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DESIGN AND OPERATIONAL PARAMETE5 OF TP:KJWO}’TABLE
SUPERCRJTICAL WATER OXIDATKWJ

WA~ DESTRUCTION UNJT

by

RobertD. McFarland,G. Ray Brewer,andCherylK. Rofm

ANWRACJ’

Supercritica[water oxidation (SCWO) is the dcsuuctionof hazardous
wasteby oxidationin theprcsenccof waterat tcmpcraturcsandpressuresabove
its critical point. A 1 gal/h SCWO wastedestructionunit (WDU) hasbeen
desigrwd,built, andopcra[cdat Los Ahrnos National Laboratory. ~is unit is
transportableandis intendedto demonstratetk SCWO ,@chnologyon wastesiit
Depiwtmcmof Energysites. This kport dcscribcsthedcsigtiofthe WDU and
~ preliminarytestingphaseleading10dctrtonstratiom

...JJ

INTRODUCJION

Supercriticalwatcroxidationof organic,biological,andsckcted inorganicmaterialsappearsto be
rapid,nonselective,andcompletein a singlestageof a supenxiticalwateroxidationwastedcstmctionunit.
J{is a promisingtechnologyfor he destructionof manyof the wastesfoundin W’Department of Energy
(DOE) nuclearweaponsproductioncomplex,aswell asfor wastespmduccdby the Ikpartmcnt of Def~
(DOD) andindustry. It sums to be particularlyWC]]suitedfor radioactivemixedwastes,cxpbsivcs,ti”
other“high-ri*” waslcs.

Oxidation in supercriticalwater is a Self-kustair)irig,low-tcmpetmurcchcmicalreaction. Although
oxidation in supercnticalwaterhassuperfkial sirrtilariticsto combustion,it apparentlyis sustaind by a
free-radicalchain reactionin the absenceof a flame andat a muchIowcr temperaturethan incineration.t
An oxidant, suchas air, oxygen, hydrogenperoxide,or anothersuitabiccompound,mustbe presentto
achievethecomplctcdcstnictionof organiccompoundsandoxidizableinorganiccompoundsthatprodttcc
water,carbondioxide,andotherinnwuouscompounds.

Above the critical point of water (22.1,2 MPa, 374°C; Fig. 1)0many.orgfiics are miscible with
water,andno phasepanition i~fficicncics,m encountered.The solventproprtics of supercriticalwater
am differentfmm thoseof liquidwater nonpolarcom@tmdsarcmoresohtbleandsaItsarclesssolublein
supercritical“waferthanin liquid water. Trahsportproperties(diffbsivity andviscosity)amgas-like. The
ovcrd reactionratesarc rapid,even thoughthe temperaturesarelow relativeto incineration(residcncc
times arc measured in seconds at 600 to 700°C). At the relatively .IOW process tcmpcraturcs
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(ICSSthan7000c), essentiallynooxidesofnitrogcn arccxpccted. l%cpmccssprcssums(24 tO35 MpO
leadcomlativclyhighfluiddensitieswith smallprocessrcactorvolumes.Thesepressures,while rc!ativcly
high, arcwithin convcn[ionalindustrialpractice. The processis fully contained,with full controlof all
effluentstreams.The processappeamto be inherentlycontrollable.with thewateraciingasa heattransfer”
mediumasWCI.Iasa solvent(orcmicr fluid for slurries).

Many organicwastes,includingcommonindustrid’materials(suchassdvcnts. gmscs, lubricants.

P~n~* PIYc~orina~d ~P~nYls (pCBS)’ad m~hining oils); org~c ~mponcn~ ofmixc~~dio~c~ivc
wastes;andorganiccomponentsin processwastewater,.includingsolvents,cxplosi,vcs,plastics.andpaper.
arc candidatesfor destructionby supcrcntical water oxidation. Certain high-risk wastes,,including
explosives.high-level radioactivewastes,andextremelytoxic chemicals,am,alsocandidates. Sclcctcd
inorganic, includingcyanides,nitratesaqdp@lorates, have alsobeenshownto be candida[cs. Other
candidatewastesincludecontaminatedgroundwater,soils,andsediments.

A wide rangeofscalc appearsto be possiblefordiffcrent applications;Small-capaci!yunitsmight
bcdesignedforintcrmittentdestructionof ”wastcsgcncratcdin a singlelaboratory. Suchunitsmight fit (M
abenchtop. Mid-sized mobile unitsmight be mountedon a“truck or trailer for on-site USC,Units with
largercapacitiesmight bepermanentlyattachedto fixed facilitiesfor processwastes,andi[ is conceivable
thatveryIargcfacilitiesmightbebuilt fordccontarninationofa@ifers,ponds.orlakcs. Differentdesigns.
bothofthc nxxorvcssels andofthc overallsyfiems;till bemanda(d “bydiffcrcntapplications.Systcms
for handling solids,suchassoilsor processpafi. will rcqui~ designsd:ffcr?nt from lhosc used for
handlingIiquidsorslurries. A verylargefacilitymightbedcsignedfor in-groundplaccmcntusingoil-ficId
technology.

I
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Bccauscwater is the reactionmedium, the processis potentially advantageousfor ii vancty of
aqueousvmstcs.Many suchwasteshav~relativelylow concentrationsof oxidizablecompounds.Dckigns
“that“optimizeheatrccovcryandminimize [hcncctiforauxiliaryfuelsoradditionaloxidizablewasteswill
bc nccdcdfor suchwastes. I“IICtechnologyis Wt restrictedto aqueouswastes,however,and itsdesirable
characteristicsarc likely to leadto its applicationto nonaqueouswastesin dissolvedor slurryform. The

‘designof a supcrcriticalwater oxidation witstcdcsmtc[ionunit is sensitiveto the concentrationof Ihc
oxidizabk wasteandto ils hwttof oxidationbccwc of thencctl10mmovcItcalgcncratcdby theoxidation
reactionfrom thesupcrcriticalfluid mixture. For a w.astcdestructionunit intendedto pmccssa varietyof
wasfcs,suchas a mobile unit, IIICoptimum conccmrationof waste in water is a kcy vanablc that will
dependboth on the namrcof the was!cand on the designof the unit. Onc cnginccringparameterto bc
consideredin thedesignof a plant is the wasteconcentrationthatgcncratcsenoughheatto maintainthe
reactionbuIdocsnot raisethe tcmpcraturcof thewallsof theprowssingvcs.sclbeyonddesignlimits. All

other faclorsbeingthesame,boththe reactorandthesystemdesignscanbc quitedifferent,dependingon
the concentration. Wasteconcentrationcm bc controlled. Pureor highly concentratedwastescan be

“dilutedwith water,andfuelor oxidizablewmtcscanbcaddedto wastesin low concentrations,
h additionto throughput,typeof waste,andconcentration,manyother factomalsoinflucnccthe

cngiriccringdesignof thercac[orandtheoverallsystcm. Additionalfactorsthat inftucnccthecnginccring
dcsiw arc msidcncctime in the reactor(dctcrmincdby the kineticsof oxidationof the waste);physical
stateof thewa.stcanditsoxidationproducts.includingthencccssityforsaltscparition;corrosivenessof the
waste andoxidationproducts;availabilityof mliitblccomponents;andspecificsafetyproblcmsassociated
with somewzstcs.

There is a tx)dy of industrialcxmicncc in handlinghigh-purity supcrcnticalsteamin clccL”ic:d
powerplant... Mm than 150eicctricalpowcrsupcrcriticalunitsarcoperating)::the UnitedStates,mostof
whicham ratedbetween500 and800 MW. Expcricnccshowsthatthe.sesupcrcnticalpowerplantspmvidc
significantefficiencybenefits;comparabkoutagerates,afteran initial Icamingperiod;andrelativelysrnail
addedmaintenancecosts. As a group,theirbiggestdrawbackhasbeenthatplantstart-uptakestoo long
andis toocomplexto allow U.S. plantsto bc usedforon-off cycling.z

The Los Alamos National Laboratoryis investigatingsupcrcnticalwaler oxidation for the DOE
‘Officeof TechnologyDcvclopmcmand for the Air FtwccCivil EngineeringSupportAgency(Tyndail Air
Force Base,Florida). The DOE programconsistsof two .separatctasks: a Researchand Dcvclop!ncnt
(R&D) taskanda Demonstration,Tcs[ andEvahtation(iIT&E) task. The purposcofthe ~& Etask is to
obtain the information ncccssarv for cvaluatin~ the icchnology in preparation for an industrial
,dcmon..trationand for the processdcvclopmcruartdscale-upnccdcdio apply Lhctechnologyto priority
wa..tcs,including mixed wastes,in the DOE complex. The purposeof the R&D task is to supportthe
DT&E ta..kby g:?iningan ‘ndcrwmding of ccrttiincharacteristicsof wastemixturesin supcrcriticalwater,
includingthecqua[ioms01statenccdcdfor supurcriticdnmctordesign,and[o dctcnnincthemechanismsof
oxidation of wastesimportant 10clcmup of the DOE complex in supcrcritical water as a basis for
developingcorrelationsforscale-upandevaluationof thepmccss.

