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Abstract: Upgrade of successful processes of microwavetadssganic synthesis to the level
of industrial technologies is currently slowed doln difficulties in experimental development
of large-scale and high-productive reactors. Théggr proposes to address this issue by
developing microwave chemistry reactors as micr@aayxstems rather than black-box-type units
for chemical reactions. We suggest an approachdbaseapplication of a neural network
optimization technique to a microwave system ineottd improve its coupling (and thus energy
efficiency). The RBF network optimization with COR&mpling introduced in our earlier work
and capable of exceptionally quick convergenceht dptima due to a dramatically reduced
number of underlying 3D FDTD analyses is upgradeck o account for additional practically
important condition requiring the reactor’s optinasign for different reactants. Efficiency of
the approach is illustrated by two examples opiimjzthe geometry of a conventional
microwave reactor for 3 different materials: with liter reactants, seven-parameter optimization
yields the best configurations from only 297/195TEDsimulations on a regular PC.

Keywords: FDTD simulation, microwave reactor, neural netwaratimization, scaling up.

1. Introduction

Microwave (MW)-assisted organic synthesis (MAOS)s h&cently become a frontline
methodology in chemistry programs of pharmaceutiGrochemical, and biotechnology
industries due to the ability of this multidiscipdiry technology to significantly speed up
chemical reactions [1-3]. With specialized microeaystems now available, particular attention
is currently paid to the problem of developmentcohtrolled MAOS featuring new reaction
routes for organic synthesis resulting in largdesgaoduction of chemical substances [3]. In
order for MAOS to become a widely accepted indaktechnology, there is a need to develop
techniques routinely producing new chemical ergtitie a scale of dozens/hundreds of kilograms.
However, surveying the contemporary literature, orag notice that progress in this direction is
fairly slow. While scaling up successful process#smicrowave chemistry is commonly
acknowledged to be a key issue of the current statiee field, this problem is being addressed
via essentially trial-and-error experiments aimingth no way to measure the temperature and
pressure inside the reactant, to catch correldi@iween the input parameters of the scaled up
microwave reactors and the output chemical chanatits of the products [4].
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Comprehensive modeling of interactions of the mast with the electromagnetic field in
closed systems appears to be a powerful tool agipécto the microwave chemistry reactors.
Specifically, the modeling can be used for detemgreflections (i.e., for finding their energy
efficiency) as well as spatial distributions of gilmted power in the reactant; application of
corresponding computational procedure to microvsgtems suitable for MAOS is exemplified
e.g., in [5]. There are also multiphysics modelieghniques computing temperature fields in the
processed materials by coupling electromagnetictia@anodynamic simulations and taking into
account thermal changes of material parameters NBjreover, there are modeling-based
procedures optimizing microwave applicators in t®wh energy efficiency [7] and synthesizing
optimal processes of microwave treatment resulitinthe homogenized temperature fields [8].
Being known and used in other microwave power appbns, the advanced computational
approaches seem to not be utilized in microwavengtey. Examples of employing computer
simulation in design of MAOS reactors as microwaystems are rare (e.g., [9], [10]) and limited
to the analysis (rather than optimization or sysig)eof the reactor’'s operational regimes.

In this paper, we present an original techniquedioect computer-aided design (CAD) of
microwave reactors of a desirable scale and highggnefficiency for different reactants to be
processed there. The approach is based on the badia function (RBF) network optimization
algorithm described in [11] and featuririy) &n objective function (OF) measuring the bandiwidt
of the frequency characteristic of the reflectiaefficient over a specified frequency range and
(ii) constrained optimization response surface (CQBS)nique [12] selecting additional sample
points in the dynamic training of the network. Talgorithm backed by 3D FDTD data is
characterized by very quick convergence to thenmptand a dramatically reduced number of
underlying analyses; due to these features, itahagong potential for viable optimization of
complex microwave systems and/or structures witdrge number of design variables.

Here, the technique [11] is upgraded by incorpogatain additional practically important
condition requiring optimality of the reflection efficient for multiple processed materials.
Functionality of the resulting algorithm is illuated by finding optimal designs of a conventional
reactor containing vessels with 1 and 5 liter ra@ist It is shown that for finding best
configurations of the system (suitable for thredfedent reactants) from seven-parameter
optimizations only a few dozen/hundred simulatiaresrequired.

