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a b s t r a c t

A computational fluid dynamic (CFD) model of a transpiring wall reactor for supercritical water oxidation
has been implemented and solved using the commercial software Fluent 6.3. Model results have been
validated by comparison with experimental temperature profiles, and the influence of model simplifica-
tions on the accuracy of the results has been discussed. It has been found that the model presents some
inaccuracies in the calculation of the maximum reaction temperature, which have been attributed to the
simplifications in the calculation of thermal properties of the fluids imposed by limitations of the soft-
ware. The effect of different process parameters has been studied, including transpiring water flow ratio,
transpiring water temperature, flow rate and composition of the oxidant (pure oxygen or air) on differ-
ent indicators of reactor performance such as temperature and composition contours, flow path lines
and effluent compositions. The behaviour of three different transpiring wall designs comprising different
sections of porous and non-porous materials has also been investigated. It has been found that making
ass and momentum conservation

quations
–ε turbulence model
eng–Robinson Equation of State
eat capacity

the upper cup of the reactor of a porous material has a very little influence on reactor performance,
and therefore it is preferable to build this part of the reaction chamber using a non-porous, more durable
material. On the other hand, the maximum reaction temperature in the reaction chamber can be increased
if the upper part of the reaction chamber is made with a non-porous material, which is favourable for
treating diluted feeds. Model results complement previous information obtained by experiments and by

simplified models.

. Introduction

The polarity of water changes with temperature and pressure.
t supercritical conditions (T > 647 K, P > 22.1 MPa) water is a non-
olar solvent which is able to dissolve organic compounds in any
roportion. Permanent gases and particularly oxygen are also com-
letely miscible with supercritical water. Therefore, in supercritical
ater the oxidation of organics can be carried out without any limi-

ation due to interfacial transport. Waste treatment by supercritical
ater oxidation (SCWO) is based on this peculiar property of super-

ritical water. It has been demonstrated that SCWO can destroy
rganic wastes achieving very high efficiencies (>99%) even with

ery short reaction times (<1 s) [1,2].

Other physical properties of supercritical water are less
avourable for the technical development of SCWO processes.
ecause supercritical water is a non-polar solvent, salts that
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385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

are soluble in atmospheric conditions become insoluble in the
supercritical region. Precipitation of these salts can cause severe
problems of corrosion and clogging. Moreover, the strong oxidiz-
ing conditions in SCWO media can damage reactor construction
materials. The development of new reactor designs built with
appropriate materials in order to overcome these limitations is a
challenging and active field of research and development [1–4].

Some of the most successful SCWO reactor designs for treat-
ment of liquid feeds are based on the concept of the double shell
[5–9]: an internal reaction chamber is built with a corrosion-
resistant material capable of withstanding the high temperature
and corrosive SCWO media. This reaction chamber is placed inside
a high-pressure vessel, which can be built with a cheaper, less
corrosion-resistant material, because this pressure vessel is not
in contact with the reaction mixture. Among these double shell

reactors are the transpiring wall reactors. In the transpiring wall
reactor (TWR), the reaction chamber is built with a porous mate-
rial. Clean cold water circulates through the pores, cooling the wall
down and preventing the deposition of salts on it. In recent years,
several TWR designs have been developed, with different technical

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mdbermejo@gmail.com
dx.doi.org/10.1016/j.cej.2010.01.013
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olutions for reagent preheating, cooling and flow control though
he wall [10–13]. The High Pressure Process Group at the University
f Valladolid has developed a TWR at pilot plant scale. As it will be
escribed with more detail in Section 2, some of the distinctive fea-
ures of this reactor compared to other TWR are the relatively large
eed flows that it can process (up to 200 kg/h), and its mechanical
esign, which has only one flanged connection in one of the sides,
aking easier to open and close the reactor, and is prepared to hold

he reactor in a vertical position, which is favourable for removing
alts in a sub-critical, liquid effluent. Extensive experimentation
ith this reactor has been made [13] obtaining total organic car-

on (TOC) removals higher than 99.9% (TOC effluent lower than
0 ppm) even working with real wastewaters [14].

In most cases, the information that can be obtained from exper-
ments with TWR under real operating conditions is limited to
emperature measurements inside the reactor and effluent charac-
erization, because the aggressive oxidizing conditions inside the
eactor make it difficult to obtain other measurements. Thus, the
evelopment of theoretical models of the process is of great inter-
st as it provides a complement to the experimental information
oncerning those variables that are difficult to measure.

