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Abstract

The simulation of the Supercritical Water Oxidati@CWO) process is a crucial step to
optimize and to scale up this process. A simulatimws us to know easily the optimization

of changes in operating conditions and the perfaceaof new modifications previous to

their implementation in the process. Many attentise been carried out successfully to
simulate the SCWO process in steady state, howewvdy, a transitory state simulation is

suitable to explore the start-up and to reducentrgetic requirements.

The software used in this work have been both E®ging Equation Solver (EES) and

Matlab. The combination of both programs is reglbwerful to solve complex engineering

problems and simulations involving thermodynamigadperties. The main development of
the model has been carried out with Matlab, and EBS been used to determinate the
properties of compounds, because EES counts orga thermodynamical properties and
models database for many compounds.

In this work, a transitory state simulation is buwip for the tubular reactor of the supercritical
water oxidation pilot plant located at the Universif Cadiz. In the course of the start-up, the
pressure is remained constant at 250 bar and thgetature is continuously increased until
the reaction of oxidation release enough heat t&kemthe process energetically self-
maintained. A preliminary model has been built mley to know those requirements of
energy, the working pressure is approximately 2&04dmd the flow rates are 25 I/h for liquid

stream, composed by a mixture of 3% isopropanaitetil in water, and 90 g/min for air

stream used as oxidant.

The main problems are both, that the transitoriestanot a well-known field and there are a
considerable number of mathematical expressionsved, being many of them interrelated,
so the whole system is quite complex to solve out.

INTRODUCTION

Supercritical water oxidation (SCWO) is a high temgture and pressure process whose
operational conditions are above the critical pahthe pure water (E374°C and 221
bar). Above the critical point, water exhibits wmqgphysical-chemical properties that make it
an effective reaction medium for the oxidation gjanic and inorganic compounds [1], being



possible to carry out all oxidation reactions irsiagle reaction phase (no mass transfer
limitations), with very high reaction rates (rembwdficiencies >99.99) and non-harmful
products, allowing the effective treatment of aewdriety of industrial wastes [2,3].

In a conventional SCWO waste treatment systemtedéigjueous organic waste is combined
with oxidizer at elevated pressure and temperatugereactor for residence timesthe order

of 10 to 15 seconds. Several steps are needed th atothose conditions, including
pressurization, heating, reaction, cooling, depmezaation and phase separation. The process
is totally enclosed up to the point of final disayg to the environment, facilitating post-
processing and monitoring prior to release. Fronem@vironmental perspective, the resulting
effluent complies with the strictest environmenmtggulations and can be disposed of without
further treatment [4]. In fact, it is a techniqueat is superior to conventional disposal
technologies. This feature is especially useful nviieeating highly toxic or radioactive
wastes.

In many cases, excess heat of reaction can beeembvor use within the process, or even,
for external purposes. With organic concentratiabsve 3%, the SCWO process is self-
sustaining and the energetic integration of thecgse can be achieved. In this way,
water-soluble fuels, such as ethanol or isopropatent be added to the waste to help the
support of the oxidation reactions.

In the last decade, significant advancements haee made, for example, in areas related to
corrosion control [5], proper handling of insolublsalts [6], efficient reactor
configurations [5], and to determinate the oxidatmechanisms and kinetics for a variety of
chemical compounds [7]. But despite those improves)eSCWO has not been fully
developed at industrial scale and it is necessaknow perfectly how the reactor behaves to
avoid current limitations. That is where simulatitmols play an important role in order to
scale-up of this technology at industrial scale.

Many attempts have been carried out successfulthensimulation of SCWO in stationary
state [8]. Several authors [9-12] have used comiaderomputational fluid dynamics (CFD)
software such as MODAR®, FEMLAB® and FLUENT® to debe the flow characteristics

of SCWO in tubular reactors. These studies aredbaseunidimensional or bidimensional a
steady state models and have had as purpose tomdetethe final conversion and
temperature profile that can be achieved in a cea@nly a few papers [13,14] have been
reported on the response of a SCWO reactor tongitoay phenomena such as those present
during the start-up, or to a sudden change in tbhegss conditions, which is more important
than predicting the steady state reactor profbesause the possibility of reaching runaway
conditions or the formation of hot spots inside i&ctor must be analyzed and avoided.

