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DESIGN AND OPERATIONAL PARAMETE:S OF TE. A NSPO}' TABLE
SUPERCRITICAL WATER OXIDATIO™
WASTE DESTRUCTION UNIT

by

Robert D. McFarland, G. Ray Brewer, and Cheryl K. Rofer

ABSTRACT

Supercritical water oxidation (SCWO) is the destruction of hazardous
waste by oxidation in the presence of water at temperaturcs and pressures above
its critical point. A 1 gal/h SCWO waste destruction unit (WDU) has been
designed, built, and operated at Los Alamos National Laboratory. This unit is
transportable and is intended to demonstrate the SCWO technology on wastes at
Department of Encrgy sites. This repon describes the design of the WDU and
the preliminary testing phase leading to demonstration. .

1. INTRODUCTION

Supercritical water oxidation of organic, biological, and selected inorganic materials appears to be -
- rapid, nonselcctive, and complete in a single stage of a supercritical water oxidation wastc destruction unit.
It is a promising technology for the destruction of many of the wastes found in the Depantment of Encrgy
(DOE) nuclear weapons production complex, as well as for wastes produced by the Department of Defense
(DOD) and industry. It sccms to be particularly well suited for radioactive mixed wastes, explosives, and
other "high-risk” waslcs.

Oxidation in supercritical water is a sclf-sustaining, low-temperature chemical reaction. Allhough
oxidation in supercritical water has superficial similaritics to combustion, it apparently is sustained by a .
free-radical chain reaction in the absence of a flame and at a much lower temperature than incineration.!
An oxidant, such as air, oxygen, hydrogen pcroxide, or another suitable compound, must be present to
achieve the completc destruction of organic compounds and oxidizable inorganic compounds that produce
water, carbon dioxide, and othcr innocuous compounds. _

Above the critical point of water (22.12 MPa, 374°C; Fig. 1), many organics are miscible with
water, and no phase pantition inefficiencies arc encountered. The solvent propertics of supercritical water -
arc different from those of liquid water; nonpolar compounds are more soluble and salts arc less soluble in
supercritical water than in liquid water. Transport propertics (diffusivity and viscosity) arc gas-likc. The
ovcrall reaction rates arc rapid, cven though the tempceratures are low relative to incincration (residence
times arc measured in scconds at 600 to 700°C). At the relatively low process temperatures
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Fig. 1. Phase diagram for water. Not drawn 1o scale.

(less than 700°C), essentially no oxides of nitrogen arc expected. The process pressures (24 1o 35 MPa)
lead to relatively high fluid densitics with small process reactor volumes. Thesc pressures, while relatively
high, arc within conventional industrial practice. The process is fully contained, with full control of all
cffluent streams. Thc process appears (o be inherently controllable, with the water acting as a heat transfer
medium as well as a solvent (or carricr fluid for slurries).

. Many organic wastes, including common industrial materials (such as solvents, greascs, lubricants,
paints, polychlorinatcd biphenyls (PCBs). and machining oils). organic components of mixed radioactive
wastes; and organic components in process wastewater, including solvents, explosives, plastics, and paper.

. are candidates for destruction by supercritical water oxidation. Certain high-risk wastes, including

explosives, high-level radioactive wastes, and extremely toxic chemicals, are also candidates. Sclected
inorganics, including cyanides, nitrates and perchlorates, have also been shown to be candidates. Other
candidate wastes include contaminated groundwater, soils, and sediments.

A wide range of scalc appears to be possible for different applications, Small-capacity units mlgm
bc designed for intermittent destruction of wastes gencerated in a single laboratory. Such units might fiton -
abenchtop. Mid-sized mobilc units might bc mounted on a truck or trailer for on-sitc use, Units with
larger capacities might be permancntly attached to fixed facilitics for process wasices, and it is conccivable

that very large facilitics might be built for decontamination of aquifers, ponds, or lakes. Different designs, - '

both of the reactor vessels and of the overall sysiems, will be mandated by different applications. Systems
for handling solids, such as soils or process parts, will requirc designs d:fferent from thosc uscd for
handling liquids or slurrics. A very large facility might be dcsngned for m-glound placcinent using oil-ficld
technology.
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Because watcer is the reaction medium, the process is potentially advantageous for a variety of
aqucous wastes. Many such wastes have relatively low concentrations of oxidizable compounds. Designs
that optimize heat recovery and minimizce the need for auxiliary fuels or additional oxidizable wastes will
be needed for such wastes. V'ue technology is not restricted to aquecous wastces, however, and its desirable
-characteristics arc likely to lead to its application to nonaqueous wastcs in dissolved or slurry form. The
‘design of a supercritical water oxidation waste destruction unit is sensitive to the concentration of the
‘oxidizable waste and to its heat of oxidation because of the need to remove heat gencrated by the oxidation
‘reaction from the supercritical fluid mixture. For a waste destruction unit intended to process a variety of
wastcs, such as a mobilc unit, the optimum concentration of waste in water is a key variable that will
depend both on the nature of the waste and on the design of the unit. Onc engincering parameter to be
-considered in the design of a plant is the waste concentration that gencraics enough hcat to maintain the
‘reaction but docs not raisc the temperature of the walls of the processing vessel beyond design limits, Al
‘other factors being the same, both the reactor and the system designs can be quite different, depending on
the concentration. Waste concentration can be controlled. Pure or highly concentrated wastes can be
“diluted with water, and fuel or oxidizable wastes can be added to wastces in low concentrations.

In addition to throughput, typc of waste, and concentration, many other factors also influcnce the
engincering design of the reactor and the overall system. Additional factors that influence the engincering
design are residence time in the reactor (determined by the kinetics of oxidation of the waste); physical
state of the wastc and its oxidation products. including the necessity for salt separation; corrosiveness of the
- wastc and oxidation products; availability of rcliable componcents; and specific safety problems associated
with somc wasics. , :

There is a body of industrial experience in handling high-purity supcrcritical stcam in clectric:id
power plants. Morz than 150 electrical power supercritical units arc operating i the United States, most of
which are rated between 500 and 800 MW, Expericnce shows that these superceritical power plants provide
significant efficicncy benefits; comparable outage rates, after an initial lcaming period; and relatively small
added maintcnance costs. As a group, their biggest drawback has been that plant stant-up takes too long
and is too complex to allow U.S. plants to be used for on-off cycling.2

Tne Los Alamos National Laboratory is investigating supercritical water oxidation for the DOE
Office of Technology Development and for the Air Force Civil Engincering Suppon Agency (Tyndall Air
Force Basc, Florida). The DOE program consists of two scparatc tasks: a Rescarch and Development
(R&D) 1ask and a Demonstration, Test and Evaluation (DT&E) task. The purpose of the DT&E task is 10
obtain the information nccessary for cvaluating the technology in preparation for an industrial
demonstration and for the process development and scalc-up needed to apply the technology to priority
wastes, including mixcd wastes, in the DOE complex. The purposc of the R&D task is to support the
DT&E task by gining an ‘nderstanding of cenain characteristics of waste mixtures in supercritical water,
including the cquations ot state nceded for supcreritical reactor design, and to detemminc the mechanisms of
oxidation of wastes important to cleanup of the DOE complex in supercritical watcr as a basis for
“devcloping correlations for scalc-up and cvaluation of the process.