The major objcctivc of this investigationis to help “~tcntial DOE and DOD usersevaluatethe
technology.So.cral prhmtccompanieswv activelydevelopingandmarketingsupcrcriticalwateroxidation
for wastedc:.tructionapplications in the chemical, pctrochcmical, and paper industries. The design
approaclwsofferedby [hcdit”fcnmtcompaniesvary.andit is importantto bcable10a..sis[potcntiatusersin
cvatuatingspecificdesignsfor panicularwastes.III addition.thedcstntctionof a numberof prioritywmcs
involveshigh risksor spcciali~zdprocessingr:+ircmcnts (mixed wasIcs,cxpiosivcsoandpropclianti,for
example). The application of supcrcriticalwater oxidation, particularly to high-risk wastes,requires
addjtionddcvclopmcmanddcm~tration.

A transportableintcgratctlcxpcrimcntalsystemat a tialc of approximatc]y1galfi wasdesigned.
built, andttscdto investigateprocessvanahtcs.~isdcsign allowstheinterchangeof rcaclorscctions,thus
enabling us [0 study dtiicrcnt designs and m ;Itcri 2!s 7“hc rcaclm scc[i(~nused for ;hc irji[iul ICSIS is a

.?
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tubutarnxlix. m rcmotcly controtkd wastedesfmclbnu?dlWnalsobereconfigured,with minimum
efbrt. to’o~ ~Xamv~a~’msy~~ *@ ~~sudlh -ff tO developancxperknccba.scon
opcrabilit) Becauseit is tran~ablc, it C8JIbeusedtowaluatcWMSII!SwithintheDOE complex.In
addition 10i!s abilityto m~uate XSS anddesigniasuea,ltis unit will be L.ml tor ICSISon spccifk
waste>at DOE sites10pro~ktedala fo. sile opmlors 10uscm their waluation of the applicubiljty of
SUpCrCritiCaiwateroxidxiontoMr priorityMWs.

~S ~~ &gc~ thetransportabledc~ub.*UMtmltand * ~~ JflY. ;himctcr, .Jcs.

11. DESK~N.OFWASTE-l~~:STRUC7t{ ‘~ [l~]T

.# major prwcpt Jurdesigningths waste deah, ~n unit hasbcm ‘I) providea lwi~ S)SWIUifuo
which vurious A*Ltor configwdons codd ~C~nwkd. ‘lm~hiic Sys!.m‘W$ ;I MIpr. ~I)d III :~’IUg

sbsystct- ixovidc a mixed fcml for the reac[orandit cooldowt andpressureletdown subsystcmfr-
poslproccs~i!lgthe rcacl.rcmcnt. fl”llccn~ldowrtictdowfi twbsywcm *“it cvcntutill) h~L!ud~’WIMP
handlin: cornpwcnts The U@ *Mgncd w mwt or execd AS~~Enlcclj~lical~lmdar.! L“I1;IMC
.’! criticalnpcmtic..j to bcdonen!smucly.The systemb Imcnconfiguredto fit on”a fr:~’lt.,,.)rk thz
rougt”v 5 h x 12 ft x 6 h hi@ andit canbe nickedup amsuniL$~d!-~ on i%li .a L : 1- IJl :r. 7 fib
[otalkight of the unit vaOcs* dtc rcactOJXWt & mOWWdon topd :,*; -I ~“~;;Ic: ~r-j: work. “l’he
OLtCmalsuppliesrcquirwi!are1l(JoVand?~-v, thWC-@IifSCE~CCCriC~’,~Wcr,1“ ?~icom~r~.’sed.Iirt :llld
K-N@:: 1 galhin codin: “J-[cr. The dula acquisition, conlfW ~nd m~nit~;lr~ - WIhSYSIC-: ~nnsi~? J
data”acquisition:Itidcontrol unit, ~ mwollcr, digitnlrcadouwandmanuai,swiww. Tlicscitcmsw.
r mncctc(!m theunitbyinsttUmcn4ttionditEs.

A schtimaticof the wastedcstrwim~nkis shownifiFig. 2. andphokgraphs oih urIitwc JII.IAIJ ,
in Figs.3 and4.

,,
,* . ,., ,.

pointof iftjcction mm Utc.W*@Ie Ml W@UR+vnotmtOf Wtcr
IT

frcqpoqhn~,lyq- Wnpstmkc ~j
acctme. Followiugt@JSp!cttutrris$a:j,-rnw,,~~algh:Iinc. whir \ a ows furthermixingbeforeoxygen~~ÿÿÿÿÿÿÿ
injccllon.This 1::4:couldwvc asapmhcatingScciion.if IJ. >bilry

4



.,..

I-.,.,.

!>
.,>

!!
,.

.
.

.,
.,

.,
,.

,..
.

,,.
,.

,,

–::
!’--

,.
,.,

!,

-+
‘

, A
d@

,,*~
“,

,
~

-.
.

.
.

.
.

*..
—

-—
.

.r-—
—

---
.-

z

,
!,!

.,
,.

,.

;’-.
‘

‘

7

.g

,.-



.’
>

,

,,

1“ .
\

,*

1“
1“

..
....

.

(i



-7-----
---

~
.-+

.
d

,
*

“---,-,,
in

.
-----

i!
1

,..
<

,--
.

:.
---

.,-
.~

+
,

‘“--”---%*
...,

/-.<
.

-
.:

-----
.,

““k..,.k

<
-.....,

.
...

----!
..

.
..,.

*.

.
.

~
w

-.
-

1<
-.

..
.

...
..

.,,
,-

.\
.,

..
.

%
.\

‘-.4‘\
,
r

‘.,
.

%
-.

r
..’

“’\;\\
‘..,

‘
f....,

‘..
-,.-~

\
~~•

‘<’’,...’.,
“’~

7



— ——

Oxygen is suppliedfrom standard20Wpsi bottleslocatedon the rig. The oxygenis regulatedto
1500psiandis fed intoa Haskcldouble-actingtwo-stagegasbooster,whereit iscompressedto the
operatingpmstnc of about4500psi. Theopmtionof thegasboosteriscontrolledbyapilotswitchthat
turnstheboosteronwhen the outletpressuredropsto approximately4350 psiandturnsit off whenthe
PIcssumrcaches45CM)psi. The boosteris air drivenand,atongwith severalpneumaticallyactuatedvatvcs
‘W electricalcurnmt-to-pneumaticpmsute(VP)tranaduccrs,issuppliedbyacmnprcsscdair trailer. For
operationoff-site, an air compressorcansupplythe requiredair. The boosteroutputdqmds on the alr
presswc,theoxygensupplyprcssute,andtheoxygenoutputprcssm,butitcanprobablysupplyoxygrnat
a flowof at least30 standardlitersperminute (SLPM) ata pressureof 4500 psiin oursystem.A water
flowrateof 1.1gaUhwith a 2% acetoneconcentrationrequiresanoxygenflow of 4.6 SLPM (0.10g/s) to
su@y two timesstoichiometricoxygen.