In this work, a transitory state model is build inporder to simulate the tubular reactor of
SCWO pilot plant in the University of Cadiz. Thedy of the transitory response is important
for scaling-up the process because it allows ondetermine the optimal temperature and
feed concentration that guarantee a safe operdtios.also important to reduce the energy
supply during the start-up of the process, to sateuthanges in operating conditions or in the
implementation of a new improvement to the process.



Isopropanol has been chosen as a model compoundrity out the simulation due to its
excellent representation of water—soluble orgaommounds.

MATERIALS AND METHODS

The supercritical water oxidation pilot plant o&étbniversity of Cadiz was design to be able
to treat 23kg/h of aqueous wastes operating awovthlly, that is, the thermal energy of the
effluent reactor is used to preheat the feed stsedworeover, the SCWO pilot plant includes
an electrical heating system in order to supplyrgnelemand during the start-up step, so,
when reactions heat is high enough to preheat fe®ti streams and to reach the initial
temperature, the electrical preheatoan be turned off and the pilot plant would be able to
work under autothermal conditions which is a maspext of the process to minimize

operating costs. In addition, due to the high pressand temperature conditions, several
safety components were included in the design andtauction of the pilot plant.

This pilot plant facility includes two independdeed streams. The aqueous feed stream is
pressurized up to 250 bar with a high pressuradigump and the air stream is pressurized
by a high pressure compressor. Both feed streaensegrarately preheated in counter-current
heat exchangers using the effluent from the redotbeat the feed stream up to 400°C. Once
the oxidant and the organic compounds are mixéigattemperature, the oxidation reactions
take place really fast, releasing an important amhai heat. The main equipment is the
tubular reactor which is made of %" stainless|séé8l 316L pipe with a total volume of
1.2 L. In order to minimize the lost of the heabguced by the oxidation reactions of the
wastewater, this reactor is surrounded with a thérshield. A first counter-current heat
exchanger is used to preheat the liquid feed viithdffluent of the reactor and the effluent
then crossed a second counter-current heat exchengeeheat the air feed. A final cooler is
used to decrease the effluent temperature to b80M2, before it reached the back-pressure
regulator, which is employed for depressurizati@nally, the gas stream was separated from
the liquid stream in the gas/liquid separator. Tdwmposition of the gas stream is
characterized using a continuous gas analyzer.ré&igjushows a schematic diagram of the
pilot plant facility.

Figure 1. SCWO pilot plant in the University of Cadiz
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The software used has been MATLARL5] and Engineering Equation Solver (EES) [16].
MATLAB ® is a high-level technical computing language amigractive environment for
algorithm development, data visualization, datdysis and numeric computation. The main
programming of the model has been developed withTM®B in order to solve the
differential equation using their numerical methoB&S has been used to determine the
properties of the present compounds. As distinguidghom other commercial software, EES
provides many built-in Mathematical and thermopbakiproperty functions useful for
engineering calculations. In addition, EES counadhermodynamic and transport properties
of many substances, including steam, air, refrigistacryogenic fluids, JANAF table gases,
hydrocarbons and psychrometrics.

RESULTS

The mathematical expressions needed to represenprtdtess in transitory state are quite
complex to solve out with the usual mathematicalsoThe numerical modelling requires the
simultaneous resolution of mass and energy balamte chemical species conservation
equations. The momentum equation does not take aotount because pressure remains
constant and it can be neglected. The equatiorersyss simplified for compressible and

Newtonian fluid with respect to a control volume.

Global Mass Balance:

0
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wheremis the masst is the time and] is the flow rate.

Species Mass Balance:

0
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wherem is the mass of componeint’J; is the flow rate of componentandr; is the reaction
velocity of component

General Energy Balance:
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whereU is the specific internal energhi is the specific enthalpy; is the velocity,z is the

elevation above a datum levgljs the local acceleration of gravif,is the reaction heat and

W is the work.