The major objcctive of this investigation is 10 help potential DOE and DOD uscrs cvaluatc the
technology. Sevcral privatc companics arc actively developing and marketing supercritical watcr oxidation
for waste detruction applicaiions in the chemical, petrochemical, and paper industrics. The design
approaches offcred by the ditfercnt companics vary. and it is important to be able 10 assist potcntial users in
cvaluating specific designs for particular wastes. In addition, the destruction of a number of priority wastcs
involves high risks or specialized processing rzyuircments (mixed wastcs, cxplosives, and propcllams for
cxamplc).. The application of supercritical water oxidation, particularly 10 high-risk wastcs, fcqmrcs
additional development and demonstration.

A transponablc intcgrated cxperimental system at a scale of approximately 1 gal/h was designed,
built, and used to investigate process variables. This design allows the interchange of reactor scctions, thus
cnabling us 1o study different desigas and materials The reactor scctien used for the initial tests is a
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tubular reactor. The remotely controlled waste destruction unit can also be reconfigured, with minimum

effort, to'obtain Jata ta variations in system design  This unit is iniended to develop an expericnce base on

operability Because it is transportable, it can b used to evaluate wastes within the DOE complex. In

addition 1o its ability to evaluate process and design issuea, this unit will be  .2d sor tests on specific

waste: at DOE sites 10 provide data (0. site operalors to usc in their cvaluation of the appllLJblhl) of

supercritical watcr oxid:tion (0 dhcir priorily wastes. ' :
This report descedes the transportable destru. “lon unit and e ~% gy, Sharacter. .ics.

1. DESIGN OF WASTE-D"STRUCT t 'N UNIT

A major precept .ot designing thy waste deaifu. -on unit has been ' provide a basic sysiem into
which various ica..or configurations could tv insertcd. The Basic Syst.s® Mses asupr’. and m..ing
subsyster  provide 3 mixed feed r the reactor and 4 cooldo wn and pressure letdo'wn subsystem for
postprocessing the reactor effluent. The cnnldownfletdown subsystem will eventually include soligs.
handlin comporents The umd i designed to meet or exceed ASME miechauical ~andar! - snable

"t eritical nperatic..s to be done remoicly. The system hus boen configured 1o fit on a frw T ootk tha
rough'v S fi x 12 ft x 6 ft high, and it can be nigked up as & uniy 51d " ansported on afiaca o il Ti
rotal height of the unit vasics widh the reactg:  #hiyit is mountéd ontop ol iy - It i fra work. The
exte.nal supplies required are 110V and 220-V, three-phiise elcctrica? , ower, 1€°° nsi comopressed air, and
rough!: 1 gal/min cooling - .ter. The dala acquisition, control, and monito:n snhsyste : consists 4
data acquisition xnd control unit, a controller, digital rcadouts, and manual switcies. These items ai.
~ nnected to the unit by instrumeniation-lines.

A schematic of the waste destruc,on mnus shown in Fig. 2 and pholo,,mphs Ol dha unit are showi
in Flp 3and 4. : e -

. Supply and Mixing Subsy

The supply and nyxing subrysicm dn.ludes fluid supply resen u.u. putiips 10 bri 2 the (luids t«
eperating pressure at the desins flow, and device for mixing the fi-:Y" L. fore they enter th,  _actor. A
50-. * sunply tank can be u..d for water or aqu..us - aste {ced to the sysiem. Do g the sy~ . chechout
~hasc described in Liis report, they. © s uecd ﬁr. G agrixture 0! aceton. . den zed water, then tur a
p- . Icioniz~d water {,.2 © tie @..nmew- pump  ihe fred  pumped g reactor opera g
- prcssure of about 4000 psi by a Miton Roy dup.g.x me . ring pump The max: . canacity of L. - pump is

2.7 ~m/h (139 mi/ms.ate or 2.3 g/s). but the nor inai opcratir '»oim ix 1 i gal. Theduple pmp
CON: 1in< WO Piston pusnps. n sefics Operating . ai) deg out of puase 1o 1c e pulsatins. Thero o sl
howeve., a considerabi. amou. . surge 1n the owlp-L This s.rec is damped Dy piston accumulato-
the w2ter line near the pamp and just before u.. stde - .. "¢, The accur:ulrors have atram ! m s of
«iron U back side of the pi::on such that the pistor .y 10", hall ¢ ressed 3t nperating nressure.
"~ A con:entrated orgaric stream ~an he introduce 4> the - ecyrized w ater line bya« are.
12 :tering pump.  For this operation we use a single pision Science Sysic.us, Incompnr.iy . 5>i) melering
- pump that €an vutput up to 10 mi/min. For the system checkout phase, ace .ne was used as a suiie i
wasic anc wis itl - mixed with th. water in the supply tans o. .iuduced throvizh the 51 mictering
pump. Al a nominal waicr flow rate of 1.1.gah.and 2% conceMratidit, the was:. flow i 1.8 miiin (0,023
g/s. for acei. "c). At this flow ratc the SS -cicring pump.speed 1y slow, <o » plenam is provided at the
point of injection into the water line to “old (e 1mount of -vater gprrcsponding v one nump-stroke o!f
~acetone, Following ih)s plenum-is'a 1-m straigh: line, whir : allows further mixing before oxygcn :
injecuion. This lin.: could serve as a ptchcatmg section. if n. - ssary
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Fig. 3 Wastc destruction unit showing some of the principal components. The cooldown and prc%um letdown and the sampling
components arc “iidden from view on the back side of the reactor.



Fig. 4. Reactor box before thermocouples, top insulation, and cover were installed. Power leads are shown in place, but arc not
yet welded onto the tubes: they are welded on in a vertical position.



Oxygen is supplied from standard 2000-psi bottles located on the rig. The oxygen is regulated 10
1500 psi and is fed into a Haskel double-acting two-stage gas booster, where it is compresscd to the
operating pressure of about 4500 psi. The operation of the gas booster is controlled by a pilot switch that
tumns the booster on when the outlet pressure drops to approximately 4350 psi and tumns it off when the
pressure reaches 4500 psi. The booster is air driven and, along with several pncumatically actuated valves
and clectrical current-to-pncumatic pressure (1/P) transducers, is supplied by a compressed air trailer. For
operation off-site, an air compressor can supply the required air. The booster output depends on the air
pressure, the oxygen supply pressure, and the oxygen output pressure, but it can probably supply oxygen at
a flow of at least 30 standard liters per minute (SLPM) at a pressure of 4500 psi in our system. A water
flow rate of 1.1 gal/h with a 2% acetone concentration requires an oxygen flow of 4.6 SLPM (0.10 g/s) to
supply two times stoichiometric oxygen.