OxygenfromtheboosteriscOllectcdina2-litermsmoiror accumulator.At anoxygcn flowof4.6
SLPManda boosterpilotswitchdeadbandfrom4350 psi to 45(KIpsi, the boosterturnson aboutevery4
to 5 min. A high-pmssurcoxygentcgubtor wasinstalledto controltheoxygenpfcssureat4300 pi, witha
variationof only20 to 50 psi. Thisregulatorisdome-loadedwith a self-ventinghandregulatoranda
nitrogenbottle in the controlroom. Betweenthe accumulatorandthe regulatoris a pneumaticball valve
forpositiveoxygenshutoff. Anothcrpneumaticbatlvalve,locatedat theboostcroutlet,canvcntoxygento
theoutside.A Linde massflowmeteris usedto masurc theoxygenflow rate. The outputsignalfmtt this
metergoesto a digital panel readoutandto the dataacquisitionsystemfor monitoringandcontrol.To
controloxygenflow we usea pneumaticallyactuatedcontrolvalve andan UP transducer.A 4- to 20-mA
dcsignatissenttotheVPtransducer,whereit isconvertedtoa 3- to 15-psiproportionalpneumaticsignal
tothevatveactuator,

After goingthough acheckvatvetheoxygenisinjectedintothewater/wastestream.71winjector
consistsof a I-mm-diam,@-mm-longholeforthewaterhmstcstream,anda l-mm-diam,20mm-long,
holefortheoxygen,intersectingthefkstholeatrightangles.Bcfomoxygeninjection,thevdocityin the
water/wastestreamis about1.5 m/s, the oxygenvelocityisabout0.3 m/s, andthe cambinedflow after
injectionisabout1.8m/s. Bettermixingcouldbeattainedwithhighervelocities,butthiswouldmquirc
smallerinjectorholes.Wedidnotusesmallerholesbecausewewereconcernedaboutpluggingthehoka.
Thecombinedflowoutof theinjectorpassesthtwgha fine-meshsctecnforfurthermixing.

We arccareful to keeptheentireoxygensystemcleanand to usconly stainlesssteeland oxygcn-
compatiblcscaIs(suchasTeflon or Viton). A relief vatve is setto openat 5000 paion the waterline, and
theoxygenboosteris pmvidcdwith a reliefvalvesetat 5000 psi.W m=jm~ =mme~ ~ for
pureoxygen.

B. Cooldovvn,PmsureLetdown,andSamDlin~SubsYstem

Themixedfluidsarcfed to the reactorthrougha flangeconnector.At theoutletof thereactorix
anotherflange,just upstreamof theentrance to the primary sideof a cooldownheatexchangeror
condenser.Theseflangeconnectorsallowrelativelysimptcmrnovalandreplacementof thereactorsection.
A singte-pass,countcrflow,coaxial-tubeheatcxchangcrcoolsthereactoreffluentwithon-sitechillwater.
For operationoff-site, we couldincorporatea recirculatingwatersystem,usinga water-to-airheat
exchangertorejecttheheattoambient.Becauseof thesmallscateof thepmcnt wastedesmctionunit,it
isprobablynotusefulto w to reclaimthewasteheat. Thecodedprocessfluidpassesthruughasingle
letdownvalve,whereitspressureis reducedto essentiallyatrnosphcncpressure.The letdownvalve
controlsmctoropcratingpressm. ThiscontrolvalveandI/P transducercombinationissimilartothatof
theoxygencontrolvalve,cxccptthattheletdownvalveis a normallyopenvalve,whereastheoxygen
controlvalveis a normallyclosedvalve. After theprocessstreamP== tiugh tk kt(fowttVdVC,it
entersanmay of sevensamplebottles,allowingthecntimflowtobedivertedtoagivenbottleforaperiod



of time. 7%c.samplcvidvcswc comrollcdrcmotcly. Whentheeffluentis notbeingsampled,it passesinto
aproducttankthatcanbcpmsswizcdto 120psiforcomplctccontahuncntof gaseousandliquideffluent.

C. ReactorSubswWm

The presentreactoris a welded50-ft Icngthof Inconcl625 tubing,O.188-in. id. by 0.308-in. o.d.
This tube is accordion-folded(.SCCFig. 4)10 fit in a 3-ft by 6-ft planararea. Thc tubing is supportedby
hardboardin..ulation,with about5 in. of alumina-fiberin!ndation,abovcandbelowthetubing. The tcactor
is cncloscdin a sheetaluminumImx approximately3 ft x 6 ft x 1 ft high, which is placedon lop of the
systcmframework. The desiredoperatingtcmpcriturcof themixed fluidsis achicvcdby directclccmical
icsistanccheatingof the first20 ft of reactortubing. This is donein Iwo parallelclccmicalcircuiLs.‘Iltc
first6 ft. 8 in. of tubingcompnscsonccircuit,andthenext 13 ft. 4 in.of tubingcomprisestheothercircuit.
in this way, the first third of the 20-ft heated scclion producestwo thirds of the total heating. This
configurationallowsa higherpeakfluid tcmpcnttumfor a givenmaximumallowabletubewall tcmpcraturc
at the cnd of tic heatedsectionbccauscthe wait-to-fluid tcmpcramrcdrop is no! ashigh in this Iowcr
heating-ratearea. At a tcmpcrawc of 650°C, the Inconcl625 cubingha..amaximumoperatingprcwrc of
SW psi(themaximumoperatingpressureof thesystcm),so650°C is themaximumoperatinglcmpcratutc
of the tubing.

Electrical power is provided by a t{cwlc!t-Packard fi469C dc power supply lhal is rated at a
maximumcurrcmof 300 A at a maximumof 36 V. At nominaloperatingconditions(1. I gal/hof water,
2% or 1.8ml/min of acctonc,andahout5 S1.PMof oxygen), the tolal powerdraw is about4 kW ~263A,
15.2V). PDwcrissuppliedthroughl/2-in. coppercables10thmcstainlesssteelIcadsweldeddi~ctly to the
reactor tubing: the common “hot”lead in the middle and “ground” leads at each end. With this
arrangcmcnt,clcclricalpotentialdiffcrcnccsarcrninirnizcdbctwccntheheatedportionof thercaclortub
andthe mstof the systcm.The Icadsam about8 in. long sothattheyextendabovethereactorbox. They
arcsizedto rcduccheatlossfrom the reactortu~ by offsettingit with heatingin theIcadsandto reduce@
tcmpcraturcat the coppercableconnectionpoint to 200°C or Iowcr. The conncc[ion[cmpcraums arc
monitoredandhavenevergoneabove160”(?.

The rcmaining30 ft of reactortubingis wrappedwith relativelyIow-powerclcctncalguardhcatem
~ to offsetheatlossandto maintaina constanttcmpcratumin thelast30 h of rector.

The sizingof the rcac[ortube andthe heatingprolilc was[hc resultof manydesignana~ysisruns
usinga onc-dirncnsionalflow, heatandmax..wart..fcrmodel. This mmfclisdcscribcdin AppendixA. ‘S’*
criterionusedfor the reactordesignwas99.9999%(six“nirws”)dcstmctit?nof acandidateW=tC(mtiyl
c[hyl kc[onc(MEK) in thisinstance)at a ccmccntnitionof 2% in water. The designflow rate,(waterplus
wtilc) for theseanaiy.scswa.. 1.0#s (about I ~al/h). The oxygen stoichiomctricratiowastakento Ix 2.0,
andthe.fluid tcmpcraturcin the portionof tic reactordownstreamof the heatedponion was constant at
65fPC. Bccau.scno kineticsinformationwa..availablefor theoxidationof MEK undertheseconditions,
theoxidationrateequationforcarbonmonoxidd was’used.The U.SCof CO shouldbcconservativein lcnns
of reactionra!cs. his possiblethat CO is an intcrmcdiatcproductin the oxidationof hydrocarbonsand
oxygenates.Evenmom conscmativcwould bc the uscof the rate for rncthanc,’which alsomay ~ ~
intcrmcdiatcpnduct. For theinitial reactor,CO kineticsgavea practicalIcngth.

Figure 5 showsthe prcdictcdperformanceof theprcscmrcac[orusingCO oxidationrates.The
p~dictcddestructionefficiencydccrcascsrapidIywithdccrcascsin themaximumtubewall tcrnpcratum
below650”C, irtcrcascsin acctoncconccntntionabove2%, increasesin flow rateabove1.0g/s,or
incmscs.inheatlossabove74ro. Withoutguardheating,thepresentreactor(with6 in.of fibrousalumina
insulationaboveandbelowthetube)hasa heatlossconductanceof roughly0.1 W/m-C. Bccautiwc,,.

9



.,” - ,, : ,,. , : )’,b-.~.+.” . .-,, ,

.
. . .:

,., -.,4/,,.4 ,? , , ,. ,,. , “ .,, ,, . . , . . . .

,. ,. .,.
# ,.
. . ,, ,. . .

,,
. ,./’ ‘,,

..., ,,., . . . ,.,
.

—,.— ,.