Several authors have developed mathematical models of SCWO
eactors and particularly of TW reactors [11,12,15]. In our group, we
ave developed models based on the resolution of energy and mass
ransport balances with simple flow patterns [16]. With these mod-
ls, it was possible to reproduce experimental axial temperature
rofiles inside the reactor as well as TOC elimination efficiencies.
owever, these models are not able to provide any information
bout radial temperature profiles, or about complex fluid dynamic
rocesses near the transpiring wall which are important for the
esign and development of TW reactors. In order to obtain this

nformation, a more complex model including the momentum bal-
nce is required.

Computational fluid dynamic (CFD) techniques have been
pplied by several authors to obtain detailed information about
elocity and temperature profiles in SCWO reactors and hydrother-
al flames. Oh et al. [17] developed a CFD model of a MODAR SCWO

eactor. Zhou et al. [18] incorporated the SUPERTRAPP code for ther-
odynamic and transport properties of hydrocarbon mixtures into
CFD simulation. Moussière et al. [19] presented a CFD model of

CWO in a tubular reactor, including a detailed discussion about
he selection of the model used to represent reaction kinetics. Two
ifferent models were tested, an Arrhenius law and the Eddy Dissi-
ation Concept (EDC), and authors concluded that results obtained
ith both models were in general agreement with experimental
ata, but the EDC model performed better in the prediction of hot
pots in the reaction wall. Sierra-Pallares et al. [20] also succeeded
n the application of CFD with the modified multiple-timescale
DC-MTS reaction kinetics to describe the oxidation of methanol
n a hydrothermal flame, predicting the experimental tempera-
ure of the flame with a deviation lower than 10%. Narayanan et
l. [21] presented a CFD model of a hydrothermal flame, using the
DC approach to model reaction kinetics and the Peng–Robinson
quation of State to model fluid properties. The model was used to
rovide valuable information for the construction of a new reactor,

ncluding an analysis of the influence of the location of temper-
ture probes. A detailed revision about the subject can be found
lsewhere [22].

The aim of this work is to develop a CFD model of the TWR built
nd tested in the University of Valladolid, in order to obtain detailed
nformation about radial temperature profiles and fluid dynamics

ear the transpiring wall that complements experimental results.
pecial attention is paid to the selection of suitable models for the
alculation of reaction mixture physical properties. The model is
hen used to analyse the differences in the performance of the TWR
esigns tested in the University of the Valladolid, as well as the
ing Journal 158 (2010) 431–440

scale-up of the design for operation on a larger scale demonstration
plant [5].

2. Experimental set-up

A schematic diagram of the TWR of the University of Valladolid
is presented in Fig. 1. The reactor has an internal volume of 10 L and
a height of 1.5 m. The pressure shell is made of stainless steel with
an inner diameter of 90 mm, and the transpiring wall is a porous Ni-
alloy tube with an inner diameter of 74 mm. The reactor is placed in
vertical position inside a safety U-shaped concrete wall. Wastewa-
ter and air or oxygen inlets are located at the bottom of the reactor.
Inside the reactor the two streams are brought into contact with
a static mixer. The mixer outlet is located in the upper part of the
reaction chamber. Inside the reactor chamber, the oxidation reac-
tion is completed and products are mixed and cooled down with the
transpiring water flow, before leaving through the outlets located
at the bottom of the reactor.

Three different transpiring wall designs have been tested with
this reactor. They are also shown in Fig. 1. In the first one, the whole
wall is constructed with porous Ni-alloy metal sheets. In the second
one, the upper cap of the wall is not porous. In the third one, only
the middle section of the wall is porous. More details about the
transpiring wall designs were given in a previous work [13].

The reactor has been operated in two different pilot plants. The
first one is located on the premises of the University of Valladolid,
and it has a maximum treatment capacity of 40 kg/h of wastewater
using air as oxidant. The second one is located on the site of a waste
treatment factory and it has a maximum capacity of 200 kg/h of
waste using pure oxygen as the oxidant. Both plants have been
used to treat synthetic wastes using 2-propanol (technical grade
2-propanol with a purity of 99% supplied by Cofarcas, Spain) as the
model organic compound as well as real wastes. More details about
the pilot plants were given in previous works [5,13].

3. Model description

The mathematical model is constituted by the conservation
equations of mass, energy and momentum which were solved
together with a realizable k–ε model for turbulent flow and stan-
dard wall functions [20,23]. Implementation and resolution of these
conservation equations were done with the commercial software
Fluent 6.3.

