gﬁi'f/%{yﬁgl grsr%%toé% atch type

reactors, i.e. reactors that operate di scontl nuousl y,

conpri siTige \g&mlns i Avadt Ddh d@ﬂgltmsne&l d St ol es

of - oge r

SubSEGHEn e e R Ea: PRE Rt ahoBTE Pen e, shen

(pr B83GFRE "c%éltéfﬁ?iebyws'@ﬁi‘ Pioplatey e ffiging between

pr ombem ng liehestr eaet boosk Maviiigos deawbiik d]'fanﬁ)é%hand two

[ CAELL Scilauddts Fhtf bff‘é%&t:ﬁ% qf hE &LV © 88 ¢y

produced by a reaction uts cons a| ts on

cont+otd ng and optim zing the reaction. A particular

(351

10obj ect Attidmptpr asenbeimy erddeonti préfentpriayicpe ifiize the

S'nPuﬁthde%ﬁf%BthMﬁr§§gLEH glEQB 89r%ﬁéHléaqgre§gg%ons in

opt|m2|ngcemcal reaction timzing a rea

25 BFTEHE 0SS Sty pBECHHIth aLs| HFP% 1ﬂdé@°1r?a1en|5eesembatch
t hetypdoeaatersi ohee. dreasddiaciss thht dbseattd nuous
rea@I%(ﬁntQ.rnuotﬁéﬁ.S;h Eéfrpﬁrlrﬁ"ﬁ%t 95§seirg frh'vﬁ‘)l%d ﬁEQ%’nl ed

I nvent i OI’L| provi des a net hod timzing em ca

15, o a3 G55 53 Of e AERDFN L] ﬁ‘é'"emﬁ’ F\Sﬁ Wﬁ%xﬁ& t°9etherr and
chaseeseienddyi aubhettdd toorsvsrsnmentalusiongiahoopen

r eagh s haRSt kbMbefatrd $Hackef) 6B€¥d¥%e@eEb9'ﬂgomotlng

bet ween th%m at [east one bl ock having a reaction

chaﬁer S°ormed “bet ween two heat exchange si de

chanber & 8¢ 0| fERYVRAG N PTa sheht rexetarrgd suttihei dyfficulty

20f | uotl, redfoviiBgnshé ofied e @fiodigcbleby eACHd Lt iGRAMBBL e dikt s

a_coptd: e L bhO¥oR - N9 HB" Sod SRAISIGS £n8"HIEANS.

A partlcular object of the present invention is to

provide a simple and effective solution for controlllng

and optimizing chemical reactions by optimizing a reactor

25 of the open type, which solution does not present the

above-mentioned drawbacks of discontinuous reactors or
batch type reactors.

To this end, the invention provides a method of
optimizing a chemical reaction in a reactor, the method

30 being 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
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2 two side chanbers with a continuous flow of utility
fluid;, establishing a dynam c nodel of the reactor
for a given reaction on the basis of a nodel of the
reaction 5 chanber and of the heat exchanges between
sai d reaction chanber and theyside chanbers for
circulating utility fluid, the dynam c nodel .
conpri sing mass bal ance and energy bal ance equati ons,
andtoensid@Jdﬁamﬁa¢atwQeﬁ,a é&ﬁﬂﬂﬁd&msaalbntggr@glﬂy%

sof .tool to the 10 dynam c nodel to solve the
above equatlons determ ning and optimzing a set of
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of plates t r Leaction chanber .
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re ati3d to optimze the operation or the

operathg.condltlons o
sing a continuous or open reactor comprising a

stack of plates defining at least one reaction chamber
between two utility fluid circulation chambers makes it

25 possible to solve the problems of heat dissipation that

30

35

are observed in discontinuous or closed reactors of the
batch 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
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
dimensions or the optimum configuration of the reactor
and to optimize the operation or the operating conditions
of the reactor by providing control parameters for the



of the reactor by providing control paraneters for the
3 chemcal reaction, and by describing accurately the
tenperature distribution within the reactor.
Accurately determning the way in which tenperatures
vary within the reactor, whichgconstitutes the
essential 5 difference between the invention and
prior methods of optimzing reactions in discontinuous
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r
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ch Mhas0 o8 ?ﬁé'ﬁ?ﬂ‘{f successive 35. i ndi vi dual
celT's, "each contarning a thoroughly stirred
* applying the integration software toocl to this new
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dynamic model to solve the above equations;
* 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
energy balance equations and constraint equations, 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 modeled by being subdivided into individual



fluid medium The utility fluid circulation chanbers
are |ikew se nodel ed by being subdivided into

i ndividual 4 cells of nunber equal to the nunber of
individual cells in the reaction chanber. The
nmodel i ng of heat exchanges al sp takes account of the
flow direction of the fluid in each individual cell 5
of the reaction chanber relative to the flow direction
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reaction chambers are connected together in series, the

wn

outlet element of the first chamber coincides with the
25 inlet element of the second chamber.