/ ,.
.

IMMIUCIIOOElllccwtcy.
./ \“‘..

“Oeo(iucibti Efficbics “

\ 1)
\ .“ ‘,,

*
< ,

. . \(“
Spcclyc N4?lhtg

, \“

\
-.

‘-

++

,’

,,
1000

.T.-,,-
1200

aui- 4$0 Soo $!.0 600 0$0 .- ‘;40 , ,,-
.MAXIMUM WAIL’’ IUWEffAlUff8 (CC) I , ,.

4 ‘“ , , .’; : .. ...
,. ;. ,.

ACEIONECoNcEoTnATto#IN7(WO

,’, 8
, , ,.. . ..:(@ ‘“ ‘ ‘ ,,,,.

,: , -, . . .
(b) ‘ ““.,

.. 1. , .- ., ,/! ‘“ l-.

, :
Oestmctlon Effwatcy

,’
.’

. .

,,

. + - +;. + . * - + -- - . . . .. . . . . . . . — .— .

,.
?

1.00 . t.m 8.40 0.60 1.90 J.08 I

TOTAL MASS FLOW RATE (@@ I

o ●0 ● 00 ● I* ● 9s ● 20 ● ?0 bSo ●.ss. ,. ,.
,.

MtAf LOSS .C(?MOUCTANCC(WhwC)
. .

+’, .

. . (c) ,. (d) :

“!

Fig. 5. Prcdictcd“nines”of dcstructtonusingCO oxidationratesandrequiredspecifichealing(told
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bclicvc the usc of CO oxiWion ralcs in k’ predictions to bc conscrvativc, wc do not cxpw the dcstruhon
cfficicrwy 10&- AS.scnsilivc to lhc.scpamrnetcrsii..prcdimxl.

D. Duta~cquisi\ion and ControlSubsystcm

.Dala;wquisition, control, and monitoring arc accomplished with a licwlctt-Ptickiird 3852A data
acquisitioni~d umrd unil :mdu Mac-llfx Macintoshdesktopcompuw. Softwa~cfor daiuucquisi~ion,
con!rol.andmomtoringwas4cvclopctiwilhin ttic frmcwork of 1.abVIEW-2 grmhic”alprogrammingshell.
Var:ovs func~iontil l-mrds can bc inserted imo lhc Hewlett-Piicktird 3ti52A. U’c arc using a digiia)
v~%;lmclcrandthr~w20-~”himnclmulliplcxcrs(scanners)for dala acquisition.a4-channeldigital-lo-anidog
ccmcrtcr (DAC ~.anda 1!I-chamcl rcltiyactuatorfor conlrol. Thrcc ~f the DAC channels iircbeing used
ftlr ccmtinuous conirol of [hc IWUcm)trol valves (oxygen flow ‘wd pressurelctdo~n) and the dc power
supply, The sc-’nncrs iirc used to w@c VOIIWS from 6 pressure transducers, 38 thcrmocouplcs,the
oxygenflow rn:wr, 2 powersuppl!:circwitvolmgcs,and? powersupplycurrent-s!mntvohagcs.Of the38
Icmperdlurcmcw+urcmcms, 3I arcon thenmctortutw (SCCFig. 6), I ison thecondcn.scroutlc!,I eachison
thecoolingw~tw inictwwi outict, 3 arc on !% povicrIcads,dnd 1 ison theoxygenboostcroutict.

A LabVIEW’-2 program sx~,developed 10 automate [hc various slcps in data acquisition and
‘rcuortling;ind Wtain control funcliorw The data sIcps arc as follow’s:

I. .
3-.

3. .

4.

:5.

Acquik tk raw d:utifrum the scanners.
~f,nvcn Ihc ruw d;lIaLOcnginccring units with known calibrations. Thcrrnocouplcdata

arcLxmvcmxiby the wxtnncrs,
Dctcrrnirlcwhc[hcrany of the chunnclsdesignatedtishcing “’critical”arc out of the
prescribedkunds. If any arc. tkn !hc three DAC channelsarczcroui andtheprogram
must bc rcsturtcdbcfcm they can bc given a nonzcrowtluc. 7~roing lhc thrc~DAC
Chmncls means[hat the power supply, goes 10 zero powerOulpul,the OxygenCOntrOl
valvegets to full-closed,andthe;ctdownvaivcgoeslo full-open. This is consideredto
bc the“’shu[down”condition. Critical limits includeany,rcactor-tube[cmpcraturcover
700’C,” any pressureover 5(X.Mpsi. iqcondcnscr ouIIct or cooling water outle[
tcrnpcrtimwover 1I()”C.
Recordcnginccnngdauifor all 60 scannedchannelsand for the DAC andrelayaco.uuor
board swings on 3 permanentfile, with a dale/timestamp,
Displuysclcctcd Ma in rcut[imc in digital andgraphicalfolm on the Ahc-llfx display
monito,r. Include all syslcmprc}.surcs;an x-y plot of dw rcaclortube tcmpcraturcvs.
distancefn}mrcwxorinlet, rcfnxhcdat eachscan;andcominuousgraphicalslripcharts
[value vs. time) of sclcctcdpressures,silcclcd reactor tcmpcraturcs,power-supply
voitagc,andoxygenflow ralc.

These sicps(coilcctivciy rcfcrrcd[o JSa scan)arc’rcpciucdat ~ prescribedtime period. At prcscnl,our
scanrite is onc scan every 5s for 60 hmncis.

AnotherLabViEW-2 programreplaysthe rccordmldata,froma test,at anydesiredraleupto about
two scanspcr”sccond,displaying lhciamc informationasisdisplayedduringthetcsL In addition,lhc
rccordcddatafiicsarc convcrtcdm text fiks thatarctransmitted10a mainframecarnputcrforback-upand
i@quidily&lor plotting. ,,

,.
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OPERATIOWU.PARAMETERS

A. SvstemOt)eration

The fimttestwasconductedonthc wastedestructionunit at thecndof August 1990. ThroughApril
of 1991, a total of 32 runshad been made on the unit, rcsuhing in a total of 34 k at temperatureand
~m. m runswefCusedto wringoutbugs.evaluateandchangeequipncnt components.developa
procedurefor rapidandstableSW-up, and developa standardoperatingpmecdure.A summaryof thetest
though April 1991is shownin Table L

Modifications were made to the systcmto rgduu the variations in systcmprcssu;cscausedby
pumping T d compressionpulsations..These modifications ificlu@d adding a high-pressureoxygen
regulatorand two piston-accumulatorsurgesuppressors--oneon the watcr,linenear [k waterpumpand
onejust upstreamof the letdownvalve. [n early tcm, we tried to control the oxygen flow with a Lindc
m*s flowconwoticr.thatis, a massflow meterwith feedbackcouplingto anintegralsolenoidvalve.
HQwcver,thes&tiid valvewasnotstrongtnoughtooverri+ pressuredropsofmorcthanabout100p3.
Sincetheox:g::. prcsswcvariedmoic than 100psi.k valvewouldoftenshutdown complctcly,trapping
low prmc ~.bcfweenh valve andthe c@ckvalve.The valvewouldnot openagainuntil the upstream

.
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TABLE 1. Summaryoftcst..throughApril 1991.

Acemnc

“M r%)
oxygen Pressure
~JcJ-

Tcmp” Power

ml!L— Duration comments

1 0
2 2.0
3 2.0
4 2.0
5 2.0
60

0 3mfMooo
20 3wMfloo
o 3om-35m
o3a)o

>20 3sowoO0
>20

360 3700 0.0
600 3700 0.4
500 S200 0.4
700 5200 .0.4
650 4900 !.1
7(X) 3700- !.3

.7a)

Largepressureoscillationsm02 shutdown.
Pinholddevelopedinreactorlubefromhams*
(hcil)ationsasin TCSI1.
waterpumpIuks.
. .
WaICtpumpleaks;Powcf

decressed, but go! automatic shutdown when
T>7WC.

AutonmticT shutiuna IasgcPoscilhions.7 o
8 2.0

>20
>20

37m-43m
3900

700 4800 1.6
670 4300- 1.0

32(M)
660 42U3 1,2
550 3500 1.2
570 3400- 1.1

3750
610 3S00 4.0

..

