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Supercritical water oxidation (SCWOQO) is known to be a very efficient technique for total
elimination of organic wastes. In the nuclear industry context, radioelements contained in
organic materials add the difficulty of dealing with the radioactive risk during their
destruction. Using the SCWO process, contamination can be confined in a closed space, like a
reactor in a glovebox. In this context, the stirred double shell reactor has been developed with
an inner titanium tube and a titanium mechanical stirrer in order to deal with a high corrosive
medium and to avoid any plugging of the system with salts. CFD calculations have been done
to describe the oxidation reaction and heat transfers in this reactor. A scale-up of the reactor is
undertaken to reach a 1kg/h treatment capacity of pure organics. This nuclear version of the
process with the double shell reactor has been constructed and is being tested.

INTRODUCTION

Since, nowadays, more than 20 years, several supercritical water processes have been
developed in the world to make use of the properties of supercritical water (P>221 bars and
T>647K) : good mixing between organic and the oxidant, very fast reaction rates. Several
concepts have been tested to deal with the two main technical bottlenecks of this highly
oxidative media: salts precipitation and corrosion. They are mainly due to its very low
dielectric constant which is close to 5 compared to 80 in liquid water [1, 2, 3] and the
presence of elements like chlorine, phosphorus or sulphur from the waste which forms acids
coupled to the high temperature, lead to the corrosion of materials [4]. The first concept was
the MODAR tank reactor developed by M; Modell in the 80’s [5] and then the MODEC flow
reactor [6]. Recently, transpiring wall reactors were developed in Europe by Bernejo [7],
Abeln [8] and Fauvel [9] with different kind of porous media, punched metallic wall or
ceramics. Another technical concept has been chosen at CEA with a stirred double shell
reactor [10]. Its efficiency has been proved for various kinds of organics like organic wastes
containing 100g.L™ of chlorine or with 50% w/w of salts with a treatment capacity of 0.2
Kg/h of pure organics [11] and also for suspensions of solid organic materials like ion
exchange resins X [12]. A first nuclear version of the process has been tested with a simple
tubular concept [13] allowing to validate the nuclearization strategy for contamination
management and radiation protection. Computational fluid dynamic (CFD) simulations are a
useful tool to model heat, momentum and mass transfers in a supercritical water oxidation
reactor as shown in the case of tubular reactor of POSCEAL [14]. In our case, the CFD
simulation of the stirred double shell reactor is used to improve the description of the
oxidation phenomenon, fluid dynamics, heat transfers and hence, localisation of the hottest
zones in the reactor, as one of the major parameter in this process is the internal temperature
of the reactor. A new test bench with an up-scaled double shell reactor has been designed and
constructed in the nuclear version with the same global set-up, concept of process and
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security as well as contamination management in order to validate the feasibility of a SCWO
process for nuclear organic wastes with a 1kg/h treatment capacity of pure organics. The
major constraints are related to the length of the reactor, limited to 1 m and hence to the heat
power needed to reach the critical point with a limited exchange surface.

PROCESS DESCRIPTION

This process has already been extensively described previously [11]. Figure 1 shows the flow
sheet of the process with the stirred double shell reactor. The external vessel made of stainless
steel 316 withstands pressure. The titanium inner tube confines the aggressive species. In
addition, the stirrer keeps particulates in suspension and improves mixing and heat transfers.

Splitting valve

|7 SIS ST
Y4 / d:
Stirrer
Head of -
the stirrer

itanium inner shell

External vessell dissolved salts

Figure 1 Flowsheet of SCWO process

Air and water are mixed and go into the reactor by the cold zone. This mixture flows in the
annular space where it is heated by the four electric heaters and by the reaction itself. The
organic compound is injected in the hot zone inside the inner tube. There, it meets the
air/water mixture. The oxidation reaction takes place instantaneously. In the second part of
the reactor, the flow is cooled by the cooling jackets and by the air/water mixture flowing in.
At the outlet, the effluent is depressurized through a back pressure regulator and separated in
two phases. The aqueous phase is analyzed by a total organic carbon analyzer and the gaseous
phase is analyzed by a CO, CO,, O, gas analyzer.

CFD NUMERICAL MODELING

The numerical simulation of the process has been done thanks to a commercial CFD software
(FLUENT 6.2). Fluids are considered to be incompressible. All reactions and fluid evolutions
are considered to be isobaric at 30 MPa. Fluids properties at 30 MPa were logged in Fluent.
The standard enthalpies of each species are calculated at 30 MPa using a thermo-chemical
cycle. An ideal mixing is assumed and density, viscosity, thermal conductivity and specific
heat of mixing are calculated by weighted means. The specific calorific value Cp of a
water/air mixture is plotted in fig. 5 as an example. The heat transfer coefficient between the
fluid and the inner wall of the reactor is computed by FLUENT® software using a standard
wall function. FLUENT® software solves the classical mass, momentum and energy



conservation equations to describe the fluid behaviour and properties. The stirrer impact on
the fluid velocity is modelled through a swirl imposed to the fluid.