Advantageously, the dynamic model of the reactor
includes a model 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

30 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 constituting the dynamic model of the
reactor serves to solve those equations and to simulate



35 of equations constituting the dynam c nodel of the
reactor serves to solve those equations and to
simulate 5 the behavior of the reactor, known as the
"reactor state", for the chem cal reaction under
study. For given targets and cgnstraints, the
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For a chemical reaction in a homogeneous medium, the
25 dynamic model of the reactor comprises a dynamic model of
the reaction chamber made up of equations for mass
balance, energy balance, pressure balance, and volume
constraints. These equations serve to define the state
of and the variations in the fluid medium in each
30 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

35 properties (density, viscosity, etc.), and the physico-
chemical phenomena (reaction, transfer of material,

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



35 properties (density, viscosity, etc.), and the

physi co- chem cal phenonena (reaction, transfer of
material, etc.), are uniformwthin each cell, and

that the 6 physical properties of the utility fluids

are uniformand constant for @ given tenperature. For

a chemcal reaction in a two-phase nmedi um

(liquid-liquid or liquid-gas), where the reaction
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t he abdo®heoplly3iqids 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 with their
proportions, 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 tc 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



The Sauter dianmeter nmakes it possible to determne 35
the size of the droplets of the di spersed phase.
Variations in the size of the droplets in the

di spersed 7 phase can also be tracked in the various
i ndi vidual cells of the reactihon chanmber. QO her
nodel s can add to and refine the dynam c nodel of the
reactor, such as: 5 . nodeling the hydrodynani c

beh@“hgé 8in tdesd SRCEREC KO :Irh%l‘@%'a%igf.lseﬁ?@f\hmlalcells
of the resi tine distribution of

tudi_e
fIU|és§Fﬁ FRRCReR SggmbSFtlons of the reactor, and
enabl i ngOtiher madedis ofini add vieweald celfisehtlvé nynamic model

thobgugﬁgyrégdﬁa&edsggﬂtggt to be defined; 10 a
eaction_ nDd ons rate o
%eact i on, PH eell&fg EF‘Sdﬂg‘? ;EE‘PBhOEo‘?étWeuéﬁF§t°r
andonatbeoba$wﬁnpfgeﬂeﬁatm@mﬁahrsﬂuﬂih5|nﬂ|Wh@Lnﬂsuddmt time
of dabernts@@idrprbfctaaebemf»as i iRt R,ghs%g[ﬁ»&ganldtmd%k the
n a reaction p medi um
o PRSESS AP 1F53padBe: She AP LoR ERE Ghs S
t hehphyry cehoqnugpdyt seiroéd tdnmtentotphhs edeitiagn and
100n the basi sre%fcttlbﬁ fbd&l osaééhe ond%aabeiéné)fféﬂﬂerate of

di sper sed ans

Gor PERSEfoR 5%, o8 BESh, LLANPLY (TRPFIof et bRt
theapﬂaﬁ%ﬁﬁtﬂﬁ|h¢ﬁﬁggﬁh®ra@nqna dimawbehsingividimlf lagildsof
Ci r gnbatéd@ridh thampeacsy on chanber and in t he side

chanbers basis of, .esti nated

coefficieﬁ?qgaor tgéa?%gﬁ ROEEE uPd aﬁﬁac?%ﬁntﬁﬁaa two-
Loyt i PRege efien Brgvesn therdawl pRseeaefi e faaacion

pr emsdiem drapshenbhbes sEatedphyBasald rometldsTeit ahe

meas wg%@gﬁs me Hﬁmﬁs dogh By 439! 8%'9}96 est' T LRg

the p prop er I es of 't he conp onent

reaﬂf?ﬁl%ﬁﬁ1Qﬁ Hpﬁedl?%%ﬁﬁ?QNPhﬁﬁG ut|I|ty f|UIdS 30
The net hotr dfeatthérpnefentmddaldebbisert pn edefhirsl tilbds of heat

