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a b s t r a c t

Hydrothermal oxidation is an efficient and clean way for the treatment of wastewater containing organic
matter. Because of its specific properties, supercritical water ensures high conversion of a wide range of
ccepted 9 April 2009
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organic load in the presence of an oxidant. The purpose of this work is to develop a mathematical model for
a continuous flow tubular reactor devoted to hydrothermal oxidation. This reactor has a low ratio diameter
length with one air injection. The mathematical model is based on plug flow assumption. The governing
equations are: momentum, mass, species and energy balances. According to this model, the profiles
of temperature and concentration of chemical species are computed along the reactor. The numerical
predictions of the model are compared to experimental profiles obtained in the case of supercritical

e com

ubular reactor
xperimental device oxidation of phenol. Thes

. Introduction

Treatment of toxic and dangerous industrial wastes has become
very important topic for environmental protection. It is nec-

ssary to combine Chemistry and Environmental Engineering for
earching new technologies for the disposal of toxic wastes. An
mportant part of these industrial wastes are composed of water
nd are indexed as aqueous wastes. When their organic content
s more than 1%, they are too concentrated to undergo a biologi-
al treatment, while, when it is less than 10%, their treatment by
ncineration is too expensive because it requires extra-gas.

Hydrothermal oxidation in supercritical water is an alternative
ay to dispose of these effluents. It mixes pressure and temperature

ike reaction activator: the pressure moves the reaction equilibri-
ms between the phases, allowing an intimate contact between
rganic matter and oxidant, while the temperature increases the
inetics of the reactions according to the Arrhenius law. Depending
n the operational conditions, the hydrothermal oxidation divides
nto two: wet oxidation and supercritical water oxidation. Wet oxi-
ation, also known as wet air oxidation (WAO), refers to the process

or oxidizing dissolved materials in liquid water with dissolved oxy-
en at high temperature. If operational conditions (temperature
nd pressure) are above the critical point of pure water (22.06 MPa,
47.13 K), the oxidation will become a supercritical water oxidation.
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parisons show very good agreement.
© 2009 Elsevier B.V. All rights reserved.

It is a high-efficiency thermal oxidation process able to dispose of
a wide range of industrial and urban wastes. The main advantage
of this technology is that the by-products of the process are not
toxic. Indeed, carbon is oxidized into carbon dioxide, hydrogen into
water while hetero-atoms are converted into mineral salts [1–5].
Moreover, this technology allows to recover an important part of
the energy released by the exothermic reaction of oxidation.

Because of the high pressure conditions that prevail, it is very
difficult to obtain physical data inside the reactor. A mathematical
model can be an efficient way to tackle this problem. Indeed, once
validated by comparisons with experiments, such a model can pro-
vide further data and especially data concerning the inner part of
the reactor. Moreover, a validated model might be very useful for
the scale up of supercritical reactors at industrial scale.

The aim of this paper is precisely to develop such a model. In
some previous attempts [6–8], a methodology was developed in
order to predict supercritical water oxidation of model compounds
in different kinds of reactors developed at l’Institut de Chimie et de
la Matière Condensée de Bordeaux. However, these models were
developed in the specific case of oxidation with pure oxygen what
could limit the scope of the modelling procedure. In this work,
oxidation with air is addressed.

The Supercritical Fluids Laboratory of the University of Cadiz has

developed an experimental apparatus, which is presented in a first
part. This device is of tubular type and experiments were carried
out using phenol as model compound. Then, in the second part, the
model, which translates into mathematical formalism the physi-
cal and chemical processes occurring in the reactor, is presented.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:frederic.marias@univ-pau.fr
dx.doi.org/10.1016/j.cej.2009.04.029
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Nomenclature

Cj molar concentration of species j (mol m−3)
d inner diameter of the reactor (m)
Ea activation energy of oxidation reaction (J mol−1)
h specific enthalpy of the reactive medium (J kg−1)
H external heat transfer coefficient (W m−2 K−1)
L total length of the reactor (m)
ṁO2 mass flow rate of oxygen at injection (kg s−1)
Mk molar weight of k (kg mol−1)
P pressure of the reactive medium (Pa)
ri rate of reaction i (mol m−3 s−1)
Rj chemical reaction rate of species j (kg m−3 s−1)
S cross sectional area of the reactor (m2)
Senergy volumetric source term of energy in Eq. (13)