3.1. Model assumptions and simplifications

Conservation equations were solved considering 2D axisym-
metric coordinates. This simplification makes it impossible to
implement the real location of the reactor outlets in the simula-
tion geometry. Therefore, as a simplification, it has been considered
that the whole lowest transversal section of the reactor is an
outlet. However, the rest of the elements of the reactor can be
correctly described with 2D coordinates. The incorrect location of
the reactor outlets can be expected to have a minimal impact on
simulation results near the mixer outlet in the upper section of
the reaction chamber, which is the most important region of the
reactor with respect to the analysis of the behaviour of the tran-
spiring wall. On the other hand, using 2D coordinates instead of 3D
reduces model complexity as well as the required computational
effort.
In most experiments, the inlet temperature of air and reagents
is below the critical point and therefore a biphasic gas–liquid mix-
ture is formed inside the static mixer, which only becomes a single
phase once that temperature increases due to the heat of reaction.
A rigorous model of the mixing process in the static mixer and of
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ig. 1. (a) Scheme of the TWR. Designs of transpiring walls: (b) design 1, the who
etal while the cap is made of non-porous metal. (d) Design 3: only the central sec

he transition from a biphasic to a single phase flow would be very
omplex. Because the main aim of this work is to investigate radial
rofiles in the reaction chamber and near the transpiring wall, as
simplification the existence of a two-phase flow inside the static
ixer has been neglected, and instead it has been assumed that

he feed and the oxidant are perfectly mixed from the beginning
f the static mixer. It is then expected that in the model the oxida-
ion reaction will begin earlier in the static mixer than in the actual
xperiments. The residence time in the static mixer is short, and the
nner volume of the static mixer is 0.02 L, compared to 6.5 L in the
eaction chamber. Therefore the reaction progress inside the mixer
s also low (as it will be show in Section 4), this simplification has a
ittle influence on the prediction of temperature and composition
rofiles inside the reaction chamber.

In all simulations, the feed was a synthetic waste containing
certain amount of 2-propanol. This considerably simplifies the

alculation of physical properties with respect to real waste.
In addition to these assumptions, some simplifications had to

e done in the calculation of transport and thermodynamic prop-
rties due to the limitations of the Fluent 6.3 code in this respect,
s described later in Sections 3.4 and 3.5.

.2. Meshing

Model geometry definition and meshing was performed using
he commercial software Gambit. The calculation mesh consists
f 65,000 cells. Preliminary simulations were performed to ensure
hat with this number of cells simulation results were independent
f mesh size.

.3. Kinetic model

A simplified kinetic model was used which consists of two reac-
ion paths: the direct oxidation of the organic matter to carbon
ioxide and water, and the slower oxidation through the formation

f a recalcitrant reaction intermediate, in this case acetic acid. The
eaction constants were obtained from the work of Li et al. [24]. In
revious works, it has been demonstrated that this kinetic model is
uitable for describing SCWO process [5,16,25]. The kinetic scheme
s shown in the Supplementary Material (Fig. S1).
l is made of porous metal. (c) Design 2, the cylindrical element is made of porous
f the cylindrical element is made of porous metal.

Because as a simplification it has been considered that reagents
and oxidant are completely mixed since the beginning of the static
mixer (as described in Section 3.2), the use of a kinetic model for
the characterization of micromixing such as the eddy dissipation
model [19–21] is not justified. Therefore reaction kinetics has been
calculated using the finite-rate Arrhenius equations.

3.4. Transport properties

Molecular viscosities and conductivities of the pure compounds
were obtained from the NIST database [26]. The corresponding
properties of the fluid mixture were calculated as the mass fraction
average of pure component properties:

Ȳ =
nc∑

i

xiYi (1)

3.5. Thermodynamic properties

Fluid mixture density was calculated with the Peng–Robinson
Equation of State (PR-EoS) with the Magoulas–Tassios translated
volume correction [27]. Because the resolution of the model is very
computationally intensive and involves the evaluation of density in
every cell of the mesh at each iteration step, only simple EoS mod-
els which require short and fast calculations are recommendable.
It has been previously shown that the translated volume PR-EoS
can calculate SCWO fluid densities with reasonable accuracy [28].
The PR-EoS was implemented using a Fluent User Defined Function
(UDF).

Unfortunately, the implementation of a constitutive equation
for the calculation of thermal properties through an UDF is not
possible in Fluent 6.3. This software only allows defining the heat
capacity Cp of the pure components as a function of temperature.
The heat capacity of the reaction mixture is then calculated as a

mass average as shown in Eq. (1). In a previous work [28] it has
been shown that with this approach a peak in the heat capacity
of the fluid mixture is obtained near the critical point of water
due to the peak in the heat capacity of pure water in that tem-
perature range. Because the real heat capacity of the fluid mixture
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Fig. 2. Real and broadened Cp functions of pure water.

oes not have this peak, it is expected that with this approach
alculated temperatures will be lower than experimental temper-
tures.