Oxygen from the booster is collected in a 2-liter tcservoit or accumulator. At an oxygen flow of 4.6
SLPM and a booster pilot switch dead band from 4350 psi to 4500 psi, the booster tums on about every 4
to S min. A high-pressure oxygen regulator was installed to control the oxygen pressure at 4300 psi, with a
variation of only 20 to 50 psi. This regulator is dome-loaded with a self-venting hand regulator and a
nitrogen bottle in the control room. Between the accumulator and the regulator is a pneumatic ball valve
for positive oxygen shutoff. Another pncumatic ball valve, located at the booster outlet, can vent oxygen to
the outside. A Linde mass flowmeter is used to measure the oxygen flow rate. The output signal from this
meter goes 1o a digital pancl readout and to the data acquisition system for monitoring and control. To
control oxygen flow we use a pneumatically actuated control valve and an I/P transducer. A 4- 10 20-mA
dc signal is sent to the I/P transducer, where it is converted to a 3- to 15-psi proportional pneumatic signal
to the valve actuator,

After going through a check valve the oxygen is injected into the water/waste stream. The injector
consists of a 1-mm-diam, 40-mm-long hole for the water/waste stream, and a 1-mm-diam, 20-mm-long,
hole for the oxygen, intersecting the first hole at right angles. Before oxygen injection, the velocity in the
water/waste stream is about 1.5 m/s, the oxygen velocity is about 0.3 m/s, and the combined flow after
injection is about 1.8 m/s. Better mixing could be attained with higher velocities, but this would require
smaller injector holes. We did not use smaller holes because we were concemed about plugging the holes.
The combined flow out of the injector passes through a fine-mesh screen for further mixing.

We are careful to keep the entire oxygen system clean and to use only stainless steel and oxygen-
compatible seals (such as Teflon or Viton). A relief valve is set to open at S000 psi on the water line, and
the oxygen booster is provided with a relief valve set at 5000 psi, the maximum recommended ptcmm: for
pure oxygen. :

B. Cooldown, Pressure Letdown, and Sampling Subsystem

The mixed fluids are fed to the rcactor through a flange connector. At the outlet of the reactor ix
another flange, just upstream of the entrancc to the primary side of a cooldown heat exchanger or
condenser. These flange connectors allow relatively simple removal and replacement of the reactor scction.
A single-pass, counterflow, coaxial-tube heat exchanger cools the reactor effluent with on-site chill water.
For operation off-site, we could incorporate a recirculating water system, using a water-10-air heat
exchanger 1o reject the heat 1o ambient. Because of the small scale of the present waste destruction unit, it
is probably not useful to try to reclaim the waste heat. The cooled process fluid passcs through a single
letdown valve, where its pressure is reduccd to essentially atmospheric pressure. The letdown valve
controls reactor operating pressure. This control valve and I/P transducer combination is similar to that of
the oxygen control valve, except that the letdown valve is a normally open valve, whereas the oxygen
control valve is a normally closed valve. After the process stream passes through the letdown valve, it
enters an array of seven sampie bottles, allowing the entire flow to be diverted (0 a given bottle for a period



of time. The samplc valves are controlled remotely. When the cffluent is not being sampled, it passes into
a product tank that can be pressurized to 120 psi for complete containment of gaseous and liquid cffluent.

C. Reactor Subsystcm

The present reactor is a welded 50-ft length of Inconel 625 tubing, 0.188-in. i.d. by 0.308-in. 0.d.
This tube is accordion-folded (sce Fig. 4) to fit in a 3-ft by 6-ft planar arca. The tubing is supporicd by
hardboard insulation, with about S in. of alumina-fibcr insulation above and below the tubing. The reactor
is enclosed in a sheet aluminum box approximately 3 ft x 6 ft x 1 ft high, which is placed on top of the
sysicm framework. The desired operating temperature of the mixed fluids is achicved by direct clectrical
resistance heating of the first 20 f1 of rcactor tubing. This is donc in two parallel electrical circuits. The
first 6 ft, 8 in. of tubing comprises onc circuit, and the next 13 ft, 4 in. of tubing compriscs the other circuit.
In this way, the first third of the 20-{t heated scction produces two thirds of the total heating. This
configuration allows a higher peak fluid icmperature for a given maximum allowable tube wall temperature
at the end of the heated scction because the wall-to-fluid temperature drop is not as high in this lower
heating-ratc arca. At a temperaturc of 650°C, the Inconel 625 tubing has 2 maximum opcrating pressure of
5000 psi (thc maximum operating pressure of the system), so 650°C is the maximum operating (cmperature
of the tubing.

Electrical power is provided by a Hewlctt-Packard 6469C dc power supply that is rated at a
maximum cusrent of 300 A at a maximum of 36 V. At nominal opcrating conditions (1.1 gal/h of water,
2% or 1.8 mi/min of acctone, and about S SL.PM of oxygen), the total power draw is about 4 kW (263 A,
15.2 V). Power is supplied through 1/2-in. copoer cabics to three stainless steel leads welded directly to the
rcactor tubing: the common "hot” Icad in the middlc and "ground” lcads at cach end. With this
arrangement, clectrical potential differences are minimized between the heated portion of the reactor tube
and the rest of the system. The lcads arc about 8 in. long so that they cxtend above the reactor box. They
are sized to reduce heat loss from the reactor tube by offscting it with heating in the leads and to reduce the
- lemperaturc at the copper cable connection point to 200°C or lower. The connection temperatures ast
- monitored and have never gone above 160°C.