.9 2.0
10 1.6
)1 1.6

8.10
8-10
8-10

3000-4000 Luge.rapidPoscillations.
Automatbcpnwer-rmnpcontrol- rmtsatisfactory.
RepetitionofTc~[10.

improved02 flow, P control. Ran4 h. Restartfront
●utomaticshutdownduem elarrkal spike.

. .
Autwnancshutdownduetospurious-)e~~”
Skad Opcrafion.

13 .
14 0
15 0

c1
6-8

4000
4300

670 53CM) 0.’6
670 4300. 1.3

2700
670 27(X). 2.516 3.0 .7 3000-4000 First usc ofHPLC pumpforacetoneinjection. Large

Os&llationsin P.02 flow.
Poscillations.

LeakingwstcrpumpscausedT shuuiown.
TravelingT spikes.leakingructor exit flange.
@gc. 5-reinP% oscillations.turnedacetoneoffand

on;o@crvcd150”CT change.”
Large. rapid oscillations. LargePspikecaused

shutdown;
Snw!l. rapidoscillationsT dropped-80”Cwhen

acemmfcaiturnuloff.
Pveryscftsitiveb control.
5.min oscillations,but suppressed.possiblydue 10

saond susgesuppressor.
Gcnkmfly~ U!SL

Trial ofottlofffcedhck~ COSWO1--fKM good.

Proportional fed-backcortzolworkswellfor~ flow.
Samplebottlevalvedoff; causedpressurespike.

Proportional,(ordy)controlof pressureml sdqosre
bacaqseoftisnelag.

CaddSWCsablishUc(orteflow.
RelstivclyssntmhonmanualP&TcmsroL~on

3WC.
TsmlistgTspika~ostat 3tUx.
snmUAAUUllEoslu-

17 3.0 0 3ooo50m 670 43LN)- 1.4
2600

7(X) 2300 1.1
6UI 2200 02
450 3700 1.4

18 3,0
19 2.0
20 3.0

0
+10
6-8

45003500

21 3.0 5-8 38(JO 5no 3(MX) 0.4

22 2.0
.,

b 2.0
24 2.0

7-8 65o 31400 1.1

0
5-8

700 3300 0.7
670 woo 1.!

: 25 2.0
,26 2.0

,, .27 2.0
28 2.0

37(MI
3700
38LM3

6~ 4000 1.2
640 4300 0.3
630 47fX) 1.2
66fi401M 1.7

,29 m
30 ‘ 3.0

7 35UMmo
7 3700

550 4W0 0.2
670 4UM3 0.9

31 3.0
32 3.0

7 3M0-4000
7 37tM

660 4500 2.0
620 4800 0.9
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oxygen pressure was reduced by venting.Withtheadditionofamgulato., achieveda betteroxygen
supplypressure, but it was still difficult to maintain a low pressure drop acr+xsthe valve. For accurate
oxygenflow control.k PI’CSSUICdrop across the controlvahc shouldbe ashighaspossible.As a result,
we repktccdthesolenoidvalve in the flow cotm’ollcrwith a pneumatically actuated control valve. This
valve hasthe potentialof becoming a flow controller, usingthe data acquisitionand control (DA&C)
systemin theloop,atthoughtheresponseratewill be limitedto thescanrateof theDA8K system.

Mostof thetestswem ntn with 1.1gaUhwaterflow,either2%or3%acetone,andatleasttwotimes
stoichiometricoxygen.Sometestswemnmwithnooxygcrtoracetone.somewithacctonconly,andsonic
of theearlytestswith a%muchaseighttimesstoichiomctricoxygenbccauscof oxygenflow control”
pmbkms.Atonepointthewater pump seals were Icaking so badly that about 25% of the water flow was
goingon the floor, resulting in an inputacetoneconcentrationof about4% insteadof 3%. Thepumpseals
werereplacedandno seriousIcakagepmbiemshaveoccurredsimx.

In testingwithout oxygen, it wi. difficult to control the systcmpressurein the abscnccof the
pressure-pulsedampeningof a compressiblefluid. This was particularitytruein testswith acctoncandho
oxygen. In thesetestsit appearedthattherewasa reactionat operatingtcmpc:aturc.Althoughthis
reactionwasnothighlycxothcrmic,it sccmcdto be very sensitiveto pressure.This sensitivitymay have
beenthethennolysisof acctofwto methaneandcarbonmonoxide.

Qualitativegasanalysesweremadeof thecfqucnton at Icastoneof the testsrun with aatonc but
no oxygen. The analysesshowedsignificantamountsof methaneandcarbonmonoxide,asWCI1assome
hydrogenand sometmidcntificd higher molecular-weight species. Acctoncvaporwassignificantly
rcduccd,butstill present.The formation of three molesof gas from onc mole of acctonccould have
providedpressuresurges.Becau.scthepressurewtxddalsobesensitiveto thereactionasa rcsultofdensity
changes,a highlyunsmb!cconditionwltuldoccur.

Severaltestswererunwith nominally3% acctoncandroughlytwo timesstoichiomctricoxygen. In
thesetests,thepowerwasrampedup relativelyquickly. Whenoperatingtemperaturewasreached,a long
(about5-rein)oscillationin pressureandoxygenflow (andto a Icsscrdcgrcc,temperature)wasobserved,
with no changes in power, oxygen valve setting, or Ictdown valve setting. The amplitude of the
oscillationswasabout500 psi on pressureandatmost50% of ”maximumoxygen flow. Oncestarted,the
Oscillation seemedto beself-fc@ing. Whenh systempressuredrops,theoxygen flow increasesbecause
of anincreasedpressuredropacrosstk oxygencontrolvalve. Whentheoxygenflow incrcascs,thesystem
pressureincreaseswith adclay. Ile delayoccursbecauseofthe compressibilityofoxygcn ad thesystem
volume betweentheoxygenvalveandtheIctdownvalve. When~ systempressuk incrcascs,theoxyg#rt

‘‘fIow dccrcascs.Then thereis a delayeddrop in thesystcmptcssurc,aftc: which the cyclestartsall over.
When the acctonc feed was shut off, the peak rcaciortemperaturedroppedabout200°C andthe
,pressure/oxygenflow oscillationsstopped.when theacetoncfccdwastumcdon, thercactortemperature
rctumcdto its formervalueandtheoscillationsstartedagain,butwith a muchsmalleramplitude. Figure7
showspmssurcs,reactorteqmaturcs, andoxygenflow asa func*:onof time forTest 16. The oscillations
are clearly shown,asare thecessationof oscillationsthatoccu~,.d when the acctoncwasturnedoff at
‘about10.45h andtherestartthatoccurredwkn theacetonewasturnedhackon,just before10.80h.

lhe oscillationsappearto be triggeredby thereaction.butwhetherthisiscausedby variationsin the
accloncconcentrationor by someotherphenomenon.wc do not yet know. ~c temperatureoscillations
(which alsodisappearwhcnthe acetonefeed is turnedoff) secmto resultfrom lhe pressureoscillations
becausetheyappcaronly in thehc~cd regionof the reactorwheretk,fluid k going th~ugh lhCpWJdO-
boiling regime of water at near-critical temperatures.The pseudo-boilingregimeis the.pressure-
tempcraturcregionjustabovecriticalpressurewherethespecificheat(partialderivativeofcnthalpywith
respectto temperatureat constantpressure)goesthrougha pronounced maximum with incrc~ing
,Jeirtperatwe.In thisregimewaterhasa stronglypsitivc Jottk-Tbtnpott ooeffkient (partialderivativeof
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tcmpcraturcwith rcspcclto pressureat corlsmntc’nthalpy),so incrcascsin pressureresultin iricrcascs in,
tcmpcraturc. The tcmpcraturc oscillations arc,cwcntially, in ph~scwith the pressureoscillations. When
the acctonc concctmtion wit!!rcduccd to 2%, the oscillittimts were significantly rcduccd in amplihtdc, as
werethereactortcmpcraturcchangeswhentheacctoncwastumcdoff. tin backon.