The definition of fluid thermal properties as a table of heat capac-
ty vs. temperature of limited size poses an additional difficulty:
ecause the heat capacity of water varies sharply near its critical
oint, the entries of the table have to be selected very carefully in
rder to ensure that they correctly describe the peak of Cp and that
he integration of the Cp yields the correct value of enthalpy. More-
ver, it has been observed that Fluent incorrectly integrates the
able of Cp when the difference in temperatures between adjacent
able entries is too small (<1 K) or when the slope of Cp vs. T is too
igh, yielding simulation results that do not fulfil the global energy
alance. To circumvent this limitation, an “apparent” water Cp vs.
table has been defined. In this table, the Cp peak has been broad-
ned and its slope has been made less pronounced with respect to
he real behaviour of the heat capacity of water in order to avoid
naccurate integration by Fluent. Fig. 2 presents a comparison of
he real and broadened water Cp functions. Care has been taken to
nsure that the area of the broadened peak is equal to the area of
he real peak. This ensures that the integration of the Cp function
ields the correct value of enthalpy. In this figure it can be seen that
nly small errors can be expected in the region around the critical
oint of water. Therefore, this approach will have a negligible in
he final results, except in sections of the reactor where tempera-
ure is close to the critical point of water, which as will be shown
n Section 4 only occurs with some process conditions at the inlet
f the static mixer or at the outlet of the reactor. The same limita-
ion and the same solution were found by other authors working

n CFD simulations of SCWO reactors with Fluent [29]. The table of
ater Cp vs. T used in simulations is provided with this article as

upplementary Material (Table S1). A figure presenting a compar-
son between the real enthalpy of water and the calculations with
he broadened profile, which demonstrates that the broadened Cp

ig. 3. Comparison of experimental and calculated temperature profiles, (a) CFD model, (
apacity, (c) simple flow model with mass-averaged heat capacity. Symbols represent expe
n the reactor are: r = 13 mm and L = 0.2, 0.8, 1.2 and 1.4 m; and r = 33 mm and L = 0.23, 0.6
ing Journal 158 (2010) 431–440

function yields correct values of enthalpy, is also provided in the
Supplementary Material (Fig. S2).

4. Results and discussion

4.1. Comparison with experimental results

Fig. 3(a) shows a comparison between experimental and calcu-
lated temperature profiles in the reactor. These profiles correspond
to an experiment performed with the 3rd design of the transpiring
wall (shown in Fig. 1) and with the following process conditions: a
feed flow of 22 kg/h with an isopropanol concentration of 8 wt% and
an inlet temperature of 633 K, with 19.2 kg/h of air as oxidant and a
transpiring water flow of 15.1 kg/h entering the reactor at 298 K. It
can be seen that the CFD model underpredicts the maximum reac-
tion temperature experimentally observed in the upper part of the
reaction chamber: The maximum temperature calculated with the
model is 830 K, and the maximum temperature observed in experi-
ments is 950 K. Fig. 3(b) and (c) shows comparisons of experimental
and calculated profiles obtained with the simple flow pattern model
[16]. In Fig. 3(b) the heat capacity of the fluid mixture has been cal-
culated with the Peng–Robinson Equation of State, and in Fig. 3(c)
it has been calculated as a mass-averaged heat capacity (Eq. (1)).
It can be observed that the simple flow pattern model with PR
overpredicts the maximum temperature, and that the model with
mass-averaged heat capacity underpredicts the maximum temper-
ature. The maximum temperature calculated with the simple flow
pattern model and mass-averaged heat capacity is 900 K. It can be
seen that the inaccuracy due to the calculation of the heat capacity
as a mass-average results in an underprediction of the maximum
reaction temperature in the simple flow pattern model as well as
in the CFD model, as it may be expected by comparing the heat
capacity obtained by mass average with the real heat capacity of
the fluid mixture [28]. In addition to this, some inaccuracy in the
results can be attributed to the simplifications introduced in the
model regarding the fluid mechanics in the static mixer and the
reaction kinetics (Section 3). In the simulations it has been assumed
that reagents are perfectly mixed when they enter into the reactor
and therefore reaction starts immediately. But in reality the reac-
tion does not start right at the beginning of the static mixer because
certain length of the mixer is required for contacting the wastew-
ater and the oxidant streams. Moreover, it is possible that a radical
reaction takes place once that a sufficient temperature is achieved,
with faster kinetics than those described by the mechanism used in
this work [30]. Locally faster reaction kinetics could produce higher
temperatures due to reduced possibilities for heat dissipation.
In Fig. 3(a) it can be seen that the results of the CFD model regard-
ing the outlet temperature agree well with experimental results:
the experimental value is 600 K, and the calculated value is 650 K.
Heat dissipation to the environment has not been considered in
the CFD model, and this simplification can have contributed to the