' The remaining 30 ft of reactor tubing is wrapped with relatively low-power clectrical guard healel'
10 offsct heat loss and to maintain a constant iecmperature in the last 30 it of reactor.
, The sizing of the reactor tube and the hcating profile was the result of many design analysis runs
using a onc-dimensional flow, heat and mass transfcr model. This madel is described in Appendix A. Tne
~ criterion uscd for the reactor design was 99.9999% (six “nincs”) destruction of a candidate waste (methy)
cthyl ketone (MEK) in this instance) at a concentration of 2% in water. The design flow rate (water plus
~ wasic) for thesc analyses was 1.0 g/s (about | gal/h). The oxygen stoichiometric ratio was taken to be 2.0,
and the fluid tcmpcrature in the portion of the reactor downstircam of the heated postion was constant at
650°C. Bccausc no kinctics information was available for the oxidation of MEK undcr these condilions,
. the oxidation rate cquation for carbon monoxidc® was uscd. The use of CO should be conscrvative in icrms
- of rcaction rates. It is possible that CO is an intermediate product in the oxidation of hydrocarbons and
oxygcnates. Even more conscrvative would be the usc of the rate for mclhanc which also may be an
intcrmediate prsduct. For the initial reactor, CO kinctics gave a practical length. -
' Figurc S shows the predicted performance of the present reactor using CO oxidation ralcs The
predicted destruction cfficicncy decreases rapidly with decreases in the maximum tube wall icmperature
- below 650°C, increases in acctone concentration above 2%, increases in flow rate above 1.0 g/s, or
increases.in heat loss above zcro. Without guard heating, the present reactor (with 6 in. of fibrous alumina
insulation abovc and below the tubc) has a heat loss conductance of roughly 0.1 W/m-C. Because we
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Fig. 5. Predicted "nines” of destruction using CO oxidation ratcs and required specific heating (total
heating ratc divided by total mass flow raie) for the preseni tube reactor. Shown are the cffects of varying
- (a) maximum tube wall tcmperature, (b) inlet acetone concentration, (c) total flow rate, and (d) heat loss
conductance. Values for these parameters, when they are noi the independent variable, are maximum wall
temperature = 650°C: inlet acctone concentration = 0:02: total flow ratc =.1.0.g/s; heat loss _.
conductance = 0. ' -
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belicve the use of CO oxidation rates in the predictions to be conservative, we do not expect the destruction
cfficiency to be as sensitive 1o these parumeters as predicted.

D. Data Acquisition and Control Subsystem

Data acquisition, control, and monitoring are accomplished with a Hewlcitt-Packard 3852A data
acquisition and cortrol unit »nd a Mac-tlfx Maclntosh desktop computer. Software for data acquisition,
control, and montoring was “Jeveloped within the framework of LabVIEW-2 graphical programming shell.
Var‘ous functional boards can be inseried into the Hewlcit-Packard 3852A. We are using a digital
veitneter and three 20-channel multiplexers (scanners) for data acquisition, a 4-channel digital-to-analog
cenvener (DAC), and a 1)-channel relay actuator for control. Three of the DAC channels are being used
for continuous conirol of the two vontrol valves (oxygen flow “nd pressure letdow n) and the de power
supply. The scenners arc used to sample voltages from 6 pressure transducers, 38 thermocouples, the
oxygen flow meter, 2 powcer supply circuit voltages, and 2 power supply current-shunt voltages. Of the 38
temperature measurements, 31 arc on the reactor tube (see Fig. 6), 1 is on the condenser outlet, 1 cach is on
lhc cooling walter inlet and outlet, 3 are on the pewer leads, and 1 is on the oxygen booster outlet.

A LabVIEW-2 prograin wiw developed to automate the various steps in data acquisition and
‘recording wnd certain control functions. The data steps are as follows:

Acquire the raw dita from the scanners,
Conven the raw data to engineening units with known calibrations. Thermocouple data

- are converted by the scanners. '

3. . Determine whether any of the channels designated as being “critical” are out of the

“prescribed Sounds. If any are, then the three DAC channcls are zeroed and the program
must be restanted before they can be given a nonzero value. Zceroing the three DAC
channcls means that the power supply gocs 10 zcro power output, the oxygen control
valve poes to full-closed, and the ictdown valve goes to full-open. This is considercd to
be the “shutdown” condition. Critical limits include any reactor-tube temperature over
700°C, any pressure over SOOC psi. any condenser outlet or cooling water outlet
temperature over 110°C. '

4. Rccord engincering data for all 60) scanned channels and for the DAC and rclay actuator

board scttings on a permancnt file, with a datc/time stamp.

S.  Display sclected Aata in real time in digital and graphical foim on the Mac-11fx display
monitor. Include all systcm pressurcs; an x-y plot of the reactor tube temperature vs.
distance from rcactor inlet, refreshed at cach scan; and continuous graphical strip chants
(value vs. time) of selected pressures, sclected reactor lcmpcralurcs. powcr-supply

- voltage, and oxygen flow rale.

1'd e

These steps (collectively rcfcrrcd to 45 a scan) are rcpc.alcd aa prcscnbcd time pc'lod At present, our
scan rate is onc scan cvery 5 s for 60 channcls.

Another LabVIEW-2 program replays the recorded data from a test, at any desired rate up to about
IWO Scans per sccond, displaying the same information as is displayed during the iest. In addition, the
recorded data filcs are converted 10 text files that are mnsmmed toa mamframe computer for back-up and
hlgh-qualuy color plollmg
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. Fig. 6. Sketch of reactor tube showing location of power leads and thermocouples.

. OPERATIONAL PARAMETERS

A. System Operation

 The first test was conducted on the waste destruction unit at the end of August 1990. Through April
of 1991, a total of 32 runs had been made on the unit, resulting in a total of 34 I. at temperature and
pressurc. Thrse runs were used to wring out bugs, cvaluate and change equipment components, develop a
- procedure for rapid and stable stant-up, and develop a standard operating procedure. A summary of the test
through Apnil 1991 is shown in Table L.

Modifications were made to the system to reduce the variations in system pressuics caused by
pumping » d compression pulsations. These modifications included adding a high-pressure oxygen
regulator and two piston-accumulator surge suppressors--one on the water linc near the water pump and
one just upstream of the letdown valve. In carly tests, we tried to control the oxygen flow witha Linde

mass flow controller, that is, a mass flow meter with feedback coupling to an integral solenoid valve.
" However, the solenoid valve was not strong enough to override pressure drops of more than about 100 psi.
Since the ox»¢-:. pressure vasied morse than 100 psi. the valve would oftcn shut down completcly, trapping
low presse . between the valve and the check valve. The valve would not open again until the upstream

-



- TABLE I. Summary of tests through April 1991,
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"~ Acetonc  Oxygen Pressure

Temp®

(9] (W)
3500-4000 360
3500-4000 600
30003500 500

3000 700
3500-4000 650

4000 700

- 37004300 700

3900 670
3000-4000 660

3900 550

4000 570

4000 610

2000 670

300 670
30004000 670
3000-5000 670
45003500 700

4000 600

4000 550

3800 580

3900 650
3500-4200  700.