OadV@P&@QfeLo‘cco@fg%Qéhf‘Q B8 RehaKk0p1 8f e & &lﬂtnqng the
react ven .o condi t1 ons, and al s

f
naxeidt (chatpedisy BRaCBRG R AT ERL T cin(iney FRBFbHON

or 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 of a plate reactor
for given operating conditions, and it also makes it
possible to define the optimum configuration or
dimensioning and the optimum operating conditions or

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



di mensi oni ng and the optinum operating conditions or
35 operation of the reactor for a given reaction or
set of reactions. The nethod al so makes it possible
to describe variations in said behavior over tine,
with it being 8 possible to rgpresent such variation
in numerous ways in terns of optimzing control of
the reactor, studying safety, and managing
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fluid flow rate on the temperature and the yield of the
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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 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



Reference is made initially to Figure 1 which is a

di agram of an open or continuous reactor conprising a
35 stack of plates 20, 21, 22, 23 which define
paral | el chanmbers between one another. The plates 21
and 22 are referred to as "trgnsition" plates and
they define 9 between them a reaction chanber 24
having a reagent feed point 25a and one or nore feed
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as shown in Figures 1 and 2.
25 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"!) to

30 5000 W.m2.K"l. The temperature in the reaction chamber 24
is controlled, for example, by suitably selecting the
temperature and/or 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 flow rate of the reaction medium
in the reaction chamber, and/or by appropriately
selecting the flow direction of the utility fluid in each



tenperature and/or the flowrate of the utility
fluid(s) circulating on either side of the reaction
chanber 24, and also by appropriately selecting the
conposition, the 35 tenperature, and/or the flow rate
of the reaction nedium in the geaction chanber,

and/ or by appropriately selecting the flow direction
of the utility fluid in each 10 side chanber relative
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25 Experimental analysis of the resident time
distribution makes it possible to characterize it in
terms of mean resident time (t) and of variance (c?). On
the basis of these characteristics, it is possible to
estimate the number of individual cells needed in order

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:

N £

0_2

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



hydrodynami cs of the real reactor. By way of exanple,
this nunber is calculated using the follow ng formnul a:

t2 N=2z a |In practice, this nunber depends in
particular on 35 the feed rate of the reaction chanber

24 and on the viscosity of thg reaction nmedium The
nunmber of 11 individual cells for a plate reactor
conprising three reaction blocks is, for exanple, 70
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leaves the cell 6 and penetrates into cell 7 situated
vertically beneath it, and then passes horizontally into
cells 8 and 8. 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 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.



reagents can al so be provided in the first cell or in
30 individual cells other than the first. In a
variant, the reaction nediumcan flowin the reaction
chanmber 24 in parallel relative to the utility fluid
flow ng in the side chanbers 27 and 28. Simlarly, the
si de chanbers 27 and 28 are 3§'subd|V|ded into

i ndividual cells for utility fluid flow, so that each
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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 direction.
The individual reaction cells are considered as
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 given by
the following expression:
n = [No. of cells] x (No. of equations per cell)



fluid flow direction. The individual reaction cells
are considered as 30 being continuously stirred
reactors, thus making it possible to generalize the
equations for the characteristics and bal ances of the
reactor and of the chenmical rgaction in the

mat hemati cal nodel using a nunber of equations which
is a function of the nunber of 35 individual reaction
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n= [(ncelllbloclc + 3) X nblock + l]x (21 +2x ncom') +3x nzom-/block x nblock ;

in which n.,, is the number of constituents of the
chemical reaction, ny,, is the number of reaction blocks,
Noone/plock 18 the number of utility zones per reaction

25 block, and nggj,poex 1S the number of individual cells per
reaction block.