b) simple flow model with Peng–Robinson Equation of State for calculation of heat
rimental points and lines model results. The location of temperature measurements
5, 1.1 and 1.4 m.
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Fig. 4. Calculated temperature contours in the whole reactor (a). An enlargement of
the upper section of the reactor is shown in the second temperature contour (b). The
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experimental results when the upper part of the reactor was mod-
elled as a completely stirred tank reactor (CSTR). Furthermore, this
result indicates that although different flow patterns are observed
in other parts of the reactor, the section in which reaction is taking
place resembles a perfectly mixed CSTR reactor, which may have
alls of the static mixer are located near the centre of the reactor, and the reaction
hamber wall is located close to the external part of the reactor. The point in which
he reaction chamber wall begins to be transpiring is marked with a black line.

ositive deviations of calculated outlet temperature with respect
o experimental data. The model correctly predicts the nearly flat
emperature profiles that have been experimentally observed in
he lower section of the reactor. The temperature of the transpiring
ow is also well predicted.

Similar conclusions can be obtained by comparison of exper-
mental and calculated temperature profiles with other process
onditions. Such comparisons with several other process condi-
ions are provided as Supplementary Material (Fig. S3).

.2. Temperature, velocity and composition contours

In Fig. 4, temperature contours corresponding to a simulation
erformed considering the operating conditions described in Sec-
ion 4.1 are presented. It can be seen that the highest temperatures
re observed in the upper section of the reaction chamber, in the
rea in which the reaction chamber wall is not yet porous. In
his section, calculated temperatures reach values above 800 K. In
ontrast, temperature in the upper section of the transpiring wall
hamber remains low, at temperatures around 450 K. This temper-
ture only starts to increase near the lateral, transpiring section of
he wall. The transpiring flow is able to create a temperature gradi-
nt near the wall. This temperature gradient is particularly clear in
he surroundings of the point in which the wall starts to be porous.
fter this point, the transpiring water flow into the reaction cham-
er rapidly quenches the reaction mixture, and a nearly constant
emperature is observed in the rest of the reactor.

Temperature increase in the upper section of the reaction cham-
er is of course associated with the heat released by the oxidation.
ig. 5 presents the acetic acid composition contour in the reac-

or. It can be seen that in the static mixer, organic matter is only
artially converted into acetic acid, the slow-oxidizing reaction

ntermediate according to the kinetic scheme used. The conversion
o the reaction intermediate is completed only after the reaction
ing Journal 158 (2010) 431–440 435

mixture has entered into the reaction chamber. Due to the com-
paratively slow oxidation kinetics of acetic acid, a certain residence
time is required for completely oxidizing it which is longer than the
residence time inside the static mixer only. Because of this, high
concentrations of acetic acid are observed in the upper section of
the reaction chamber in Fig. 5. On the other hand, the concentra-
tion of acetic acid in the effluent is nearly zero, in agreement with
the very high oxidation efficiencies observed in experiments with
this reactor. On the other hand, this result supports the simplifi-
cations introduced in the model regarding the fluid mechanics in
the static mixer: even if with these simplifications (i.e. considering
feed and oxidant completely mixed already at the beginning of the
static mixer) the in the static mixer obtained with the model must
be higher than the conversion in real experiments, the progress
of the reaction in the static mixer is small, and therefore the sim-
plifications in the feed flow will have a small influence on final
results.

Calculated path lines are presented in Fig. 6. Colour of lines in
this figure indicates the residence time of fluid up to that point in
the reactor. It can be seen that one of the most notable aspects of
the fluid dynamics of the reactor is the existence of large recircu-
lation areas in the upper part of the reaction chamber. Moreover,
in this section of the reaction chamber, high flow velocities exist
(up to 5 m/s), with high turbulent kinetic energies and turbulent
kinetic energy dissipation rates (results not shown), demonstrating
a strong influence of turbulent flow in fluid mixing in this sec-
tion. These areas correspond to the section in which most of the
oxidation reaction progress is occurring, as shown in Fig. 5. This
result is in agreement with the results obtained with models based
on simple flow patterns [16], which showed good agreement with
Fig. 5. Calculated acetic acid composition contours in the whole reactor (a). An
enlargement of the upper part of the reactor is shown in the second contour (b).
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ig. 6. Calculated path lines in the whole reactor (a). Lines are coloured by residence
ime. An enlargement of the upper part of the reactor is shown in the second contour
b).