4000 670

4000 680

3700 640

3700 630

3800 660
35003000 S50

3700 670
35004000 660

3700 620

Power

{3

3700
3700
5200
5200

4900

3700-

"4800

4300-
3200
4200
3500
3400
3750
3500

5300

4300

2700
2700

4300 -

2600
2300
2200
3700

3800

3300
4800

- 4300

4700

4900

4500
4800

Duration - Comments
00 Laxge pressure oscillations in O, shutdown. ‘
04 Pinhold developed in reactor tbe from heates short.
0.4 Oscillations as in Test 1.
. 04 Water pump leaks.
RN | --
.13 Water pump leaks; power .
decreased, but got sutomatic shutdown when
T>700°C. ’
16 Automatic T shutdown, large P oscillations.
1.0 -
12 Large, rapid P oscillations.
2 Automatic power-ramp control - not satisfaclory,
"Repetition of Test 10,
4.0 Improved O, flow, P conirol. Ran 4 h. Restart from
automatic shutdown due W clectrical spikc :
. 06 Aummauc shuldown due 10 spurious lhanxxouple rdg.
13 Stcad operation.
238 ' First use of HPLC pump for acetone injection. Large
oscillations in P, O, flow.
14 P oscillations.
1.1 Leaking water pumps caused T shutdown.
02 Traveling T spikes, leaking reactor exit flange.
14 Large. 5-min P/O, oscillations. turned acetone off and
: on; observed 150°C T change.
04 Large, rapid osciliations. Large P spvke caused
) shutdown.
1.1 Smell, rapid oscillations T dropped ~ 80'C when
, ac=tone feed tumed of!. .
0.7 P very sensitive to control.
1.1 5-min oscillations, but suppressed. possnbly duc 1o
second surge suppressor.
12 Generally smooth test.
03 Trial of onvoff feed-back loop control--not good.
1.2 Proportional feed-back control works well for O, flow.
w7 Sample bottle valved off; caused pressure spike.
‘ Proportional (only) control of pressare not sdequate
' because of time lag.
02 Could not establish acetone flow.
09 Relatively smooth on manual P&T control. Acetone on
300°C. ‘
20 Traveling T spikes. Acetone on at 360°C.
09 Smooth. Aceton= on at start.
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oxygen pressure was reduced by venting. With the addition of a regulate.,  achicved a better oxygen
supply pressure, but it was still difficult to maintain a low pressurc drop across the valve. For accurate
oxygen flow control, the pressurc drop across the control valve should be as high as possiblc. As a result,
we replaced the solenoid valvc in the flow controller with a pncumatically actuated control valve. This
valve has the potential of becoming a flow controller, using the data acquisition and control (DA&C)
system in the loop, although the response ratc will be limited to the scan rate of the DA&C system.

Most of the tests were run with 1.1 gal/h water flow, either 2% or 3% acetonc, and at lcast two times
stoichiometric oxygen. Some tests were run with no oxygen or acetone, some with acelone only, and some
of the early tests with as much as cight times stoichiometric oxygen becausc of oxygen flow control
problems. At onc point the water pump scals were lcaking so badly that about 25% of the water flow was
going on the floor, resvlting in an input acctone concentration of about 4% instcad of 3%. The pump scals
were replaced and no scrious lcakage probiems have occurred since.

In testing without oxygen, it was difficult to conirol the system pressure in the abscnce of the
pressurc-pulse dampening of a compressiblce fluid. This was particularly true in tests with acetone and no
oxygen. In thesc tests it appeared that there was a recaction at opcrating temperature. Although this
reaction was not highly exothermic, it scemed to be very sensitive to pressure. This sensitivily may have
been the thermolysis of acetonce to methance and carbon monoxide.

Qualitative gas analyses were made of the effluent on at Icast one of the tests run with acctone but
no oxygen. The analyscs showed significant amounts of mcthanc and carbon monoxide, as well as some
hydrogen and some unidentified higher molecular-weight species. Acetone vapor was significantly
reduced, but still present. The formation of three moles of gas from one molc of acetone could have
providcd pressure surges. Because the pressure would also be sensitive to the reaction as a result of density
changes, a highly unstable condition wr.uld occur.

Scveral tests were run with nominally 3% acctone and roughly two times stoichiometric oxygen. In
these tests, the power was ramped up relatively quickly. When operating temperature was reached, a long
(about 5-1nin) oscillation in pressure and oxygen flow (and to a lesser degree, temperature) was obscrved,
with no changes in power, oxygen valve sctting, or letdown valve setting. The amplitude of the
oscillations was about 500 psi on pressurc and almost S0% of maximum oxygen flow.. Once staried, the
-oscillations scemed to be self-feeding. When the system pressure drops, the oxygen flow increases because
~of an increased pressure drop across the oxygen control valve. When the oxygen flow increascs, the system
pressure increases with a delay. The delay occurs because of the compressibility of oxygen and the system
. .volume between the oxygen valve and the lctdown valve. When the system pressure increascs, the oxygen
" flow decreases. Then there is a delayed drop in the system pressure, after which the cycle starts all over.
When the acetone feed was shut off, the peak rcactor temperaturc dropped about 200°C and the
. .pressurc/oxygen flow oscillations stopped. When the acetonce feed was tumed on, the reactor temperature

_returned to its former valuc and the oscillations started again, but with a much smaller amplitude. Figure 7
shows pressures, reactor temperatures, and oxygen flow as a func‘on of time for Test 16. The oscillations
“are clearly shown, as are the cessation of oscillations that occui..d when the acetone was tumed off at
‘about 10.45 h and the restart that occurred when the acctone was tumed hack on, just before 10.80 h.

The oscillations appear to be triggered by the rcaction, but whether this is caused by variations in the
acctone concentration or by some other phenomenon, we do not yet know. The temperature oscillations
(which also disappear when the acetone feed is turncd off) seem to result from the pressure oscillations
because they appear only in the heated region of the reactor where the fluid is going through the pscudo-
boiling regime of water at near-critical temperatures. The pseudo-boiling regime is the pressure-
lemperature region just above critical pressurc where the specific heat (pantial derivative of enthalpy with
respect to temperature at constant pressure) goes through a pronounced maximum with increasing
temperature. In this regime water has a strongly positive Joule-Thompson coefficient (partial derivative of

14
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temperature with respect to pressure at constant enthalpy), so increases in pressure result in increases in.
tempcrature. The tempcerature oscillations arc, cssentially, in phasc with the pressure oscillations. When
the acctone concentration was reduced to 2%, the oscillations were significantly reduccd in amplitude, as
were the reactor temperature changes when the acctone was tumed off, then back on.