During Test 19 (when the pump .scals were Icaking badly), two tcmpcramrcwaveswereobsmvcd10
passthroughtic reactor.The powerwasrampd up wiih nxygcnandwaterflowonly until a lcmpc;aturc
of abouI3(’NYCwasrcachcdthroughoutmostof themm, hcn theacctoncfeedWM turnd on. Whenthe
powerwxsincnxwcdrapidly,aspikeof about3(Xl°C in thereactorwall tcmpcralurc fonncd nearthecndof
the heatedsectionand slowly traveleddownstnnm until it collapsed. A second spike then formedand
traveledthecmircIcngthof the“unhca[cd”portionof thereactor.This tcmpcratumwavemok about5 min
to wavclthe Icngthof thereactor,scvcridtimesthercsidcncctimeof [hcprocessstrwimit’ ik IASI 30 ft of
rcaclor.TheseIcmpcralurcwavesmay resultfrominadcqualcmixingof acclonc,waler,ml oxygen. After
Tcsi 2t wc imstallcda scrccnin thercacmrinlcl Iinc to furthermix thefluids. This appearsto havenxluccd
the tcmpcraturc-waveproblcm,allhoughthe opcralingandstart-upconditionsof Tcsl 19have not been
rcpcatcdexactly.

In Test 25, with 2% acctonc,[hcpowerwasrampedup very slowly, that is, il took iiboul30 min to
reachfull power ahcr the flows had beencsmblishcd.When full power was rciichcd,wc obscwed two
pressure/mm pcramrc/oxygen- flow excursions of a different numrc lhan the oscillationsob~~r;cdbefore
(compare Figs. 7 ml 8). After these cxuursions, conditionssmoothedout for the restof lhc LO:S1.The
accmnc feed was nottumcdoff duringthisicst. Figure8 showssomemeasuredparamc[crsduringTest 25,
andFig.9 shows ~c reactor axial [cmpcramrc prolilcnearthecn(lof the test.

B. SvstcmSMrt-UPandComrcl

At this [imc, the powersupplyoutput is tiomrollcdintcractivcly, thal is, by manually adjus~inga
graphical “knob’”on the LabVIEW-2 panel. The position of the oxygen flow valve is automatically
controlled,using the measured oxygen flow rate and a C(JfItf’01 algorithmin the DA&C progm.naspartsof
a feedbackcontrol loop. Prnportirmd-only,cqntrolof theoxygcnflow seemsto bc adcqumcbccauscno
significamlagoccursin theprocessor in thecomrollcr. Of course,if the rcacmrpressureis allowedto go
abovetheoxygenpressure,lhc oxygen flow will bcshutoff regardlessof thecontrolstrategy. Wc have
dcvclopcdan aulomaticfeedbackcomrolalgorithmfor’rcacmrpressure.Prclimirwy rcsuhsindicatethat”
proportional-onlycomrolis inwicquatcbmxm.scconsidcrahlcprocesslagoccumin theresponsesof pressure
andtcmpcraturcto the comrolaction,causing.scvcrcoverruns The uscof proportional-plus-diffcmmia]
controlzppcamto bc able10correctthis.

The current slart-up proccdurc is io start the water and waste pumps at the rmcd flow. while
pumpingtheoxygenaccumulatorup to 45fMlpsi with nooxygenflow. Then wc begintheoxygenflow on
automatic control al the prcdctcrmincdrate. and bring ihc syslcmpressureup to lhc desired Icvcl on
automaticcontrol. When steadypressureand fiotvsarcestablished,a hasclincsampleis takenand the”
poweris rampedup veryslowlyuntilopcra[ingtcmpcratumis rcdwl.

While lhc detailsof thestart-upproccdurcarcspecificto thisreactorandsystcmconfiguration,and
after climinaring lhc initial problcrns.wc have shown [hat rcliahlc, stablestarl-upcank achicvcd
consislcruly.Wc cxfwcl10cominucto developlhccontrolsystcmto as..u~ thatconsistcnttyreliablestart-
upscanbcachicvcdwith diffcrcmwa..lcsimdwi[hchangesin lhcsy.stcm.

C. OtherOocrationalObstmalions

Duringancartytest(Tc..t2) oncof k guardhealerssttorlcdoutnearUtccndof thereactorlubeand
burneda holein [hcutbc. Althoughtherwtctorwasatprcs..urcwhenthishappened,theonlyindication
wa..a suddendrop in systcmprc..surc.andslcamwas.sccncomingfromthe rcacmr. The tubedid nol fail
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catastrophically.In this rcspcc!, bhcsupcrcrikd water (plus oxygen and, possibly,.sMaUamountsof C02)
appeared to behave more Iitic an itxomprussiblc fluidlhana gas. In uddition,therelativelysmallvolume
of the reactor (just over 0.25 Iitcr) lcd usto bclicvc that possible failures in a reactor of thisdesignwill
constitute no major hazard as hmg as pmpcr precautions arc taken m protect personnelfrom s!camleaks.
Subscqucnl repair of the rcticmr scrtion uonsistcd of welding the hole shut, and there has been no
rccurrcncc of a problcm of tilis Iypc.

In Test 19 a Icak occunwi in Lhcflangeat thcru~ctor exit. Wc were unable to msimain f!tc systcm

pressure, and s[cam was observed coming from the flimgc. Pos[tcstinspcc[ion showed [hal [hc silver
plating on the silver-pltitcd lnconcl O-ring had eroded. The O-ring WASrcplxcd with imothcr of the sarhc
type and no other Icak occumt through Tcs[ 32.

An aucrnpt was made to duplicate the sIan-up proccdurc reported by !%tndiaNittiomd L;ihoratorics,
Livcnntwc,on [hc Modcll Dcvclopmcn[Corpom!ionrcucmr.~ The sys[cmwas inilially prcssuri~cdwith
oxygen. The Ictdown valve riipidly iced up and complcicly shut off the flow. The i.scnwopic expansion of
oxygen from W(XIpsi to atmospheric pressure in a single sIagc could drop the oxygen [cmpcraturc 10 its
.Iiqucfaction ~in[, and any moisture in [hc ttiltu wouldfrcczc.

Bcfcwcchanging the water pump SCOIS,wc had continual pmblcms with Icaktigc and had [o tighten
W packings rcpcmcdty. Evcrmmlly, [hc pump mtlmr Iwmcd W, possibly bccausc of over-ti~htcning the
packings. Since rcphxing lhc pwkings, wc hate hwl no serious Ictikagcpmblcmsand haveonly rwcly
nccdcd[o tigh[cnthencw puckings.

The Hcw41ctt-PactiimlUCpowr supply provitlcs Iull-ratedoutpu[currcn[[3(XI A) al aboulhalf the
rated vo!tagc. This is consistent wi(h our present load. 1[ is notclcu. however,wbcthcrwc will ix able10
gc[ @ll-ra[cdcurrcmat full-ratedvohagc(36 V). Above 3(MI-Aoutpu:, [hc power supply i:;shutdown by
an ovcrcurrcmtrip. This wip,however,ison Ihc input(au)currcm,whichshouldincrcmcproponionatcly
to tttc power hccauscthe inpw vohagc is a constant220 V. The pnwcr supplyhasa floating electrical
ground,and [his ground can bc different from that of the framework. Occasionallythe instmmcmation
channelvolmgcsspikeandcausean automaticshutdown.The.scspikescou!dbc cau.scdby diffcrcnccsin
groundpotcntiids.

DuringTest 10,ancxccssivcpressuredmp wasobscmcdin the Ictdowl]valve whenthe wdvcwas
fully open. An inspectionmvcalcdthat the wdvc was partiallypluggedwi[h a fine blackmalcrial. There
was notenoughof thematerialfor analysis.The annularflow passagein thesecomml valvesis very tiny
bccauscof the Smallflows andIargcpmssurcdrops. The.scvalvesccrminlywould nt., work i,na sys!cm
with suspendedsolidsin the cfflucm. Wc havehadno repeatof ~histypeof valveplugging.

‘D. ChcmicalAnalvsis . .,

As opcrarional procedureswere hcing dcvclopcd and [hc unit was being modified jor bcucr
opcralion,chemicalsamplingand analysistechniqueswere alsobeingdcvclopcd. Most of our analyses
havebeendonewith a Hcw)cu-Packwdgaschromatogriiph,Additionalanalysis,usinghigh-pcrfonnancc
liquid chromiuography(HPLC), will bc ncccssaryto dctcrmincdcsmuctioncfficicncics and matcnal
bahiccs.