For a chemical reaction in a homogeneous or single-
phase medium, the characteristic equations are as
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 transition plates, heat balances for the



For a chem cal reaction in a honogeneous or single-
phase nedium the characteristic equations are as
follows, for exanple: 30 . for each individual cell of
the reaction chanber: an overaII mass bal ance,
conponent mnass bal ances, ggergy bal ance, a
pressure bal ance, a volune no nmol ar ent hal py
nodel , a volune constraint, a nolar volune nodel, a
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* for each utility zone in the utility fluid flow:

U'I

utility fluid temperature constraints and a utility fluid
25 flow 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 equations 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 of 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
chambers 27 and 28 in this example being a co-current



chanber and a dynam c nodel for heat exchanges, each
dynam ¢ nodel conprising equations relating to an 30

i ndi vi dual reaction cell 5 represented
diagrammatically in Figure 3 by a rectangle. Arrows
32 and 33 represent respectivelsy the flow direction
of the reaction nediumin the 1ndividual cell 5 of
the reaction chanmber 24 and of the utility fluid in 35
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If it is assumed that the individual cells of the
reaction chamber 24 have content that is thoroughly

25 stirred, then the chemical reaction takes place in a

homogeneous single-phase liquid 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.sﬂ):.
d k
dt

= Sk k-1 k k k
F +F Fp +Anprp

with An —ZA",,; An,, Za r; and 7, k°exp

By
it J)U'




Arrhenius' equation can be applied, and the dynam c
nodel of the reaction chanber conprises the foll ow ng
equations, for exanple: 30 the overall mass bal ance
for the reaction nedium in an individual cell (in
mol . s-1) : k duP =Ffk+Fk-' _FkgfAnkxVk dt P P P P P E
wth AnP = EAnP.r, An,2, =~ar,1 1 and rl =kj
exp(RT")~(CPJ)~"~ 1 16 t he conponent mass bal ance
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nedluw1|nzﬂ1dawkwr ual cal pkpascals (Pa)) =
Pk-1 - AP, P—Pjﬁ—f-er Gptxfiter BHG] -wat + on; Hdfs ;the
reaction nediun1 in an individual cell (in nB): 10

svP- NYP =0 ¥%%:?ﬂ@ﬂ%urgpﬁﬁfﬁnéé,eqdﬂﬁzoﬁokéﬁdfﬁgr%ﬁi@%égpl
egquati.on O e reactli,o
(i n P aptn Y )2 hgigaghel ?%’el VBrURESEBE L [ or

nol ar fIOM/rate equatlon orﬂybe reacti on nmedi um

in an individual cell (in nB or nmol. S-1) Fp =0 '
during thetRt apdums RAfeh eayatgfort fer ke vierrfiion medium
readhi an im@lvizdivanecbeingidin¥ed, and then: V cell 20

1P = 0 GV k= V- 1]V:—mV: =0 with mV: =u§xV:'“ ;

the molar enthalpy equation of the reaction medium
in an individual cell (in J.mol-1):

k E_ .
pr—ndqp—-o,
the volume constraint or molar flow rate equation
15 for the reaction medium in an individual cell (in m3 or
mol.s1):
k _
}; =0

during the stage in which all of the individual reaction

cells are being filled, and then:
cell

20 Uy ———=0 & Vi=p

P V:I.k
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.m"3.s5-1), o is the stoichiometric coefficient, r is
25 the reaction rate in mol.m3.s"!, k° is the pre-exponential
factor, E2 is the activation energy in J.mol-l, 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 (m® and J.mol™),
30 Vel is the molar volume in cubic meters per mole
(m3.mol-!), the superscript "cell” designates the physical
cell, the superscript B is the reaction order, the



VnP1lk P once the cells have been filled; in which Ff

is the feed rate in nol.s-1, An represents production

speed in noles per cubic neter per second

(mol . m3.s-1), ais the stoichionetric coefficient, r

is 25 the reaction rate in mol,ym3.s-1, k is the

pre-exponential factor, Ea is the activation energy

inJ.nol-1, Ris the ideal gas constant, Cis the
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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

equations, for example:

25 - the continuity equation for the utility fluid flow
(in cubic meters per second (m3.s.-1)):
E 'ln = F:“'

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

nc

out Z T:ll
30 = Ai=nc-ncr+l
Tu 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



nodel of the utility fluid conprises the follow ng
equations, for exanple: 25 the continuity equation
for the utility fluid flow (in cubic nmeters per

second (nB.s.-1)): F,fn=1,,, i the continuity
equation for the tenperature gfgthe utility fluid (in
kelvins (K)): nc 2 T1 U 30 Tuant = i-nc-ncr+l ncr
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chaﬂﬁgfn%4? qMﬁ?m&&nmﬁg%% 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 yield 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
equations applied to an individual reaction cell 5
represented diagrammatically in Figure 4 by a rectangle
which is defined by the two plates 21 and 22, and two