(J m−3 s−1)
Smass volumetric source term of mass in Eq. (5)

(kg m−3 s−1)S
Smom volumetric source term of momentum in Eq. (7)

(kg m−2 s−2)
T temperature of the reactive medium (K)
Text external temperature (K)
uO2 velocity of oxygen at the injection point (m s−1)
wlost volumetric thermal power lost by the reactive

medium to the surroundings (W m−3)
yk local mass fraction of species k

Greek symbols
�rHi enthalpy of reaction I (J kg−1)
��/�x lineic pressure drop (Pa m−1)
� dynamic viscosity of the reactive medium (Pa s)
� density of the reactive medium (kg m−3)
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�xj stress tensor in direction x linked to velocity gradi-
ent in direction j.

inally, the comparison between the numerical prediction and the
umerical results are presented, with a very good agreement.

The results presented in this paper are new as regards super-
ritical water oxidation: firstly, experiments are carried out in a
ew facility developed at the University of Cadiz, which uses air
s the oxidant, and, secondly, those experimental results are com-
ared to the numerical prediction of the mathematical model that
as previously written [6]. The fact that the comparison shows very

ood agreement emphasizes the reliability of the above-mentioned
odel.

. Experimental apparatus

Fig. 1 sketches the experimental apparatus of Supercritical Fluids
aboratory of the University of Cadiz. The SCWO pilot plant con-
ists of a continuous flow tubular reactor and other additional
lements.

The liquid feed is stored in a stirred tank to keep it homogeneous.
aste is pumped through a high pressure pump from the feed tank

o the first heat exchanger devoted to liquids. The air is pressurized
y a high pressure compressor and is introduced into a second heat
xchanger. Both feed streams are separately preheated.

The pilot plant has a coaxial counter-current heat exchanger
ith a total length of 11.5 m. This heat exchanger is used to pre-

eat the liquid feed with the reactor effluent excess energy. In this
quipment the effluent of the reactor, at high temperature and pres-
ure, flows through the internal pipe giving calorific power to the
old feed, which flows through the annular space between the two
oaxial pipes.
ng Journal 152 (2009) 227–233

The main equipment is the continuous flow reactor, which is
made of stainless steel AISI 316L. The internal diameter is about
12.32 mm and the external diameter is about 19.05 mm. It con-
sists in three 3/4 in. pipes, the length of each one is 2920, 2960
and 3000 mm, respectively; they are horizontal and connected by
Hoke connections used for high pressure applications. Two verti-
cal pipes with a length of 69.3 and 69.9 mm, respectively connect
the three pipes. The total volume of the reactor is 1229.553 cm3.
The inlet temperature in the reactor is around 400 ◦C and the outlet
temperature can be raised up to 550 ◦C. In order to minimize the
loss of the heat produced by the wastewater oxidation reactions,
this reactor is surrounded by a thermal shield. When the reactor is
used to determine kinetics data, it has to be isothermal. The reactor
is not totally adiabatic; so we have to specify the heat loss coeffi-
cient by making a preliminary experiment with pure water. Seven
thermocouples are placed along the reactor in order to measure the
temperature profile generated in the reaction system.

The effluent of the reactor crosses the first heat exchanger, a
coaxial counter-current heat exchanger for liquid feed, where the
hot fluid goes through the internal tube and the cold fluid goes
through the external tube. According to the calculations, the inlet
and outlet temperatures are around 25 ◦C and 420 ◦C respectively
for the cold fluid, and around 600 ◦C and 250 ◦C respectively for the
hot fluid. The calorific power of the heat fluid is used to preheat
the liquid feed stream. Then the effluent crosses a second coaxial
counter-current heat exchanger, which is used to preheat the air
feed. The characteristics of the heat exchanger for air are similar
to the heat exchanger for liquid. The inlet and outlet temperatures
of the air (cold fluid) are around 100 ◦C and 200 ◦C respectively,
while the hot fluid goes in at 250 ◦C and goes out at 200 ◦C. Both
heat exchangers are insulated so that this system can operate auto-
thermally.