Samplingandanaly?.ingliquidandgaseouscfllucntsarccsscmialfor obtainingmalcrial balances
:mddcs!nJ.~!;mr””-uicIx-;us. The pmscntsamplingsystcmhasseven3(X)-mlsamplebo[tlcs.in[owhichthe
Crvrpli’[( “.: , ‘ -?I fl(v . ~~ircc[cdfor prcdcrcrmi~d periods of time. Eachsamplebotlk h it$

,,)w rI ! h I ; A ,1 , ,11\c>arcsccup in seriessothat the flow caneitherbc divertedto a
gi~cit ~amplc butuc Lr .AJ, M passedon to the next valve. When no sampleis being taken, the effluent
passe.through all sevenwdvcs10a 16-galproducttankthatcanbcprc.ssurimdto containbothgatmus and
liquid effhcnts.

The fh sample is taken before the power is ramped up, bu[ all feedsarcprcscmandsteady. This
.samplcISusedto dctcrminc the feed Conuntralirm. Wc then take samples at various timesduring the test.



usuaIly when conditions arc as steady as possible, recording the time. pressure, and average reactor
temfwalurco

Quantitative liquid chromatographic analyses were done on samples taken during Test 25. ‘I%CSC
sampleswere taken with 2% acctoncin the feed and with abouttwo timesstoichiomctricoxygen. The
resultsof theseanalysesgivean acaoncdestructionefficiencyof 99.9985%,ornearlyfivenines.

Iv. CONCLUSIONS AND RECOMMENDATIONS

W transpmablc supcrcritical water oxidation was[c destructionunithasnowbeenoperatedat flow
ratesof aboutI gaUhatoperatingtcmpcraturcandpressurefor about30 h. It is hilt to ASME standards,
with rcmotccuntml,dataacquisition,andmonitoring. Wc havedcvclopcd start-up, control, and operating
proccdums.

Wc will continueto improvetheoperationof thissystcm. In the immediate future wc will develop
automaticcontrolproceduresfor both start-upandsteadyoperation. The systcmwill then bc usedto
investigateprocessvariabhxandto developdataon theoperabilityandcffcctivcncssof theproms. These
data will also help us understandthe issuesinvolved in scaling up the process. In addition to the
acquisitionof processdata,thisunitwill bc usedfor performingtestson wastesat variousDOE sites.

The reactorsectionwill bc rcmovcdwhca cxpcrimkntswith hydrocarbonsand oxygenatesarc
concludedand will bc examinedmctallographicallyfor corrosion, erosion, and deposition. Information
fromthisexaminationwill bc usedto tccommcndncwmaterialsasappropriate.In addition,materialstests
will bccarriedout for more.scvcrcenvironments,suchastho~ thatwouldbcpresentin thedcstntctionof
of hatogcnatcdhydrocarbonsandotherwastes.

Someof the variationsin the systcmdesignthat will be testedarc injcclion of oxygen at various
point..in thesystem,self-cooledreactorconcepts,scaicd-downversionsof proposedcommercialreactors,
andsolidshandlingcapabilities. The dcswuclionof halogcnatcdhydrocarbonsmay producesolids.and
solidsarcusuallyfoundin realwastes.

The primary,early,objcctivcof workwith thistransportablewa..tcdestructionunit will bc to obtain
operatingdata asa basisfor permittingandtransportingof h unit to DOE sites for on-site testingof
priority wastes. Discussionstowardthisobjcciivcarcbcinghcldwith rcprcscntativcsof Hanford,
SavannahRiver,Pantcx.andRockyFlats. lit addition,coordinationistaking placewith ~ Integrated
Dcmonsmions.
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APPENDIX A

FLOW REACT!3RSIMULATION MODEL

The flow reactorsimulationmodel is a finite-differencesolutionof the one-dimensional,steady
equationsof energy,momentum,andspccicsconccntnuionwith rcaclion. Numcncal integrationsof the
finite-diffcrcncc cquaiionsarc made along the flow pa[h 10ob[ain pressure,tcmpcra[urc,and species
conccntra[ions at each poin[. A tcmpcraturc and conccn!ration-dcpcndcnt chemical reaction is
incorporated,with theattendantchangein spccicsconccntra[ionsandheatsource(or sink). Heat transfer
from the now passiigc(s)to ambient is cit!culatcd,as is heat wansfcrbctwccn flow passagesin reactor
gcomctricswith coumcrtlowconfigurmions. Besidesthe heatsnurccsfrom the chemical reaction,heat
sourcescausedby rcsismnccheating,eitheroulsidethe flow pmsagcwallsor in thewallsthcmselvcs,may
bespecifwd.

Except for convectiveheatmrtsfcr bctwccnthe flow pMsagcwall andthe fluid, lhcrc is no lateral
diffusionof heat,mass,or momcnlum. Convcctivcheattransferbclwccnwall and fluid is rcprcsentcdby
theheattransfercocfficicmmultipliedby thetcmpcraturcdiffcrcnccbctwccnwall andfluid. Diffusionof
heator massin the flow directionis assumedto be negligibleexceptfor thatcausedby advcction(that is,
heatandmasscamicdalongwith the fluid). This assumptionhasbeenverifiedwith simplecalculationsfor
heatdiffusion(conduction),andis assumedto hold for massdiffusionby analogy,makingthe assumption
thatthe Lewis number(ratio of massdiffusivity to thermaldiffusivity) is of theorderof unity. Two basic
assumptionsin theanalysisam thatthevariousspccicsaremixedat everypoint,andthat they all havethe
sameflow velocity, thal is, thereis no flow-dircclion separationor streaming. For the mostpart, !hcse
reactorsoperateat supcrcritical-waterpressuresandtcmpcraurcs, and the commonchemicalspccicshave
densitiesof almuth sameorderof magnimde.

Ei;hcr of two analysis casescan bc chosen. In the “design” case,the desired outlet waste
concentrationis spccificd andtherequiredreactorIcngth(in the flow direction)is calculated.In the
“rating”case.thereactorIcngthis spccificdand theoutletcmccnlrationof wasteis calculated. In either
case, the inlet spccicsconcentrations,infct [cmpcraturcs,inlet pressures(and, in somecases,outlet
ptvssums),flow passagegeometry,total flow rates,heat!0sscocfficicnts,andclcctncalheatingprofilearc
speciftcd,alongwith severalcontrolpararnctcrsandflags.

Three reactortypesarccurmtly availablein thesimulationcode. The “one-streamregenerative”
(OSR)-type (Fig. A-1) consistsof two conccmrictubes. The processstreamcnlcrsthecentraltubeorthc
annulusat 2=0 and flows to the commoncnd at Z=L. then turnsand flows back throughthe other flow
pa~sagcto theoutlet at 2=0. The “two-sweam coumcrflow” (TSC)-Iypc (Fig. A-2) also i~orporaks two
concentrictubes,butthestreamsin the lwo tubesarcindcpendcm.The process(primary)streamcntcfsthe
inner tube at 2=0 andflowsto iLsoutlet at Z=L. The secondary(coolingor heating)strcarnenterstheouter
tube at Z=L and flows to its outlet at 2=0. In the prcscmversionof the code, the secondarystreamis
assumedto haveno chemicalreaction..and,thercfom.no changein chemicalmake-up. The third rcimor
!ype,which was usedin the studiesfor the prc.sentwaste-destructionunit reactor, is the ‘one-swcam,
single-pa..s”(OSS)-type (Fig. A-3), in whichtheprows streamenterst.hcsinglecirculartubeat 2=0 and
flowsto theexit at Z=L. For all types.numcncalintcgratiomsam cticd out in thepositiveZdirection. If
two coumcrflowingstreamsarcprcscrmtheimcgrationsaresimultaneouslycarriedout in bothstreams(in
the positiveflow directionin theprimarysweamandthencgaiivcflow directionin thesecondarystream).
The singletube.or thepairof conccntnctuhes,in thisanalysisiscotusidercdto beamodule,andmanyof
theseidenticalmodulescouldbestackedin parallelto makea Iargcrrector.