During Tcst 19 (when the pump scals were lcaking badly), two tcmperature waves were observed to
pass through the reactor. The power was ramped up with oxygen and water flow only until a temperature
of about 300°C was rcached throughout most of the reactor, then the acetone feed was tumed on. When the
power was increased rapidly, a spike of about 300°C in the reactor wall temperature formed near the end of
the heated scction and slowly traveled downstream until it collapsed. A sccond spike then formed and
traveled the entire length of the "unheated” porntion of the reactor. This temperature wave ook about 5 min
to travel the length of the reactor, several times the residence time of the process stream i ihe Tast 30 §t of
rcactor. These iemperature waves may result from inadequate mixing of acetone, water, and oxygen. Afier
Test 21 we installed a screen in the reactor inlet line to further mix the fluids. This appears to have reduced
the temperature-wave problem, although the operating and start-up conditions of Test 19 have not been
repeated cxactly. '

In Test 25, with 2% accione, the power was ramped up very slowly, that is, it took apout 30 min to
rcach full power after the flows had been established. When full power was reached, we obscrved two
pressurc/temperaturc/oxypen-flow excursions of a different nature than the oscillations obser,ed before
(comparc Figs. 7 and 8). After these excursions, conditions smoothed out for the rest of the test. The .
acctone feed was not tumed off during this test. Figure 8 shows some measured paramclcrs during Test 28,
and Fig. 9 shows the reactor axial temperature profile near the end of the test. '

B. Svstem Stant-Up and Contreld

At this time, the power supply output is controlled interactively, that is, by manually adjusiing a
graphical "knob” on the LabVIEW-2 pancl. The position of thc oxygen flow valve is automatically
controlled, using the mcasured oxygen flow rate and a control algorithm in the DA&C program as pants of
a feedback control loop. Proportional-only control of the oxygen flow scems to be adequate because no
significant lag occurs in the process or in the controller. Of course, if the reactor pressure is allowed 1o go-
abovc the oxygen pressure, the oxygen flow will be shut off regardicess of the control stratcgy. We have
developed an automatic feedback control algorithm for reactor pressure. Preliminary results indicaie that
proportional-only control is inadequate because considerable process lag occurs in the responscs of pressure
and temperature to the control action, causing severe overruns. The usc of proportional-plus- dxrrcmnual :
control 2ppears to be ablc to correct this. A

The current stant-up procedure is to start the water and wastc pumps at the rated flow, whllc
pumping the oxygen accumulator up to 450K psi with no oxygen flow. Then we begin the oxygen flow on
automatic control at the predetermined rate, and bring the system pressure up to the desired level on
automatic control. When stcady pressurc and fiows are established, a bascline samplc is taken and the
powcr is ramped up very slowly until operating temperature is reached.

While the details of the stant-up proccdure are specific 1o this reactor and system configuration, and
after climinating the initial problems, we have shown that reliable, stable stant-up can be achicved
consistently. We expect 1o continuc to develop the control system to assurc that consistently reliable stan-
ups can be achicved with different wasies and with changes in the system.

C. Othcr Opcrational Obscrvations

During an early test (Test 2) one of the guard healers shorted out near the end of the reactor tube and
bumcd a hole in the tube. Although the reactor was at pressure when this happencd, the only indication
was a suddcn drop in system pressurc, and sicam was scen coming from the reactor. The tube did not fail
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catastrophically. In this respeet, the supereritical water (plus oxygen and, possibly, small amounts of CO,)
appeared to behave more like an incompressible fluid than a gas. In addition, the relatively small volume

- of the reactor (just over (.25 liter) led us to believe that possiblce failures in a reactor of this design will
constitute no major hazard as long as proper precautions arc taken to protect personncl from stcam leaks.
Subsequent repair of the reactor sertion consisted of welding the hole shut, and there has been no
recurrence of a problem of this type.

In Test 19 a leak occurred in the flange at the reactor exit. We were unable to mezintain the system
pressure, and stcam was obscrved coming from the flange. Postiest inspection showced that the silver
‘plating on the silver-plated Inconc! O-nng had croded. The O-ring was replaced with another of the same
type, and no other lcak occurred through Test 32,

An aticmpt was madc to duplicate the stant-up procedure reported by Sandia National Laboratories,
Livermore, on the Modeli Development Corporation reactor.? The system was initially pressurized with
oxygen. The letdown valve rapidly iced up and completely shut off the flow, The iscntropic cxpansion of
oxygen from 4000 psi to atmospheric pressure in a single stage could drop the oxygen temperature to its
liquefaction point, and any moisture in the valve would freeze.

Bcfore changing the water pump scals, we had continual problems with lcakage and had to iighten
the packings repeatedly. Eventually, the pump motor bumned out, possibly because of over-tightening the
packings. Since replacing the packings, we have hud no serious leakage protiems and have only rarcly
nceded to tighten the new packings.

The Hewlett-Packard dc power supply provides tull-rated output current (3(X) A) at about half the
rated voltage. This is consistent with our prescent load. It is not clear. however, whether we will be able to
get full-rated current at full-rated voltage (36 V). Above 3(X)-A outpu:, the power supply it shut down by
an overcurrent trip. This trip, however, is on the input (ac) current, which should increase proporntionately
10 the power because the input vohtage is a constant 220 V. The power supply has a floating clcctrical
ground, and this ground can be diffcrent from that of the framework. Occasionally the instrumentation
channcl voltages spikc and causc an automatic shutdown. These spikes could be causcd by diffcrences in
ground potentials.

During Test 10, an excessive pressure drop was obscrved in the Ictdown valve when the v alvc was

fully open. An inspection revealed that the valve was pantially plugged with a fine black material. There |

‘was not cnough of the material for analysis. The annular flow passage in these control valves is very tiny
because of the small flows and large pressure drops. These valves cenainly would re.. work in 3 system
with suspended solids in the ¢fflucnt. We have had no repeat of this type of valve plugging.

D. Chemical Analysis

As opcrational proccdures were being developed and the unit was being modificd jor betier
operation, chemical sampling and analysis techniques were also being developed. Most of our analyses
~ have been done with a Hewlett-Packard gas chromatograph, Additional analysis, using high-performance
- liquid ctromatography (HPLC), will be necessary to determine destruction cfficiencics and material
balances.

- Sampling and analy~ing liquid and gascous cfflucnts arc csscntial for obtaining matcrial balances
and destry ron es ciencics. The present sampling system has scven 300-ml sample bottles. into which the
complete o« 2y flor s dirceted for predetermined periods of time. Each sample bottlc has its
DWW thic. A ' -alves are set up in serics so that the flow can cither be diverted 1o a
gives sample dutlic «7 vais ¢ passcd on to the next valve. When no samplc is being taken, the cffluent
passcs through all seven valves 1o a 16-gal pmduc( tank that can be pressurized 1o contain both gascous and
" liquid ¢ffluents. :

The first samplc is taken before the power is ramped up, but all fccds arc pfcscm and stcady. This
saniple 1s used to determine the feed concentration. We then take samples at various times during the test,
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usually when conditions arc as stcady as possible, recording the time, pressurc, and average reactor
temperature.