Once cooled, the effluent is depressurized by a back pressure
regulator and the product stream is then separated into liquid and
vapour phases in a gas–liquid separator.

In order to ensure that the temperature of the reactor effluent
decreased below 50 ◦C, a multi-stage heat exchanger is used; it is
refrigerated by water and the flow is controlled by an automatic
valve.

To start up the pilot plant, it is necessary to increase the waste
temperature before the reactor inlet to activate the oxidation reac-
tion. So the pilot plant has an electric preheating system: resistors
which are wound around the pipe where the liquid flows before
going in the reactor. There are two kinds of resistors: the first one
has a power of 1250 W and the second one has two units with a
power of 3000 W each one. The total heating power is 7250 W.

The pilot plant is fully automated using the PLC and SCADA
software developed by Schneider Electric. The automatic control
system makes it possible to improve the performance and safety in
the installation.

3. Mathematical modelling

The elaboration of the mathematical model describing the pro-
cesses occurring within the supercritical water oxidation reactor is
a complex task. Before deriving the governing equations it is nec-
essary to discuss the assumptions on which it relies. This is the aim
of the first part of this section. Secondly, the mathematical model is
derived using mass, momentum, energy and chemical species bal-
ances. The main steps of the solving procedure are then explained.
3.1. Assumptions

Because of the high water content (more than 70%) inside the
reacting medium and according to previous work [6–8] the reacting
medium is assumed to be pure water. Thus thermo dynamical prop-
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Fig. 1. Sketch of the Cadiz Unive

rties of the medium are computed from the IAPWS formulation for
ure water [9].

So the first assumption is:

A1: Thermodynamical properties (specific enthalpy, density) of
the reacting medium are assumed to be equal to pure water prop-
erties.

The second assumption (which is closed to the first one) is rel-
ative to the transport properties of the reacting medium. Indeed,
with the same justification than assumption A1, we postulate:
A2: Transport properties (thermal conductivity, density and vis-
cosity) of the reacting medium are equal to pure water properties.

Given the general operating conditions (temperature at inlet is
above 400 ◦C, pressure is 25 MPa and the mass flow rate is above
10 kg h−1), the Reynolds’s number at the entrance of the reactor
can be estimated: Re = 2.5 × 104. Thus turbulence inside the reactor
is expected to be fully developed and this is the reason why we
assume a plug flow mode of operation for this reactor. Moreover,
this study is devoted to the stationary mode of operation. Thus the
state variables of the system are one-dimensional. This leads to the
third assumption:
A3: In stationary mode of operation, the system under study is
considered as one-dimensional.

In this study, the choice has been made to focus on phenol as a
possible model waste. A complete description of the oxidation of
this species would require a detailed chemical mechanism includ-
ing a lot of intermediate species. However, for high computation
efficiency reasons, the reaction mechanism is lumped into the fol-
lowing global one step reaction

C6H6O + 7·O2 → 3·H2O + 6·CO2 (1)

A4: The chemical oxidation of phenol is described as a one step
global reaction.

From the kinetics point of view we expect the rate of reaction to
be dependent upon the temperature as postulated by Arrhenius.
Moreover, we assume that this rate depends on the local concen-
trations of waste and oxygen. Thus, the rate of reaction is expressed
as follows:
A5:
r = k◦exp
(−Ea

RT

)
· Cm

C6H6O · CO2
n (2)

In Eq (2), k◦ stands for the pre-exponential factor of Arrhenius
law, Ea for the activation energy of reaction (1) while CC6H6O and
Super Critical Water Pilot Plant.

CO2 represent respectively the local concentration of phenol and
oxygen. m and n stands for the order with respect to waste and
oxygen. In order to give insights into the importance of this set of
parameters, two of them will be tested in this paper [10,11].