mplications concerning the reaction mechanisms in this reactor

uch as the occurrence of reactions with radicals. Calculated path
ines also show that shortly after the beginning of the porous sec-
ion of the reaction chamber wall, the reaction mixture is pushed
o the centre of the reactor by the inflowing transpiring water.
herefore, it can be concluded that the transpiring water flow is

Fig. 7. Temperature contours in the upper part of the reactor for different values
ing Journal 158 (2010) 431–440

accomplishing its function of protection of the transpiring wall.
This figure also shows that the residence time of the feed enter-
ing through the static mixer is of about 60 s, while the residence
time of transpiring flow can be as high as 320 s. In the lower part
of the reaction chamber, fluid velocities are low (0.1–0.5 m/s) and
turbulence has a smaller influence.

4.3. Analysis of the influence of process parameters

In this section, the influence of the main process parameters on
temperature profiles in the reaction chamber is discussed. Unless
otherwise specified, conditions used in simulations reported in this
section are the same already described in Section 4.1.

One of the process parameters with a stronger effect on reactor
performance is the transpiring flow ratio (TFR) [13]. This ratio is
defined as the relationship between the flow rate of transpiring
water and the flow rates of feed and oxidant, as it is shown in Eq.
(2):

TFR = transpiring waterflow (kg h)
feedflow (kg/h) + oxidantflow (kg/h)

(2)

Fig. 7 shows the calculated temperature contours in the upper
part of the reaction chamber. Process conditions considered for the
calculations of Fig. 7(b) are the same as in Sections 4.1 and 4.2,
which correspond to TFR = 0.4. In Fig. 7(a), TFR has been reduced to
0.2, and in Fig. 7(c), it has been increased to 1.0. It can be seen that an
increase of the TFR not only causes the apparition of steeper radial
temperature profiles after the point in which the wall becomes
porous, but also a reduction in the temperature of the upper, non-
porous section of the reaction chamber, due to enhanced heat
dissipation by conduction through the reaction chamber wall. An
increase in the TFR also results in a considerable decrease of the
temperature of the transpiring wall. Logically, with higher TFR,
effluent temperature is lower as a consequence of the global energy

balance. For this reactor design, it is advantageous to have sub-
critical temperatures (T < 647 K) in the lower part of the reactor, so
salts can flow out of the reaction chamber in an aqueous solution.
According to model results TFR higher than 0.6 are required for
this purpose. Experimental results indicate that lower TFR are suf-

of the transpiring flow ratio (TFR): (a) TFR = 0.2; (b) TFR = 0.4; (c) TFR = 1.0.
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tration which increases when the feed flow rate is increased. This
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ig. 8. Variation of reactor Useful Length (UL) with the transpiring flow ratio (TFR).

cient [13]. This discrepancy is a consequence of the overprediction
f reactor outlet temperatures as a consequence of not considering
eat losses to the environment, as already discussed in Section 4.2.

Another important consequence of an increase of TFR is a
eduction of the volume of the reactor in which temperature is suf-
ciently high for continuation of the oxidation reaction, defined as
he Useful Length (UL) in a previous work [13]. In this work, the UL
as been defined as the length in which temperature is above 740 K,
hich approximately is the autoignition temperature of 2-propanol

n water [31]. Fig. 8 shows the variation of UL with TFR at two dif-
erent radial positions. UL between 0.2 and 0.4 m are obtained, and
t is observed that UL decreases when TFR increases, in agreement

ith experimental results [13].
As already described in Section 1, the reactor has operated both

n a pilot plant designed for a maximum feed flow of 40 kg/h and
n a bigger plant for a feed flow of 200 kg/h. Therefore a study of
he differences in the performance of the reactor when feed flow is
ncreased within this range has been carried out. Fig. 9 also presents

emperature contours in the upper part of the reactor correspond-
ng to different values of TFR (0.2, 0.4 and 1.0), but with a higher
eed flow rate of 100 kg/h compared to the flow rate of 22 kg/h
onsidered in the previous simulations. As in the simulations per-

ig. 9. Temperature contours in the upper part of the reactor for different values of the tra
c) TFR = 1.0.
Fig. 10. Variation of the concentration of acetic acid in the effluent as a function of
feed flow rate and TFR (ordinate axis logarithmically scaled).