Heat transferts
The simulation obtained previously in 2D using the k-omega turbulence model [15] is
compared to the simulation of the reactor in the same conditions setting a swirl velocity of 0.
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Figure 2 Temperature field in the reactor without (a) and with stirring (b).

Figure 2 shows the temperature fields for both simulations. An homogenization of the
temperature field, when an operating speed of 31 rad/s is set, is noticeable. Thereby, in those
conditions, a temperature of 350K is obtained in the inner tube at 700mm from the injection
whereas the same temperature is observed at 1000m without stirring (see fig.2 (a) and (b)).
Moreover, the outlet temperature decreases from 334 to 316 K when the operating speed
ranges from 0 to 31 rad/s. So, it is possible with a 2D axisymetric pattern to take into account
and estimate the enhancement of heat transfer due to the stirring thanks to a swirl applied on
the flow velocity. The first stirrer function is to provide a rapid mixing between the organic
and the water/air supercritical mixture but also to enhance heat transfers as the key process
parameter is the reactor temperature.

Regarding the process design the most useful conclusion of this simulation work is that
the inner reactor flow can be considered as a piston flow regime.

Oxidation

The oxidation reaction has been taken into account thanks to the Eddy Dissipation
Concept (EDC) combustion model. In this model developed by Magnussen [16], reaction
rates are controlled by the mixing of reactants at a molecular scale. This mixing is hence
strongly linked to the turbulence intensity of the flow. The use of the EDC combustion model
has been validated in the case of the tubular reactor [13].

The methanol chemical oxidation mechanism is supposed to take place in two steps :

CH30H + O, ->CO + 2 H,0 (1)

CO+% 0, -> CO, (2)

This combustion simulation provides an internal view of the methanol consumption and of
the CO production (fig. 3). The reactive zone is mainly located in the stirrer head. The
temperature distribution picture (fig.4) shows two higher temperature zones. The first one is
located near the injection tube where the CO mass fraction is the highest and the second one
after the stirrer head when CO is further oxidized.



Figure 3 Methanol (left) and CO (right) mass fraction near the injection tube for exp 1 (see
table 1)
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Figure 4 Temperature (K) distribution along the reactor during methanol oxidation

DESIGN OF THE 1 KG/H REACTOR

According to those simulation results validated by experimental data acquired with our
0.2 Kg/h lab scale unit POSCEAZ2, we are able to predict temperatures, velocity, oxidation
localization in a double shell stirred reactor [17].

A first scale-up of this process has been done regarding the reactor volume taking into
account the residence time needed for complete oxidation of the organic matters and the mass
flow capacity. And on another hand by a rough estimation of the heat power needed. As the
flow can be considered as piston-like and the heat transfers are very efficient with the stirring,
the only constraint is to reproduce residence times in each temperature zones with a given
length of 1m. The same experimental conditions must be applied in term of organic weight
percent, equivalence ratio and wall temperatures. The heat power needed has to be estimated
by integration of the Cp mixture data with the respected mass flow rate. The high non
linearity of Cp values near the critical point could hence be taken into account (see fig.5).
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Figure 5 Specific calorific value dependence with temperature for the water/air mixture in
our operating conditions

A new pilot, in the nuclear configuration has been constructed and is being tested (see
picture fig.6).



Figure 6 Picture of the DELIS reactor for 1 Kg/h capacity of treatment

Heating curves like in figure 7 are used to validate the design of the pilot, the efficiency of
the heating device during start-up.
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Figure 7 Water/mixture temperature increase in the double shell zone during start-up
phase of the DELIS pilot

Collation of experimental data on the DELIS pilot (see fig.6) will be done and compared
with numerical simulation of the new reactor to fully validate the design before use on real
radioactive contaminated solvent.

CONCLUSION

The CFD simulations of the double shell stirred reactor are used to describe temperature
distribution, heat transfers and the oxidation reaction in our SCWO process. Results confirm
that the flow regime inside the reactor is of piston type. Heat transfers are improved by the
stirrer rotation. 2D calculations are enough to predict the reactor temperature fields. The
oxidation phenomenon can be modelled thanks to a combustion model as the EDC model,
with which the reaction rate is limited by the reactant mixing relatively to the turbulence
scales and intensity. The main reactive zones are in the stirrer head and just behind the first
stirrer disc. Taking into account those results a first scale-up of this double shell stirred
reactor has been done. The contamination management and radiation protection needed for



the destruction of contaminated organic solvents impose a limited length for the reactor and
hence a constraint on the power and efficiency of the heating device. First experimental
validations have been done, allowing to produce a supercritical medium in the reactor.
The next step is the experimental validation of the 1 Kg/h treatment capacity of our new
reactor. This will be done on non radioactive organic matter with the DELIS pilot unit.
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