35 utility fluid 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



an influence on the yield of the chem cal reaction.
Furthernore, in such connection el enents, heat
exchanges wth the utility fluids are limted. A
plurality of plate reactor elenents contribute to 25
heat exchanges, such as the tggnsition plates, 21, 22,
the utility fluid flow chanbers 27, 28, the adlabatlc
pl ates 20, 23, and the thermal environnent of the
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abogperature, 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)):

30 d(u: XHA.) k-1 k-1 k k k k 1 4 k k k k
L = U H - FfHY + g} XV} 4 B A (T = TR+ B, ST ~T2)
N 1 b 1 P 44
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e e e ] ]
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20 If it is assuned that the physical properties of
the transition and adi abatic plates and of the
utility fluid are constant for an individual cell at
a given tenperature, and that the tenperature of each

plate is calculated in the mgdle of the wall, the
nodel for 25 reaction nedi um heat exchanges conpri ses
the following equations, for exanple: . the energy
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in which F, and F, represent respectively the molar flow
15 rate of the reaction medium in mol.s-! and the volume flow
rate of the utility fluid in m3.s7!, 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.s'.ml.K1), h is the heat transfer

20 coefficient in joules per second per square meter per
Kelvin (J.s'.m2.K"1), T is the temperature in K, Cp is
the specific heat of the medium in joules per kilogram
per kelvin (J.kg1l.K1l), p is the density of the medium in
kg.m=3, Aq is the heat generated by the reactions in J.m"
25 3.s7!, AHr is the molar heat of reaction in J.mol-}, A is
the area of heat exchange in m?, and the subscripts pu,
and pup designate respectively the plate 21 between the
reaction chamber 24 and the left chamber 27 and the plate
22 between the reaction chamber 24 and the right chamber
30 28.
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whi ch FP and Fu represent respectively the nolar flow
15 rate of the reaction mediumin nol.s-1 and the
volune flow rate of the utility fluid in M3. s-1, e
is the thickness of the plates 21, 22 defining the
reaction chanber 24 in in, X'i's the thernal
conductivity in joules per second per nmeter per
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+ the heat balance equation for the environment of

the reaction medium in the individual reaction cell (in
20 J.s"1):

di 4 k k
plf Cple dt = hp te, Ap (T M, )

- the heat balance equation for the environment of
the adiabatic plate 20 of the left chamber 27 (in J.s-i,
the same equation being used for the adiabatic plate 23
25 of the right chamber 28):

k

dT k k k
ple Cpn dt _hu,,.u A (‘Tul _Tle,L)

in which the heat transfer coefficients are expressed as
follows (in J.s1.m2,K1):



environnment in the side cell of the |left chanber 27
(in 15 J.s-1, with the sane equation being used for
the side cell in the right chanber 28): dT ~ n
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1G hestkeat! i n tiedidymeand médelutility fluids are taken
into accopth SAPYALAEY £Q8a€RM for the environment of the

reaction medium in the individual reaction cell, which
depends on the temperature of the thermal environment of
the reaction 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
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 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



transition plate 21, 22 in order to include the
thermal inertia due to these plates (e.g. made of
stainless 10 steel) in the dynam c nodel. The heat

bal ance equation for the environnment of the reaction
medi umin the individual reacggon cell, which depends
on the tenperature of the thernal enV|ronnent of the
reacti on nedium makes it possible to take account of

15 t { t
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1 to 12, and of the thermal inertia of the reactor,
are 10 adapted to establish the dynam c nodel of an
open reactor of the plate type for a reaction in a
gi ven two-phase nedium To do this, t he tenperatures
and the pressures in each of g e phases are

consi dered as being identical, %nd 15 the reaction
mediumis assuned to be a pseudo honogeneous medi um
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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 phenomena 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 equal to the
Sauter diameter. Matter transfer between the two phases
is modeled on the basis of Whitman's double-film theory.
In the dynamic model of the optimization method of
the invention, the mass transfer characteristics are
35 calculated for each individual reaction cell. Because of
mass transfer correlations, all of the mass transfer

characteristics (mass transfer coefficient, interface



for a reaction in a two-phase nediumis based on the
10 reaction nedi um bei ng stable, and thus on there
bei ng equilibrium between the two phases. The
equilibrium rules used in the nmathemati cal nodel are
a function of the size of thedroplets of the