Other majoroptionsbuilt into thecodearc the reactionmtccOnstants.the propefiiesto be usedfor
thewastespccicsandthetypeofhcat tramfcrcoe~cicnt.OL!roptionsarcavailableforvariousiteration
proccdurcs, For example, wc can changeelectrical heating ratesuntilIhemaximumwall tcmpcraturc
cquaisa specifiedvaluewithina spccificdtolcrancc.
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‘rhcOlcti-ixlIwis——

In this discussion,Ntcterm wasteis w.d todenotetheoxidizabkcomponentof thefeed, whether
that is a waste, a simuiant. an added fuel, or a combirmtion of these. ‘JIM stoichiomctric andmass
conservationequationsare, tit present, writlcn assuming the waste to be a single hydrocarbon or
oxygenated hydrocarbon species and assumingthathe onlyproductsof theoxkfationtcactionarecarbon
dioxideandmomwater. If thewastecanbe rcpmscntedby n atomsof carbon,m atomsof hydrogen.andk
atomsof oxygen,ChcOvcratlstoichiottmtricequationbecomes

Excc.ssoxygen, waterin the feed,andanynitmgcn(suchasthatwhich wouldbe presentif air were
usedasthe oxidantj arc simply carriedaIongand becomea partof the overall energybalance. Similar
equationscai.ibcwfittcn forotheroxidantssuchashydmgcnperoxide.

lntcnncdiatc steps in the oxidation processcould rcarlily be accommodated using mul[iplc,
simultaneous,reactionrateexpressionsand introducingintermediateproductssuchasmethane,carbon
monoxide,andhydrogen.f-orsimulationsto date,however, wc have usedonly the overall oxidation
reaction.

In the following discussion,Z is the flowdirection dismrtccfrom the primary inlet, the subscripti
denotesconditionsat thepresentZ-station,andi-l denotesconditionsat thepreviousstation. Numerical
integrations am alwaysearnedout in thepositiveZ-direction. ‘rhenumericalintegrationequations
rcpresmcxpkit solutionsof thecon.servalioncquatiortsinZ, thatis,energy,ptessurt,andconccmration
changesovertheZscgmcmfromstationi-i tostationi arcbasedonlyonconditionsatstationi. Forthis
reason.and bccausctheoxidationrcactioi~can !wcomc very fact at hightcmpcraturcs,very small
incrementsmust bc cmploycdtG ensurenumericalstability. in thiscodetheZ-incrementsizeis the
minimumof a specifiedmaximumallowablevai-uc“and#w flowdistancecorrespondingtotheconvcmion
of agivenfractionof thercmainingwaste.as

AZ= @.>
t-l

WhCICAZ = Z- Z.l (m) (alwaysposilivc)
V is themixedmeanfluidvelocity(m/s}
k isthereactionrateconstant(s.l);
$ is a spccifwdfraction,usually0.01to0.02.

This typically resultsin scwal thousandaxialstationsforreactingstmnts,butit ensuresstability.
FortWO reacting streamS0WC USCthe minimumvalueforcach.

‘Iltc followingenergyequationiscastintermsoftoial fluidcnthalpyforaCOnstam”pressureprocess:
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In finite-diffcmncc form, it is

whereH is hc UNidIluid cnthtilpy(J/kg);
m is tic mud mass flow rite in the fluid pmsagc(kg/s);
Q: is hcutwansfcrraIcpcrunit Icngthfrom wall to fluid (w/m):
5 is + 1.0for theprimarystream,-1.(1for the.wondwy strwn.

For Psingk flow pawgc (w in OSS-typerctictors).thehculmnsfcr riucis givenby

w.,.,=“,”:”,“[u:,.(~,-~., )+Q;;]
w 4*

whcm U: is conductance pet unil Icngth from wall to fluid (Whn-°C);
U’,, isconducwnccpcrunit Icngthfromarnbicnlto wall (w/m-”C);
T is local fluid mixml-mean tcmpmturc (“C);
TOis ambient tcmpcramru(°C);
Q~ ISwdl heat gcncrwion pcr unit lcng[h(W/m).

For OSR- andTSC-type nmc[omwith two flow pawagcs,hc heatminsfcrtxxwccn[hctwo passages
is alsoincludedin the heat transfer rate in eachpassage,again.ba.scdon tcmpcraturcsat the previousZ-
stalion.

There isno .sourcc[crmin Lhcmcrgy equationfor theheatof reactionbccauscthecnthalpicsof tic
variousspc:icsarc given on a commonbasis,andthey includeany heatsof formation. For an adiabatic
reaction,then.thecnthalpyof theproductsis thesameM thatof the feed,butthiscnthalpycorrespondsto a
differentmixed-meanfluid tcmpcrwurcfor theproducts.Thediffcrcnccin cnthalpyat a giventcmfnwa[urc
andpressureis thediffcrcnccin thehcaLsof formation, which is the heat of reaction. When thecnthalpyis
found,themixed-meanfluid lcmpcraturcis found.by an iterativeproccdurc,from Ihc pro~rty tabks for
thelocalcompositionand[otalprcswrc.

Total cnthdlpy,specificheatatconstampressure(used10dctcrmincheatlran!sfcrcocfficicnts),and
specific volume arc dclcrmincd, for the mixed fluid streamon the basisof massfractions. Transpcm
propcnicsfor themixntrc(thermalconductivityandviscosity- used10dclcrrnincktt tramfcrcoefficients
andfricticmfacmrs)arcdctcrmincdaccording10thegas-mixingruksgiveninReidandSherwood.s

Other 10G31parameters dctcrmincdby numerical“intcgralionarctheremainingwasteconccnlfalion
andthefluidstaticprcssum.

The mass fractionof wastercmainingfor a !irst-ortlcrreactionis

k
tn(~) =./n(Ft-l)-&. U.6

l-l

wkrc F k tk mass fractk OfWaste(kg, WaSU#@,IOld).
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tiighcr-ordcl JL’: t quaiionswould requireslightly different numerical.integrationequations.
Omt[k - ~~~I’; ..\tcis known, theconccnwationsof tic otherspeciesis calculatedfrom the
>tois”hir - .-” ; c AIUt Aand the spccicsu)nccnwationsin the feed.

“%“totalstari(- !luid pressure is

q = q., - ()f .Gz . AZ . 6+(JY v’),-, -(P” V2),
2“P” m ,-,

where P is total fluid prcssum(Paj;
f is M friction factor
p is fluidmixed-mandcnsi[y(kg/mJ;
[Ji, is coolant pa.ssagchjdraulic diameter (m);
G is fluid rnkssvcloci!y = mJA~= P@Vforonc-dimcrvsional flow,

For rcac!or fluid passagesof constant cross section, G is a constant for each flow passage.
Com)auons for heattransfercocfficicnfiandfric[ionfac[omcm ~ fou~ in Bu~cis~r.~

Reactionrateconstantsfk) arcdcmnincd fromh simpleformof theArrhcniusquation:

whrc A is the frequency factor (S”.)

E is theactivationenergy(MtoIc)
R is thegasconstant(J/mole-K)
T is theabsotutctcmpcraturc(K).

Otherexpression..for reaction-ratecon..t.mcouldbc incoqxmucd.

For the OSS-type reactorwith a single fluid swcam,no iterationsarc requiredto satisfythe end
conditions.Inletconditionsarcgiven.andnumericalintegrationcon[inucsuntil thespccificdIcngth(rating
case)or thespccificdwstc fraction(design exe) is obtainml.

For the OSR reactordesign case, inlet and outlet waste fractions arc spccificd and numcncal
imcgrationcontinuesuntil thewastefractionsof thetwo strums arcthesame. Sincetheoutlc[tcmpcraturc
is notspccificd,however,iterationsmustbcmade varying the estimateof outlettcmpcraturcuntilamatch’
of tcmpcraturcsatZ-L isobtained.Thesameistrueof pressure,but pressuredropsin thesercacIorsarc
very small. and the proccdurcusedhere is to specify both inlet and outlet pressuresand to ignore arty
mismatchof prcsmrcacZ=L. For theratingcase,iterationsmustbc made.varyingbothout.lcItemperature
andoutlet wastefraction to obtain a match in’tcmpcraturcand wamc fractionatZ+ sinceL isspccificd.
It isverydifficultto obtaina solutionfor thiscasewhenthereis goodthermalcouplingbctwccnthe two
strcarns.possiblybccauscthe physical silumionmay bc somewhatunstable. In design-casesituations
where it is pcrmissablc to consider the reactor to bc adiabatic (no heat loss to ambient). the Out!cl
tcmpcranm can bc cakulatcd at the startsimc the ovcrdl change in constitucrttsis known.

The TSC reactorrquircs iterationsonly to satisfythe~cificd. wondary inkt temperatureat-L.
In somesituations thiscahbccircumventedby specifyingthesecondaryoutlet tcmpcraturcinstead.
Othcwisc h TSC reactorissimilar[o the0SS reactorin thisrespect.Ifchcmical nxxions wcmallowed
in k .sccondarysucarn.howcvtr.thesituationwouldbccornc’momcornpiicatcd.

I
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