2. Optimization Technique: RBF Network and Objective Functions

In accordance with [11], the decomposed RBF aidificeural network (ANN) shown in Fig.
1 and denoted ds. X—Y works with input vectorX; = [X; X ... X\], wherex, ..., Xy are design
variables fori = 1, ..., P, andP is the number of input-output pairs of modelingadalhe
network output vectors are obtained by taking fesapy characteristics of &&parameter over
specified frequency range(sii)l,(f,-z) given by the formula

Y = ma{may{[ BW(S(fi< f < ff,xi,a;,ak),Tj)+1]'lﬂ, 1)

1sksL| I<j<n
where the functioBW (associated with the system’s bandwidth) is cated over the specified
frequency interval(s) and is in the range [0, id & is the number of materials for which the
system is to be optimized; we maximize okdp use the worst of the samples with dielectric
constantg’ and electric conductivity: This OF represents a typical practical need aronvave
optimization to search not just the minimum $fbut rather the maximurBW in a certain
frequency range. The RBF used in the network éraglate spline defined as

40 = {II X =6 [k log(IX; =G Il.), 1% —¢ [>0, @

O =
0, I[X; ¢ [L=0,
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Fig. 1. Architecture of a decomposed RBF ANN Fig. 2. Flow chart of the RBF optimization
with 77 hidden neuron [11]. algorithm with CORS sampling.

wherel = 1, ...,N,, N. is the number of RBFs;, are the centers of" . The training set is the set

of centers chosen. The network is coupled witim@di model, and the weights are constructed by
solving the corresponding linear system.

A general description of the algorithm is given Fig. 2. Given some initial data, we
construct and train the RBF netwdfkX), perform CORS sampling [12], simulate the sampled
point, check stopping criteria, and repeat the eyl necessary. The most critical part of the
algorithm is the choice of the sampled point. COfa&pling balances the goal of finding the
minimum with exploring unknown regions of the domarhis is accomplished by selecting a
paramete3 (0 <4< 1) and finding the minimum d#(X), subject to § —X;||> BA for 1<j <P,
whereA = max(min; <; <p [X—=X[|).

The algorithm is implemented as a MATLAB code. Diatathe network are generated by the
3D conformal FDTD simulatoQuickWave-3D [13]. All CPU times are given below for a 64-bit
Windows XP-based Intel Xeon 3.2-GHz PC.

3. Numerical Results: A MAOS Reactor for Multiple Reactants

Here we consider a microwave system resemblingiaayMAQOS reactor (Fig. 3). Inside the
cylindrical cavity, there is a thin-wall cylindriceessel with a liquid reactant whose volumeés
assumed to be specified. The reactor is excited Bctangular waveguide which may be offset
in the x- andy-directions byf, and f, respectively. The vessel also may be offset froeztaxis
by v, and v, being located a distansefrom the top of the cavity. The CAD goal is: givdre
height of the systenH and a set ofL reactants to be processed in the reactor, find the
configuration of the whole system, i.e., diaméeinternal dimensions of the vesselandh), its
position in the cavityg vy andvy), and a position of the waveguidgdnd f), that yields less than

T % of reflected microwave energy (i.e., the reftatcoefficient $11| < 0.1JT ) in BWy = ... =
BW_ % of the frequency rangé’( f ?) for reactantsA), ..., (L) respectively.

In the first illustration, we solve this problenr fitne load withv = 1 liter and the height of the
reactorH = 300 mm. We considér = 3 (the materials are specified in TableTLy 1 %,BW, =
... =BWe =100 %,f ' = 2.4 GHz, and “ = 2.5 GHz. The seven design variables are allawed
be in the intervals:

-35<fy, fy, <35 mm, -2& v, v, < 24 mm, 80< d < 110 mm,
75<s<110 mm, 206< D <300 mm. 3)
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Fig. 3. General 3D view (a) and geometrical paransedf the considered MAOS reactor (b), (c).

Table 1. Material Parameters of the Reactants4at @Hz (Adapted From [1]).

Reactant Dielectric constantg  Electric conductivity g (S/m)
(A) Ethyl acetate 6.2 0.1468
(B) Methylene chloride 9.1 0.0582
(C) Ethanol 24.6 0.1808

The procedure starts with generation of an initiatabase (DB) of 50 random points in the
specified domain for each of the three reactante Underlying FDTD model built with a
non-uniform conformal mesh consists of 308,000 46,800 cells of maximum 2.7 mm in the
reactant to maximum 7 mm in air; the analysis ef ggstem involves 10,000 time-steps (1.7 to
3.0 min of CPU time).