Quantitative liquid chromatographic analyses were dor:e on samples taken during Test 25. These
samplcs were taken with 2% acctone in the feed and with about two times stoichiometric oxygen. The
results of thesc analysces give an acctone destruction cfficiency of 99.9985%, or ncarly five nincs. '

1IV.  CONCLUSIONS AND RECOMMENDATIONS

The transportable supercritical water oxidation waste destsuction unit has now been operated at flow
ratcs of about ! gal/h at operating temperature and pressurc for about 30 h. It is built to ASME standards,
with remote control, data acquisition, and monitoring. We have developed start-up, control, and operating
procedures.

We will continuc to improve the operation of this systcm. In the immediate future we will develop
automatic control proccdurcs for both start-up and stcady operation. The system will then be used to
investigate process variables and to devclop data on the operability and cffectiveness of the process. These
data will also help us understand the issucs involved in scaling up the process. In addition to the
acquisition of process data, this unit will be used for performiny tesis on wastes at various DOE sites.

The recactor section will be removed when experiments with hydrocarbons and oxygenates arc
concluded and will be examined metallographically for corrosion, crosion, and deposition. Information
from this cxamination will bc uscd to reccommend new matcrials as appropriate. In addition, materials tests
will be carried out ior more scvere cnvironments, such as those that would be present in the destruction of
of halogenated hydrocarbons and other wastes. :

Some of the variations in the system design that will be lcslcd arc injection of oxygen at various
points in the system, sclf-cooled rcactor concepis, scaled-down versions of proposed commercial reactors,
and solids handling capabilitics. The destruction of halogenated hydrocarbons may produce solids. and
solids are usually found in rcal wastes.

The primary, carly, objective of work with this transportable waste destruction unit will be to obtain
operating data as a basis for permitting and transporting of the unit to DOE sites for on-site testing of
priority wastes. Discussions toward this objective are being held with representatives of Hanford,
Savannah Rivcr, Paniex. and Rocky Flats. L. addition, coordination is taking placc wnh OTD Integrated
Demonstrations.
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APPENDIX A
‘FLow REACTOR SIM ULATION MODEL

The flow rcactor simulation modecl is a finite-difference solution of the onc-dimensional, steady
cquations of cncrgy, momentum, and spccics concentration with reaction. Numcrical integrations of the
finite-diffcrence equations arc made along the flow path to obtain pressure, tempcrature, and species
concentrations at cach point. A temperaturc and concensration-dependent chemical reaction is
incorporated, with the attendant change in specics concentrations and heat source (or sink). Hcat transfer
from the flow passage(s) to ambient is calculated, as is heat trensfer between flow passages in reactor
geomectrics with counterflow configurations. Besides the heat snurces from the chemical reaction, heat
sources causcd by resistance heating, cither outside the flow passage walls or in the walls themsclves, may
be specified.

Except for convective heat transfer between the flow passage wall and the fluid, there is no lateral
diffusion of heat, mass, or momentum. Convcctive heat transfcr between wall and fluid is represented by
the heat transfer cocfficient multiplicd by the temperaturc difference between wall and fluid.  Diffusion of
heat or mass in the flow direction is assumcd to be negligible cxcept for that causcd by advcection (that s,
hcat and mass carried along with the fluid). This assumption has been verificd with simple calculations for
heat diffusion (conduction), and is assumed to hold for mass diffusion by analogy, making the assumption
that the Lewis numbcr (ratio of mass diffusivity to thermal diffusivity) is of the order of unity. Two basic
assumptions in the analysis arc that the various specics are mixed at cvery point, and that they all have the
same flow velocity, that is, there is no flow-direction scparation or strcaming. For the most part, these
reactors operate at supercritical-water pressures and temperatures, and the common chemical specics have
densitics of about the same order of magnitude.

Either of two analysis cases can be chosen. In the "design” casc, the desired outlet waste
concentration is specificd and the required reactor length (in the flow dircction) is calculated. In the
"rating” casc, the reactor length is specificd and the outlet concentration of wastc is calculated. In cither
casc, the inlet specics concentrations, inlct tempceraturces, inlet pressurcs (and, in some cascs, outlet
pressures), flow passage gecometry, total flow ratcs, heat loss cocfficicnts, and clectrical heating profile arc
specificed, along with scveral control parameters and flags.

Three reactor types are currently available in the simulation code. The "one-strcam regenerative”
(OSR)-typec (Fig. A-1) consists of two concentric tubes. The process stream enters the central tube or the
annulus at Z=0 and flows to thc common cnd 2t Z=L, then tumns and flows back through the other flow
passage to the outlet at Z=0. The "two-strecam counterflow” (TSC)-type (Fig. A-2) also incorporalcs two
concentric tubces, but the streams in the two tubes are independent. The process (primary) stream cnlcers the
inner tube at Z=0 and flows to its outlet at Z=L.. The secondary (cooling or heating) stream enters the outer
tubc at Z=L and flows to its outict at Z=0. In the present version of the code, the sccondary strcam is
assumcd to have no chemical reactions and, thercfore, no change in chemical make-up. The third reactor
type. which was uscd in the studics for the present waste-destruction unit reactor, is the “one-stream,
single-pass™ (OSS)-type (Fig. A-3), in which the proccss strcam cnters the single circular tube at Z=0 and
flows to the cait at Z=L. For all types, numecrical intcgrations arc carried out in the positive Z direction. If
two countcrflowing strecams arc present, the integrations arc simultancously carried out in both strcams (in
the positive flow direction in the primary strecam and the negative flow direction in the sccondary stream).
The single tubce, or the pair of concentric tubes, in this analysis is considered to be a modulc, and many of
these identical modules could be stacked in paralicl 1o make a larger reactor.

Othcr major options built into the code are the eaction rate constants, the propertics 10 be used for
the waste specics and the type of heat transfer coefficient. Other options are available for various iteration
proccdurcs. For cxamplc, we can change clectrical heating ratcs until (hc maximum wall icmpcrature
cquals a specificd valuc within a specificd tolcrance.
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Figs. A-1, A-2, A-3: Three possible reactor configurations: (A-1) one-stream regenerative, (A-z) two-

stream counterflow, and (A-3) onc-stream single-pass.
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Theoretizal Rasis

In this discussion, the term waste is used to denote the oxidizable component of the fced, whether
that is a waste, a simulant, an added fucl, or a combination of these. The stoichiomcetric and mass
conservation equations are, at present, writicn assuming the waste o be a single hydrocarbon or

oxygenated hydrocarbon species and assuming hat the only products of the oxidation reaction are carbon
dioxide and more water. If the waste can te represented by n atoms of carbon, m atoms of hydrogen, and k
~ atoms of oxygen, thc overall stoichiometric equation becomes

C,H O, +}-0, &n-CO, .,,_‘_"2_-_,,.120

ivhetc_ :
: : m

j=n4—-
4

N

Excess oxygen, walcr in the feed, and any nitrogen (such as that which would be present if air were
used as the oxidant) arc simply carried along and become a pan of the overall encrgy balance. Similar
cquations can be writien for other oxidarits such as hydrogen peroxidce.