formed with a lower flow rate presented in Fig. 7, Fig. 9 shows that
an increase in TFR results in steeper radial temperature profiles as
well as a global reduction in the temperature in the upper, non-
porous section of the reaction chamber. However, comparison of
Figs. 7 and 9 shows that higher temperatures are achieved in the
reaction chamber if feed flow rate is increased even if the same TFR
is maintained. This can be explained by the fact that the amount
of heat released by the reaction increases when the feed flow is
increased, while the surface available for heat dissipation is con-
stant. Moreover, by comparing Figs. 7 and 9 it can be seen that the
temperature of the transpiring wall is lower when the feed flow is
increased with a constant TFR.

A further effect of increasing the feed flow rate is shown in
Fig. 10. This figure presents the variation of acetic acid concen-
tration in the effluent as a function of feed flow and TFR. Very
low concentrations are obtained with most operating conditions,
demonstrating the high efficiency of the process. The exception is
the results with TFR = 1.0, which shows a certain acetic acid concen-
result demonstrates that when flow rate is increased, lower TFR
are required in order to achieve high waste destruction efficiency.
With a lower TFR, a higher temperature is reached in the reaction
chamber which compensates the reduction in the residence time

nspiring flow ratio (TFR) with feed flow rate of 100 kg/h: (a) TFR = 0.2; (b) TFR = 0.4;
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ig. 11. Temperature contours: (a) transpiring wall design 1, all the transpiring w
orous; (c) transpiring wall design 3, the upper cup and the upper section of the cy

n the reactor caused by the increase in flow rates. The combina-
ion of this result with the previous observation that indicated that
ower TFRs were required to cool the transpiring wall down to the
ame temperature when feed flow rate is increased, allows con-
luding that for operation at high flow rates, lower TFRs than those
equired with low flow rates are adequate. On the other hand, for
chieving the sub-critical temperatures in the effluent required for
issolving the salts, a constant TFR is required as indicated by the
lobal energy balance. Therefore, for operation of this reactor with
igh flow rates, the injection of a second stream of cool water in the

ower part of the reactor would be appropriate. With this solution,
t would be possible to operate the reactor with a relatively low
FR in order to protect the wall and to allow reaching sufficiently
igh temperatures in the reaction chamber, and at the same time to
ool the effluent down to sub-critical temperatures with the second
ater stream.

The SCWO can also be carried out using pure oxygen as oxidant
nstead of air. Simulation results (shown in Fig. S4 of Supplemen-
ary Information) demonstrate that if oxygen is used, a smaller
eactor volume and therefore a shorter residence time is required
or completely oxidizing the acetic acid. The reason for this is that
itrogen in air acts as a diluent and a temperature buffer. Therefore
hen pure oxygen is used, higher temperatures (with a maximum

emperature of 930 K in the case of operation with oxygen, com-
ared to 870 K when air is used) and higher reaction rates can be
chieved. Therefore it is possible to increase the treatment capacity
f the reactor by using oxygen instead of air as oxidant.

The model has also been used to analyse the effect of the tran-
piring flow inlet temperature, which is another important process
arameter. Three inlet temperatures have been tested: 298, 473
nd 673 K. The variations observed in the flow path lines are min-
mal (shown in Fig. S5 of Supplementary Information). Therefore,

transpiring water flow with a high inlet temperature has equiv-

lent capacity for protecting the transpiring wall as a colder flow
ith respect to the separation of the flow lines from the wall. On

he other hand, if the inlet temperature of the transpiring flow is
ncreased, temperature in the reaction chamber is decreased to a
porous; (b) transpiring wall design 2, the upper cup of the transpiring wall is not
al element of the transpiring wall are not porous.

lower extent by heat transfer. Therefore, if the temperature of the
transpiring water is increased, it is possible to operate the reactor
with higher transpiring flow rates without quenching the reaction.
The maximum allowable temperature of transpiring water is lim-
ited by the resistance of the porous material to high temperatures,
which in the case of the Ni-alloy used in the reactor of the University
of Valladolid is 873 K.