Characteristics of the reflection coefficient ire thon-optimized reactor computed for all the
reactants yield energy efficiency about 75-85%. @uatimization procedure achieves what seems
to be the “best” solution producing 99% efficien®W, = 79 %,BW; = 83 %, andBW. = 100
%) with 99 x 3 = 297 FDTD analyses (Fig. 4). Copasling design variables are given in Table
2 and frequency characteristics 8[| resulting from this geometry are shown in Figit ¥ seen
that this optimized configuration provides 99 %iaéncy in the 79 % of the 2.4 to 2.5 GHz
frequency range for the reactants (A), (B), and (C)

The next example illustrates operation of the pseplooptimization technique in situations
when scaling up of a successful MAOS process Ieyfinterest. Here we solve the optimization
problem for the reactor of the same design andtagied for the same reactants< 3), but of a
5-liter volume. WithH = 513 mm,T = 1 %,BW, = ... =BWc = 90 %,f * = 2.4 GHz, and*= 2.5
GHz, the seven design variables are allowed tm ltied intervals:

-85< 1, f, <85 mm, -50< v, v, < 50 mm, 15 d< 172 mm,
80<s<300 mm, 34 D<510 mm (4)

Similarly, the procedure starts with an initial @B 50 random points in the domain (4). The
model consists of 1,380,000 to 2,394,000 cells aximum 3 mm in the reactant to maximum 7
mm in air — due to a larger reactant’s volume thenain discretized with 3 mm cells is also
larger. Likewise, the analysis requires 10,000 isteps (8.6 to 14.4 min of CPU time).

In the case of a 5 liter reactant, as seen from@&ighe best solutiorB{Vy = 80 %,BW; =
77 %, andBW = 70 %) is achieved with 119 DB points, but fog fireceding very close result
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Fig. 4. Optimization convergence for the MAOS
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Fig. 5. Reflection coefficient in the MAOS reactor
optimized for three 1-liter reactants (A), (B), (C)
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Fig. 7. Reflection coefficient in the MAOS reactor
optimized for three 5-liter reactants (A), (B), (C)

(C); (o) marks the 68-point solution.

Table 2. A MAOS Reactor (Fig. 3): Configurationstidpzed for Reactants (A), (B), and (C).

Reactant’s volume  f,, fy, Vy, vy, d, S, D, No of DB points/No
mm mm mm mm mm mm mm of FDTD analyses

1liter [(A)/(B)/(C)] -23.4 11.0 -5.3 20.0 108.0 & 209.0 99 /297

5 liter [(A)/((B)/(C)] 75.8 83.2 50.0 -36.0 164.0 854 3952 65 /195

(with the worstBW: = 68 %) the procedure needs only 65 points (1@fyaas). Corresponding
design variables are given in Table 2 afd| [characteristics resulting from this geometry are
shown in Fig. 7: this optimized configuration prdes 99 % energy efficiency for all three
reactants in the 70 % of the 2.4 to 2.5 GHz frequeange.

It is seen that the optimized geometry of the Brliteactor is fairly different from a
proportionally increased one of the 1 liter systamgl the “qualities” of both best solutions are
not alike. This appears to be consistent with thigcally expected (and observed in many
experiments, see, e.g., [10]) strongly non-linederations in reactor’s performance with
variations of its geometrical parameters and malgedharacteristics of the reactants.
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4, Conclusons

An original modeling-based approach for CAD andisgaup of MAOS reactors has been
proposed. The technique allows for getting the getoypof a large-scale reactor that guarantees
highest possible energy efficiency for differentactants. The technique of RBF ANN
optimization backed by full-wave (3D conformal FDY'Bimulations has been applied to a
conventional microwave reactor to find its bestigie$or processing of 1- and 5-liter reactants. It
has been shown that, with the developed technigeeen-parameter optimization of energy
efficiency of this system takes only 297 and 199 Blanalyses (or about 16 and 37.5 h of CPU
time), respectively. The proposed technique idgittborwardly applicable to optimization of the
systems with reactants whose material parametensgsy depend on temperature.

The results presented in this paper stay in stfamgr of CAD of high-productive large-scale
MAOS reactors and suggest that application of tegebped modeling-based optimization
procedure in efficient designing of systems of mieave chemistry may be useful and viable.
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