di spersed phase in the contlnuous phase. The size and
the distribution of the 15 droplets are determ ned by

nmeans.qf a.safiMans Legl 2E0sc; £val uat nghé%%ﬁ@ﬁ

popul ation, The software t oo or eva uat|
popBFﬁPFBEle%é¥Qé%198ubgea?%¥lquiﬁoaﬁhPﬁFtm ium and with
di stheb8auoer afiatedplret Cenzagueamtilly,vaby mvgivdnlnaguld—

and1qan§sqa%ugaésteomea§%cta2&4&1%8@%? s h@a@h o'fnthe

ngOUS i ndi vi dual reaction
524 B f‘ﬁé%l%ﬁé’-%é’&?&? rep¢tor \F&ﬂl“éFFﬁnO%Peipéhd-“é’r(ﬁﬁCt
t heestimstatfavhitble Sropeetdiappear foandadh shppiedidual cell

Whi gl £ALese 8 i kaahb¥-associ ated with phenonena of
coal escence and rypture, The phengnena of

coal esceht®&h ﬁ'dﬁtBr@l%9EFWrﬁWQ%iﬂeeEh?n?%P§qﬁ%al steps
pr ognabhe f opmrdaatébat mensod elfyithg dnvémeighydincahiandthe

10t raa§99mc rwdzaqers@ 8§ eﬁetﬁ&émeaaeéﬁ 5L hesThe
relies on the assu tlon t hat

ansf
hePHPEp R T hege Lo Fr B C U L RBS Gl 285
spheghebions direttbehavangon amalesdicabed eabagsal to t he
Saut er dAx@rEﬁ{t%rgraWBBe!EofEm ooiesyesy 15:!@1 WO simulate

s . 1.s nodel ed e_basi s of Witm
Fouba. Py SRR P EReS RARGRE RBGBTS G Yie Of the
150ptﬁMﬂé@ﬂ¢cﬂPdﬂétﬁédtbe regrtqment poalveheremasgon. This
trgBSBErerﬁJA’}ﬂre%C&:ﬁél §pstleTsma<sie baehCah élﬂ;aiﬁd a;rfar e;glch
in ction, ce ause o ransf er
cor LLF Y RnBU R G o PAGR S p8hic oder! 878k bo1vea
chaPéc?%‘l‘H’Js]ﬂgc§’l(cﬁfa§sd‘?1i=%ﬁ%‘-feerwhéééf inelwdrs theterface
25 hpdeadysadidhbidesty)palen asSatieatredcvét B8, hanghpsisatal

20F’VOE§5;%éP§1e°sf 33 hng@ ]Légee(%nt mdgmseomeumﬂgt

Saut er di aneter nsequent!y, for a give
i qbt e {5)quitdd 6- pRastr rRrdiad® 4 pRecjwonents of the
r epreseitat (ioseot st heldtdmehavi.or, nddéhe 41 afoe thact or

requbiesi HNlntad GRAT Rflet £8 IJRALReS eﬁeﬂlfals%ta%hon, the
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cha %F transfers 4 etween the various flUldS, and the

25 liquid-liquid matter transfers 42 or liquid-gas matter

transfers 42 for reactions in a two-phase medium.
Numerous parameters or inputs involved 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 orders, the pre-exponential factor for the rate
constants, the activation energies, and the flow rates
and the temperatures of the utility fluids, a description



Figure 5a is a diagramshow ng the essential steps in
the optim zati on nethod of the invention, in which the
10 dynam ¢ nodel 36 of the plate reactor conprises a
plurality of characteristic equations and bal ance
equations for the reactor as qQ§cr|bed above. An
integration software tool 37 i's used to sinmulate the
behavi or of the plate reactor on the basis of the 15
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t he oult side nedium the heat exch ang
presents numerous advantages such as processing the

25 system as a whole, without discriminating between
equations or variables, the possibility of integrating
additional equations and thus additional variables into
the basic system, thereby providing dreat 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 reduction in

35 computation time.