4.4. Comparison of different transpiring wall designs

As described in Section 2, three different transpiring wall
designs have been tested with this reactor. Fig. 11 shows a compar-
ison of temperature contours in the upper section of the reaction
chamber. Process conditions considered in these simulations are
the same described in Section 4.1. In comparison with the temper-
ature contours obtained with transpiring wall design 3 (according
to the nomenclature used in Fig. 1), it can be seen that both with
designs 1 and 2, lower temperatures are observed in the upper part
of the reaction chamber (with a maximum temperature of 760 K
with design 1 and 770 K with design 2, compared to 830 K with
design 3). The reason for this is that with designs 1 and 2 the tran-
spiring flow is already flowing into the reaction chamber in the
upper section and therefore the reaction mixture is cooled down to
a higher extent. Because the reaction mixture is cooled down more
rapidly with transpiring wall designs 1 and 2, it can be concluded
that these designs are less appropriate for diluted feeds, because the
oxidation would be quenched before being completed, but they are
more appropriate for very concentrated feeds because they allow
a better control of maximum reaction temperatures.

Another feature that can be observed in Fig. 11 is that the tem-
perature of the upper part of the transpiring wall is very similar with
all three designs (600–620 K). On the other hand, Fig. 12 shows the

flow path lines in the upper section of the reactor with the three
transpiring wall designs. It can be seen that when the lateral sec-
tion of the wall is transpiring in all its length, as with designs 1
and 2, the reaction mixture is effectively pushed away from the
transpiring wall already in the upper part of the reaction chamber.
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ig. 12. Flow path lines: (a) transpiring wall design 1, all the transpiring wall is
orous; (b) transpiring wall design 2, the upper cup of the transpiring wall is not
orous; (c) transpiring wall design 3, the upper cup and the upper section of the
ylindrical element of the transpiring wall are not porous.

n contrast, comparing the path lines obtained with designs 1 and
, it can be seen that the flow pattern in the upper section of the
eaction chamber is almost identical regardless if the upper cup of
he wall is transpiring or not: the reaction mixture flows out of the

ixer at relatively high velocities (approximately 5 m/s) and flows
p until it collides with the upper cup of he wall. The transpiring
ow, on the other hand, flows into the reaction chamber at low
elocities (approximately 0.005 m/s) because it is homogeneously
istributed along the entire transpiring wall, and it is unable to push
he reaction mixture leaving the mixer away from the upper cup.
or this reason, the upper cup of the transpiring wall can be sub-
ected to harsher conditions and sustain more damage due to high
emperatures and corrosion than the remaining parts of the reactor.
ndeed, it has been experimentally observed that the upper cup of
he reaction chamber suffered more damage during operation than
ther parts of the transpiring wall [13]. Because sinterized, porous
etal is less corrosion resistant than normal metal sheets it is rec-

mmendable to use non-porous metal sheets for construction of
he upper cap of the transpiring wall, as in designs 2 and 3.

. Conclusions

A computational fluid dynamic (CFD) model of a transpiring
all supercritical water oxidation reactor has been presented. The
odel has been validated by comparison with experimental results,

nd the influence of different process conditions as well as of the
esign of the transpiring wall has been analysed.

It has been observed that the main limitations of the model are
he calculation of the fluid mixture heat capacity as a mass average
f pure component heat capacities, as imposed by the restrictions

f the code used for simulations, and the simplifications regarding
he flow in the static mixer, which has been considered monopha-
ic although in reality a biphasic gas–liquid flow exists until the
eaction mixture is heated up to supercritical temperatures. Due to
hese simplifications, the model underpredicts maximum reaction
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temperatures by approximately 100–150 K depending on process
conditions. Reactor outlet temperatures and effluent compositions
are well predicted by the model, with maximum deviations of 50 K.

In agreement with experimental results, simulations show that
the transpiring water flow ratio (Eq. (2)) is one of the main process
parameters that allow controlling the maximum reaction tempera-
ture as well as effluent temperature, which has to be sub-critical to
ensure that salts are dissolved in the effluent in order to avoid clog-
ging of down-flow lines. If feed flow is increased, a lower transpiring
water flow ratio is required to reduce the maximum reaction tem-
perature and transpiring wall temperatures to the same extent. It
has been shown that reactor capacity can be increased by using
pure oxygen instead of air as oxidant.

The behaviour of different transpiring wall designs has been
tested. It has been shown that reaction chamber walls with a non-
transpiring section are more appropriate to treat diluted feeds,
because they allow reaching higher reaction temperatures before
the oxidation is quenched by transpiring water. On the contrary, a
completely transpiring wall is more adequate for controlling max-
imum reaction temperatures with more concentrated feeds. It has
been shown that the upper part of the reaction chamber sustains
the harsher conditions due to the contact with the hot reaction
mixture leaving the static mixer. The use of a transpiring, porous
material in this section of the reaction chamber has a very small
impact on the flow pattern in the reaction chamber, and there-
fore it is recommendable to use a more durable, non-porous metal
sheet for construction of this part of the reactor instead of a porous
material.
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