Although the whole apparatus is thermally insulated, it is obvi-
ous that thermal losses exist. They have to be taken into account
into the energy balance of the reactor. To compute these losses, we
assume that at each location of the reactor, a specific heat flux is
lost according to Newton’s law for heat transfer. For convenience,
we relate this external specific heat flux to a volumetric power lost
by the reacting medium.
A6: The volumetric power lost by the reactor by thermal losses is
expressed as:

wlost = H

d
(T − Text) (4)

In this expression, H stands for the overall heat transfer coeffi-
cient with the surroundings, d the inner diameter of the reactor,
and T and Text stand respectively for the local temperature and the
external temperature.

Because of turbulence phenomena, some important mecha-
nisms exist that might increase the rate of transport of species and
energy under gradients of concentration and temperature respec-
tively. However, because of the high value of the ratio L/d we
assume the axial diffusion of species to be negligible with respect
to the convective process [12]. Assuming further that Lewis’s
number equals unity, we draw the same conclusion for thermal
transport processes.
A7: Axial diffusions of species and energy are negligible.

As it has been pointed out in the introduction, one of the main
advantages to use supercritical water is that air is completely
miscible within the reacting medium. Because everywhere in the
reactor supercritical conditions prevail, because the process oper-
ates under turbulent conditions and because of the small diameter
of the injector, we assume that
A8: Air is instantaneously and completely mixed with the reacting
medium once it is injected in the reactor.

3.2. Governing equations
One of the aims of a mathematical model is to provide more
information than experimental results can yield. For example, in
our case, we expect the model to be able to describe the evolution of
species concentration as well as the temperature along the reactor.
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n order to obtain such information, we need to write some mathe-
atical equations that translate physical and chemical phenomena

nto mathematical formalism. Basically, these equations postulate
hat in stationary mode of operation, mass, species, momentum and
nergy are conserved over a control volume of our choice.

In the following paragraph we show the governing equations in
heir “derivative” form inside each of the three reactors.

Total mass conservation

∂�u

∂x
= 0 (5)

where � stands for the local density of the mixture and u for its
velocity. This equation states that within the reactor mass is nei-
ther created nor disappeared.
Momentum conservation

As it has been quoted into assumption A3, we consider the sys-
tem as one-dimensional. However, a complete formulation of the
momentum equation should include a two-dimensional formu-
lation of this equation because of shear stress at the wall of the
reactor. Indeed, this shear stress results in high radial gradients at
this location. Thus the momentum balance is written as follows:

∂�uu

∂x
= −∂P

∂x
+ ∂�xj

∂xj
(6)

where P stands for the local pressure of the reacting medium,
and �xj for the stress tensor, in direction x, linked to a gradient
of velocity in the direction j.

Moreover, in turbulent mode of operation, the stress tensor
should include the Reynolds’s stress tensor and an appropriate
model to compute it. This would drastically complicate the math-
ematical description of the process. Thus, the choice that has been
made here is to compute the divergence of the stress tensor as the
local pressure drop over the control volume under consideration.
This computation has been done according to Churchill’s correla-
tion, valid for any Reynolds’s number [13]. The resulting balance
equation is then

∂�uu

∂x
= −∂P

∂x
− ��

�x
(7)

where ��/�x represents the local linear pressure drop inside the
reactor.
Species conservation

We use the classical formulation of chemical engineering
to describe the chemical reaction. Indeed if a set of species
J = {1,2,. . .,j,. . .,Nsp} is submitted to a set of chemical reactions
I = {1,2,. . .,i,. . .,Nreac}, the total chemical reaction rate Rj (on a mass
basis) of a species j is linked to the rate of reactions according to

Rj = Mj

Nreac∑
i=1

∂i,jri (8)

where ∂i,j stands for the stoichiometric coefficient of species j in
reaction i and Mj for the molar weight of species j. Given this
formalism, the species balance can be written as

∂u · �yj

∂x
− Rj = 0 (9)

where yj stands for the mass fraction of species j.
Energy conservation

Following the formalism used to derive the divergence of the

stress tensor, one is able to compute the dissipation (both viscous
and turbulent) as [14]:

� = u
��

�x
(10)
ng Journal 152 (2009) 227–233

Then the balance of energy over the control volume is expressed
as:

∂�uh

∂x
= u

��

�x
+ u

∂P

∂x
− wlost −

Nreac∑
i=1

ri�rHi (11)

where �rHi stands for the standard heat of reaction i, and h for the
enthalpy to weight of the medium.
Models for density, enthalpy to weight and viscosity:

Then, one needs to write equations for the computation of den-
sity, viscosity and enthalpy. These equations stem from the IAPWS
formulation for pure water [9] (see assumption A1) and they are
written as:

� = �m(P, T) (12)

h = hm(P, T) (13)

� = �m(P, T) (14)

3.3. Boundary conditions

Boundary conditions are required at the input of the reactors.
Indeed, because of the assumption A8 (instantaneous mixing of air
with the supercritical fluid) the conditions prevailing at the input
of the reactor are computed using a balance on an adiabatic, com-
pletely stirred tank reactor defining the injector.

If we denote h0, P0, T0, �0, u0, yj,0 and h0 the conditions prevail-
ing at the output of the preheater, Pin, Tin, �in, uin, yj,in and hin the
effective conditions at the input of the reactor under consideration,
and ṁair , uair and hair the mass flow rate, velocity and enthalpy of
air at the injector, then we write:

- Mass balance

Uin = �0u0S + ṁair

�inS
(15)

- Enthalpy balance

hin = �0u0h0S + ṁairhair

�inuinS
(16)

- Oxygen balance

yO2,in = �0u0yO2,0S + yO2,0ṁair

�inuinS
(17)

- Nitrogen balance

yN2,in = �0u0yN2,0S + yN2,0ṁair

�inuinS
(18)

- Species balance (except oxygen and nitrogen)

yj,in = �outuoutyj,out

�inuin
(19)

- Momentum balance

Pin = (�0u2
0 + P0)S + ṁO2 uO2

S
− �inu2

in (20)

In the above expressions, S stands for the cross sectional area of
the tubular reactor.

Models for density, enthalpy to weight and viscosity:
�in = �m(Pin, Tin) (21)

hin = hm(Pin, Tin) (22)

�in = �m(Pin, Tin) (23)
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Table 1
Operating parameters used for the evaluation of hext .

Inlet Pressure (MPa) Flow rate of waste
(l h−1)

Mass fraction of
phenol

Mass fraction of
water

Temperature of
waste (◦C)

Flow rate of air
(g min−1)

Temperature of air
(◦C)

25 10.58 0 1 450 66.36 180

Modelling and simulation of hydrothermal oxidation of organic compounds.

Table 2
Review of kinetics parameters for oxidation of phenol from literature.

k◦ (mol l)−1 − m − n s−1 Ea (kJ mol−1) m n References

1
2

M

3

7
C
f
c
T
t
t
a
t
t∫

w

p

o
s
c

�

w

a
t
a
s

s
n

4

o

Fig. 2. Illustration of the adaptive mesh used for the discretization of differential
equations.

T
O

E
n

1
2

M

01.34 ± 0.77 39.2 ± 10.7 1 0 [10]
2 ± 9 39.6 ± 6 1 0 [11]

odelling and simulation of hydrothermal oxidation of organic compounds.

.4. Solving

The mathematical system under consideration is composed of
ordinary differential equations (total mass, momentum, energy,

O2, O2, N2, phenol conservation) and 3 algebraic equations (model
or enthalpy, density and viscosity of the mixture). Such a system
annot be directly fed to a computer to get the proper solution.
hus the choice has been made here to discretize the differen-
ial equations in order to get a purely algebraic system. Among
he discretization methods, the finite volume method [15] is very
ttractive because the balance equations are satisfied over each con-
rol volume that constitutes the mesh. That is why we have derived
he algebraic equations according to the divergence formulae:

v
div(�	)dV =

∮
s

�	 · d�S (24)

here �	 stands for any vectorial data.
In our case the oxidation reaction is very fast, and mainly takes

lace near the injection of air.
This stiffness of the systems requires an appropriate meshing in

rder to make the mathematical system more stable. For this rea-
on, we have chosen a grid with a step size following a geometrical
ommon ratio from the injector to the output:

xi+1 = q�xi (25)

here �xi stands for the size of the control volume number i (Fig. 2).
To conclude with the finite volume method, one needs to add

n interpolation scheme allowing to define the state variables at
he surface of the control volume as functions of the state vari-
bles inside the surrounding control volume. Because of its better
tability, we have chosen the upwind scheme for interpolation.