The integration software tool 37 serves to simulate
the behavior of the chemical reactor referred to as the
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areas, the nunber of plates, their thicknesses, their
densities, their heat capacities, their thernmal
conductivities, the dinmensions of the inserts, their
10 densities, their heat capacities, and the natures
of the wutility fluids, and other integration
paraneters such as tolerances on absolute errors or
the tine available for integration. The person
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i i k&4 1poilts, 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 could be a
30 mathematical function comprising a plurality of
guantitative 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 equation:
35 f=qg, x kg = g, x k,
where dp is the quantity of product looked for from the
reaction, k, is the unit cost of the product, g, is the



define an optimum size or configuration for the

reactor 46. To do this, the operator determ nes or

eval uates the target(s) 47 that are to be achieved,

such as inproving productivity (reaction yield),

bei ng environnentally 10 frie y (small quantities of

waste), or lowin cost, sets e constraints 48 that

are to be conplied with and which may rel ate, for
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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 achieved and the constraints 48 to be
complied with remain the same as while optimizing the
dimensions of the reactor. O©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



5 that are authorized. The nethod of the invention
makes it possible to optimze 46 the dinensions or
the configuration of the reactor fromthe
above-defined reactor state 45, the above-specified
operating conditions 43, and S id targets 10 47,
constraints 48, and variables™49. Optim zation is
obtai ned by performng a plurality of successive
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represents the volume of the reaction chamber in liters.

The ordinate axis 150 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

35

reaction chamber respectively.

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

2Na,S,0; + 4H,0, + Na,5;0, + Na,S0, + 4H,0

The reaction is highly exothermic and takes place in

a homogeneous liquid medium in a plate reactor having



operating conditions, and the above-nentioned targets,
5 constraints, and variables. Optim zation is obtained
by performng a plurality of successive sinmulations
50 which nakes it possible to achieve as many as
possi ble of the targets or t et functions nentioned
above while conplying with the constraints, and

possi bly also the 10 authorized margins for the
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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 md.h™! in the first 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 reaction variable data
such as the utility fluids flow rates.

The reaction of oxidizing sodium thiosulfate is then
executed in a plate reactor built for operating with the
optimized 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.



treat the plate reactor as a succession of 91

i ndividual <cells, the reactor conprising three
reacti on bl ocks each 5 containing 27 individual cells,
and a transition elenent containing 10 individua
cells between two reaction blgcks. The nunber of
equations in the dynam c nodel of the reactor for
this reaction is 1920. In Figure 6, the reaction
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block being represented diagrammatically by the vertical

25 dashed lines 160. The ordinate axis 161 represents

30

35

temperature in degrees Celsius. The curves 162, 163, and
164 show variations in the temperatures of the reaction
medium, of the utility fluids, and of the transition
plates defining the reaction chamber, respectively.

The hydrolysis of acetic anhydride produces acetic
acid 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
to remain less than 80°C, and reactor structure variable

characteristics which were the number and the disposition



are experinmental nmeasurenents of the yield for the
reaction, the square points 157 and the triangul ar
points 158 are respective experinental neasurenents
of the 5 tenperature of the reaction nmedi umand of the
utility fluids. The experlne3£9l results are close to
the correspondi ng curves validating the
simulation of this chenical reaction in the plate
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Water was thus introduced into 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 to
104°C in Figure 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 cell 1 of the reaction chamber at a
temperature of 30°C and at a flow rate of 40 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"1, into cell 11 at a

35 temperature of 30°C and at a flow rate of 3.33 L.h-l, 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.hl. The



of the reactor. In Figure 8, the acetic anhydride was
injected entirely into cell 1 of the reaction chanber
at a 5 tenperature of 30C and at a rate of 40 L.h-1.

Water was also injected into cell 1 at a tenperature
of 30C and at a rate of 10 L3§ 1. The utility fluids
were at a tenperature of 15C™and at a flow rate of

10,800 L.h-1 since the reaction is highly exothermc.
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block, a nperature o [ow rate of
3 3% 1q§ 1thﬁ§ ggrves 169, 170, and 171 show respectively

variation in the temperature of the reaction medium, of
the utility fluids, and of the plates defining the
reaction chamber.
25 The equation for producing neopentyl glycol is as
follows:
2 (formaldehyde) + (2-methyl propanal) + (sodium hydroxide)
- [(neopentyl glycol) + (sodium formate)
In Figures 11 and 12, the vertical 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 0.05 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 third cell,
the fifteenth cell, and the twenty-eighth cell.



utility fluids were at a tenperature of 15C and at a
flowrate of 10,800 L.h-1. In this case, water was
introduced into the reaction chanber three tines over
at three different feed points. 5 This nade it

possi bl e to reduce the maxi nmum,t enper at ure of the
reacti on nmediumto bel ow the constraint of 80C. The
optim zation method thus nade it possible to identify
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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.