In this case, there is not work in the system dred otential and kinetic energy can be
neglected because both are much smaller than pgthHdbreover, the reactor is considered
adiabatic, so the heat loss is not taken into atcou



The kinetic model must allow the prediction of tB®D conversion with respect to oxygen
supply. The global rate expression used in the Isiiom was obtained from a previous
experimental work [17] and can be expressed asvisll

oo == 10) - Ate)- £+ |feool do ¥ @
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whereA is the pre-exponential constai, is the activation energy is the universal gas
constant, R = 8.314 J /(mol KJ, is the temperature in Kelvin and COD and &e the
concentrations in mg /I.

According to the literature [18], the heat of réawctfor the oxidation of isopropanol is given
with AHgon= 31800 kJ/Kkg.

The thermodynamical and transport properties ofafganic compounds are only known at
pressures and temperatures far from critical catit However, the mass percentage of this
compound with respect to the total mass flow isveen 1.5% and 3% for all the conditions
studied, so the fluid properties were considerebetdhe same as for water. This assumption
is consistent with most SCWO simulations reportedhie literature. For each pressure and
temperature considered, the properties of all phemical species were calculated with the
code EES [16]. For those analyses where a uniqui fproperty is required, the
corresponding magnitude was evaluated through a mmasage using the follow expression:

B (pm)=- 2T (D)
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where B; is the propertyi of the pure chemical specigsevaluated at pressunge and
temperaturd, andm is the mass flow gt

The set of transitory equations are solved by aarioal method which calculates, all the
time, the temperature, velocity and concentratidine spatial derivatives are developed by
the finite difference method with a fixed spatisdés And in each time step, the spatial
calculations are iterative in order to take intocamt the high variations of thermal

properties.

The operating pressure is 250 bar, the initial terafure is 400°C and the range of time
calculation is between 0 and 200s. The flow rates2& I/h for liquid stream, composed by a
mixture of 3 % isopropanol diluted in water, and @fin for air stream. The reactor fluid
temperature and the evolution of COD are showrignres 2 and 3, respectively.



Figure 2: Evolution of Temperature in the reactor along threet
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Figure 3: Evolution of COD profiles in the reactor along ttime
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As we said before, the range of time calculatiobesveen 0 and 200s, however, in previous
figures we can observe that the time requestedaolr stationary state is approximately 22 s,
where the exit temperature is 507°C and COD inr&eetor is 1.5 kg @m®. In these
conditions, the maximal COD conversion of the reats 87.35%.

Also, other important parameter to know in thetstigr of the reactor with isopropanol, is the
energy necessary to achieve the stationary stdteeinondition described, that in this case is
approximately 5 kW that is produced for the reat®mergy without taking into account the
reactor heat losses, because the reactor was eocesiddiabatic in the present model.

CONCLUSION

This work is an important step to know unsteadysptaf phenomena which can occur in a

reactor for hydrothermal oxidation in supercritiealter. The development of simulation tools

in transitory state is an important step for sgplip SCWO processes, because the
predictions of temperature and concentration @sfdre useful for making a good description
of its operation and its energy requirements dutivegstart-up of a plant.

Matlab and EES have revealed itself as a very plolierol to develop transitory simulations,
due to its wide thermophysical database and teasy and predictive interface, as well as its
powerful solve engine and its plotting features.e T$imulations with Matlab and EES
software of the SCWO of isopropanol, which makessgue to assure that the software can
be used for modelling and simulation with the peeof optimizing the supercritical water
processes.

The model proposed is an original contribution tedict the system requirements in
transitory state during the start-up of a SCWO terawith isopropanol. At the conditions
simulated (operating pressure is 250 bar, inigaipgerature is 400°C and flow rates are 25 I/h
for liquid stream and 90 g/min for air stream) tirae needed to reach stationary state is
approximately 22 s, where the exit temperatur®i®6 and COD conversion of the reactor is
87.35%.

A Transitory State Simulator allows the predictiohtemperature and COD conversion to
optimize the operating conditions and determine tmimal temperature and feed
concentration that guarantee a safe operation., Adgmossible to predict the energy supply in
the start-up and the necessary time to achievestii@onary state in order to minimize
investment and operating costs.
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