Finally, the algebraic system obtained after discretization is
olved using Newton–Raphson’s method for algebraic systems of
on-linear equations.
. Results

In this section, we present the results of specific experiments
btained from both the experimental and numerical point of view.

able 3
perating parameters used for each experiment.

xperiment
umber

Inlet pressure
(MPa)

Flow rate of waste
(l h−1)

Phenol concentration
(g l−1)

25 12.5 5
25 9.98 10

odelling and simulation of hydrothermal oxidation of organic compounds.
Fig. 3. Determination of the convective external heat transfer coefficient.

Nevertheless, the mathematical model requires a value of the con-
vective heat transfer featured in Eq. (4). That is why, as a preliminary
result, we present an analysis that allows the prediction of thermal
losses of the device.

4.1. Determination of the convective external heat transfer
coefficient

The value of this global coefficient (i.e. the thermal losses) is
computed from a test with pure water, in the absence of chemi-
cal reaction and oxygen supply. This is a way to estimate the heat
transfer between the experimental apparatus and the surround-
ings. These experimental tests were carried out in our experiments

conditions. The operating data are summed up in Table 1 for the
chosen experiment, and the temperature profile obtained is repre-
sented in Fig. 3. This temperature profile is compared with the one
obtained by numerical predictions. The best results are obtained
with a value of the global heat transfer coefficient of 30 W m−2 K−1.

Temperature of
waste (◦C)

Flow rate of air
(kg s−1)

Air in excess (%) Temperature of
air (◦C)

450 3.69 484.16 200
500 3.32 292.7 200
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tal device can only provide temperature profile, we have chosen
this particular state variable to make the comparison between
ig. 4. Comparison between experiments and numerical predictions for tempera-
ure profile and conversion ratio, experiment 1, kinetic data from [10].

.2. Oxidation of phenol

The supercritical oxidation of phenol has been chosen for the
omparison between experiment and numerical prediction. Indeed
his compound can be preheated above the critical temperature of
ure water without being damaged. Moreover, some studies have

lready been performed on this compound and on the same exper-
mental design in order to determine kinetic data [6,7]. The authors
ublished their kinetic results with a range of uncertainty. For our
imulations, we have chosen to compare two kinetic data. Table 2

ig. 5. Comparison between experiments and numerical predictions for tempera-
ure profile and conversion ratio, experiment 1, kinetic data from [11].
Fig. 6. Comparison between experiments and numerical predictions for tempera-
ture profile and conversion ratio, experiment 2, kinetic data from [10].

summarises these kinetic data (in terms of energy of activation, Ea,
as well as pre-exponential factor, k0).

These values have been chosen for they have already been
estimated in our operating conditions. Because the experimen-
experiments and simulations. Two experiments are presented here.
Table 3 resumes the operating conditions of each experiment.

Fig. 7. Comparison between experiments and numerical predictions for tempera-
ture profile and conversion ratio, experiment 2, kinetic data from [11].
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igs. 4 and 5 show the comparisons of the temperature and con-
ersion ratio between experiments and simulations for the first
xperiment, while Figs. 6 and 7 show the same comparisons for
he second experiment.

From the experimental point of view, these Figures prove that
he phenol oxidation process is valuable.

From the validation point of view, we can see that the numer-
cal predictions fit quite well the experimental results. Numerical
emperature profiles cohere with the experiments, and at the out-
ut, the conversion ratios obtained in numerical and experimental
ases are the same (error is between 3 and 10%). Both kinetics data
ive basically the same results. Given the good prediction of the
emperature profile inside the reactor, we assume the model to be
alidated. In our operating conditions both kinetic data are useable.