34 In Figure 11, given that the reaction is

exothermc, the utility fluids were at a tenperature

of 50C and at a flowrate of 1.5 nB.h-1. The reagents

were injected at a tenperature of 18C and the

2-met hyl propanal at a 5 conc?ﬁstratlon of 2 nol.kg-1

for a total flow rate of L.h-1 (three injections

at identical flowrats of about 3.05 L.h-1). The

conversion ratio achi eved wagam®@ 4% and t he maxi mum

tenperature of the reaction nmedium during the

reacti on was 66.6C. 10 The operator set a target of
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CLATRE 1ons;

dynamic model (36) to solve the above equations;

(8]

- applying an integration software tool (37) to the

- determining and optimizing a set of dimension
25 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 a plate reactor of the said type
30 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.
35
2. A method according to claim 1, characterized in
that it consists, after the building of the reactor:



1. A nmethod of optimzing a chemcal reaction in a
reactor, the nethod being characterized in that it 5
consists in: using an open reactor constituted by a
stack of plates (20, 21, 22, 23) defining between
them at | east one bl ock haviqg&a reacti on chanber

(24) formed between two heat change si de chanbers
(27, 28) for ci rcul ating 10 a heat exchange utility
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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

continuous phase and a dispersed phase.

6. A method according to claim 5, characterized in that
the state and the variation of the two-phase medium are
defined in each individual cell from equations estimating
the density, the specific heat, the thermal conductivity,
and the viscosity of the two-phase medium, and from mass
balance, energy balance, pressure balance, and volume

constraint equations.

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



the basis of the built reactor; applying the
integration software tool (37) to this new dynamc
nodel to solve the above equations; 5 optim zing

again the said set of dinension and/or operation
paraneters of the reactor; and%|7 nodi fying if necessary
the said built reactor, accordingly to the new

opti m zed set of paraneters. 10 3. A nethod accordi ng
to ¢l 1 pr , cternized.in that t
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the reactor.
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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 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



5 defining a flowdirection for the utility fluid in

‘each individual cell relative to the flow direction

of the reaction fluid in the correspondi ng indivi dual
cell of the reaction chanber (24). 10 8. A nethod
according to claim7, charactejzed in that the heat
exchange nodel al so includes gat bal ance equati ons
relating to the reaction fluid, to the plates (20,
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reaction fluid pressure drops in the reactor based on

experimental measurements.

25 15. A method according 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 l6. A method according to any one of claims 3 to 15,

35

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
nunmber of series of individual cells, the number of
reagent feed points into the reaction chamber (24), the
flow direction of the utility fluid relative to the

reaction medium, the nature and the distribution of the
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physi cal properties of the two-phase nedi um and on the
basis of the size of the droplets of the dispersed
phase. 10 13. A nethod according to any precedi ng
claim characterized in that it also includes a node
of heat transfer based on degbnitions of heat
transfer coefficients between"the plates defining the
side 15 chanbers (27, 28) and the fluids flow ng in
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considered as being a pseudo-homogeneous 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
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each of the phases and also their proportions.

20. A method according to claim 19, characterized in that
it consists in applying to the phase mixture rules for
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.

21. A method according to claim 19 or claim 20,

characterized in that it consists in following variation



fluids. 18. A nmethod according to claim17,
characterized in that for a reactor or reaction
chanmber (24) including a 15 plurality of fluid inlet
zones, the nethod consists in adjusting the flow
rates, the tenperatures, the essures, and/or the
conpositions of the fluids injected into these

vari ous zones. 20 19. A nethod according to any one of
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equi | i bri um between the two phases at a function of
t he S|ze of the droplets of the dispersed phase, of
the thernodynanic properties of the phases present,
and/or of the flow conditions. 35 21. A nethod
according to claim19 or claim20, characterized in
that it consists in followng variation 40 in the
size of the droplets of the dispersed phase in the
i ndi vidual cells of the reaction chanber(s) (24). 22.
A net hod according to any one of clains 16 to 21, 5
characterized in that it also consists in defining
limt values for operating paranmeters that satisfy
safety and/or environnmental constraints.