Intennediate steps in the oxidation process could readily be accommodated using multiple,
simultaneous, reaction rate expressions and introducing intermcediate products such as methane, carbon
monoxide, and hydrogzn. For simulations to date, however, we have used «'nly the overall oxidation
reaction.

In the following discussion, Z is the flow-direction distance from the primary inlet, the subscript i
denotes conditions at the present Z-station, and i-1 denotes conditions at the previous station. Numerical
integrations are always carricd out in the positive Z-direction. The numerical integration equations
represent explicit solutions of the conservation cquatiods in Z, that is, encrgy, pressure, and concentration
changes over the Z-scgment from station i-1 to station i arc bascd only on conditions at station i. For this
- reason. and bccause the oxidaiion reactiost can hecome very fa<t at high temperatures, very small
increments must be cmployed to cnsurc numcrical stability. In this code the Z-increment size is the
rinimum of a specificd maximum allowable vatue and lhc now distance comspmdmg to the conversion
of a given fraction of the remaining wasie. as

AZ =g YL
kl-l

‘where AZ = Z, - Z,_, (m) (always positive)
V is the mixed mean fluid velocity (m/s);
k is the reaction rate constant (s*);
¢ is a specified fraction, usually 0.01 10 0.02.

" This typically results in scveral thousand axial stations for reacling streams, but it ensures mbilily.
For two reacting streams, we use the minimum valuc for cach.
" The following cnergy cquation is cast in terms of total fluid enthalpy for a constant-pressure process:



In finite-differcnce form, it is

H, = H+8AZ

lel

where H is the total fluid enthalpy (J/kg),
m is the toial mass flow ratc in the fuid passage (kg/s);
Q. is heat transfer rate per unit length from wall to fluid (W/m);
dis + 1.0 for the primary stream, - 1.0 for the sccondary stream.

For » single flow passage (as in OSS-type reactors), the heat transfer rate is givenby

Q:v,l-l = U'U—ju'[U"’ (T" _T' "')+Q(';]

where U¢ is conductance pet unit length from wall to fluid (W/m-°C);
U’ is conductance per unit length from ambicnt to wall (W/m-°C);
T is local fluid mixed-mcan temperature (°C);
T, is ambicnt temperature (°C);
Q¢ is wall heat gencration per unit length (W/m).

For OSR- and TSC-type reactors with two flow passages, the heat transfer between the two passages
is also includcd in the heat transfer rate in cach passage, again, bascd on tecmpceratures at the previous Z-
station.

There is no source term in the energy cquation for the heat of reaction becausce the enthalpics of the
various spccics arc given on a common basis, ard they include any heats of formation. For an adiabatic
reaction, then, the enthalpy of the products is the same as that of the feed, but this enthalpy corresponds to a
different mixcd-mcan fluid temperature for the products. The difference in enthalpy at a given temperature
and pressure is the difference in the heats of formation, which is the heat of reaction. When the enthalpy is
found, the mixed-mcan fluid temperature is found. by an itcrative proccdurc, from the propeny ables for
the local composition and total pressure.

Total cnthialpy. specific heat at constant pressure (used to determine heat transfer cocfficicnts), and
specific volume are deicrmincd, for the mixed fluid strcam on the basis of mass fractions. Transport
propentics for the mixiure (thermal conductivity and viscosity - used to detcrmine heat transfer cocfficients
and friction factors) are detcrmined according to the gas-mixing rules given in Reid and Sherwood. 3

Other local parameters determined by numcrical mcgrauon arc the remaining wasic concentration -
and the fluid static pressurc.

~ The mass fraction of waste remaining for a first-order rcactlon is

- n(F) =¢n(F,_ l) V -AZ -8

i-1
whcrc Fi is thc mass fracuo". of wastc (kg, wastc/kg, lolal)
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Higher-order  ac- guations would require slightly different numerical-integration equations.
Once the = s 1 .ste is known, the concentrations of the other species is calculated from the
stoichir=:1 »iva and the specics concentrations in the feed.

“he total static Nuid pressure is

Pk - i] AZ-5+(p-V?)_~(p-V?)
i i- Z‘P'Dn - 1-1 )

whcn: P is total fluid pressure (Pa),
{ is the friction factor;
p is fluid mixed-mean density (kg/m?;
D;, is coolant passage hydraulic diameter (m);
G is fluid mass velocity = m/A, = peV for onc-dimensional flow,

For reactor fluid passages of constant cross scction, G is a constant for cach flow passage.
Correlations for heat transfer coefficienis and friction factors can be found in Burmcister.®
Rcaction rate constants (k) arc determined from the simple form of the Arrhenius equation:

-E
k=A- )
ex T

where A is the frequency factor (s')
E is the activation encrgy (J/molc)
R is the gas constant (J/molc-K)
T is the absotute temperature (K).

Other cxpressions for reaction-rate constant could be incorporated.

lterations to Satisfy Boundary (End) Conditions.

For the OSS-type reactor with a single fluid stream, no iterations are required to satisfy the end
conditions. Inlct conditions arc given, and numcrical integration continues until the specified length (rating
casc) or the specificd waste fraction (design casc) is obtained.

For thc OSR rcactor design casc, inlct and outlet wasic fractions are specified and numecrical
integration continues until the waste fractions of the two streams arc the same.  Since the outlet icmperature
1s not specificd, however, itcrations must be madc, varying the estimatc of outlet temperature until 2 match’
of temperatures at Z=L is obtained. The same is truc of pressurc, but pressure drops in these reactors are
very small. and the procedure used herce is to specify both inlct and outlet pressurces and to ignore any
mismaich of pressure at Z=L. For the rating casc, ilcrations must be made, varying both outlet icmperature
and outlet wastc fraction to obtain 2 match in temperature and waste fraction at Z=L., since L is specified.
It is very difficult to obtain a solution for this casc when there is good thermal coupling between the two
streams, possibly bccause the physical situation may be somewhat unstable. In design-casc situations
where it is permissable to consider the reactor to be adiabatic (no hcat loss to ambicnt), the outlet
temperature can be calculated at the stan since the overall change in constituents is known.

The TSC reactor requires itcrations only 1o satisfy the specificd sccondary inlet temperature at Z=L.
In somc situations this can be circumvented by specifying the sccondary outlet temperature instead.
Otherwisc the TSC recactor is similar to the OSS rcactor in this respect. If chemical reactions were allowed
in the sccondary stream, howcever, the situation would become more complicated.
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