. Conclusion

A mathematical model for the oxidation of organic compounds
nto supercritical water has been presented in this paper. This model
elies on several assumptions that have been discussed in a devoted
ection. This model is based on the conservation of total mass,
hemical species, momentum and energy written in steady state
ode of operation. It allows the prediction of temperature and

pecies profiles what give a detailed description of the phenom-
na occurring within the reactor. The results of this model have
een compared to experimental data coming from Cadiz University
acilities, in the case of phenol oxidation. As it has been discussed
he numerical prediction highly depends upon the physical proper-
ies in a supercritical medium. Here enthalpy, viscosity and density

hould have been calculated with mixing laws and equation of state
aluable for supercritical mixing. However, this model gives excel-
ent prediction of the temperature profile along the reactor. This
ndicates that the different assumptions that have been formulated
re valid. Thus this model can be used in order to give more infor-

[

[
[

[
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mation than the experimental apparatus can yield, as well as for
the scaling up of supercritical water oxidation reactors.

References

[1] M. Bermejo, M. Cocero, Supercritical water oxidation: a technical review, AIChE
Journal 52 (2006) 3933–3951.

[2] F. Cansell, P. Beslin, B. Berdeu, Hydrothermal oxidation of model molecules and
industrial wastes, Environmental Progress 17 (1998) 240–245.

[3] A. Kruse, E. Dinjus, Hot compressed water as reaction medium and reactant:
properties and synthesis reactions, Journal of Supercritical Fluids 39 (2007)
362–380.

[4] A. Loppinet-Serani, C. Aymonier, F. Cansell, Current and foreseeable applications
of supercritical water for energy and the environment, ChemSusChem 1 (2008)
486–503.

[5] J.W. Tester, H.R. Holgate, F.J. Amellini, P.A. Webley, W.R. Killilea, G.T. Hong, H.E.
Barner, Supercritical water oxidation technology. Process development and fun-
damental research, in: ACS Symp. Ser., vol. 518, 1993, pp. 35–76.

[6] S. Vielcazals, D. Mateos, J. Mercadier, F. Marias, C. Marraud, M. Bottreau, F.
Cansell, Modelling and simulation of hydrothermal oxidation of organic com-
pounds, AIChE Journal 52 (2006) 1–8.

[7] F. Marias, F. Mancini, F. Cansell, J. Mercadier, Hydrothermal oxidation treat-
ment of solid particles between 250 ◦C and 350 ◦C. Modelling and experiments,
Journal of Supercritical Fluids 41 (2007) 260–352.

[8] J. Mercadier, F. Marias, S. Vielcazals, F. Mancini, M. Bottreau, F. Cansell, Super-
critical water oxidation of organic compounds. Experimental and numerical
results. Estimation of kinetic parameters, Environmental Engineering Science
24 (2007) 1395–1404.

[9] W. Wagner, A. Kruse, The Industrial Standard IAPWS-IF97 for the Thermo-
dynamic properties and supplementary equations for other properties, in:
Properties of Water and Steam, Springer, 1998.

10] J.R. Portela, E. Martinez de la Ossa, Kinetic comparison between subcritical and
supercritical water oxidation of phenol, Chemical Engineering Journal 81 (2001)
287–299.

11] D. Mateos, J.R. Portela, J. Mercadier, F. Marias, C. Marraud, F. Cansell, New
approach for kinetic parameters determination for hydrothermal oxidation
reaction, Journal of Supercritical Fluids 34 (2005) 63–70.
12] J. Villermaux, Génie de la réaction chimique- concept et fonctionnement des
réacteurs, Tec&Doc-Lavoisier, 1993.

13] I.E. Idel’cik, Memento des Pertes de Charge, Editions Eyrolles, 1986.
14] Chassaing P, Mécanique des fluides – Eléments d’un premier cours, collection

Polytech, Ed. Cepaduès.
15] V.S. Patankar, Numerical Heat Transfer and Fluid Flow, Taylor & Francis, 1980.


	Supercritical water oxidation of phenol with air. Experimental results and modelling
	Introduction
	Experimental apparatus
	Mathematical modelling
	Assumptions
	Governing equations
	Boundary conditions
	Solving

	Results
	Determination of the convective external heat transfer coefficient
	Oxidation of phenol

	Conclusion
	References


