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Abstract:Numericalsimulationusingcomputationalfluiddynamicsiscarried
outtostudytheperformanceofacounter-currentreactorinacontinuous
hydrothermalsystem for nanomaterialsynthesisthatis operated under
supercriticalwatercondition.Inletflowrateandtemperaturearethekey
processvariablesandvaryinthesimulation.Thepredictedtemperaturesarein
goodagreementwithmeasurementstakenfromalaboratoryrigofidentical
designandunderthesameoperatingconditions.Itisfoundthatfastmixingin
thereactorcanbeachievedbyhighinlettemperature,highinletflowrateofthe
supercriticalwaterandusingunbalancedflowconditions,i.e.thesupercritical
waterflowrateshouldnotbeequaltothatoftheprecursor.Thecomparative
simulationalsorevealsthattheinsertionlengthoftheinnertubeisakeyfactor
dictatingthereactorperformance,anditneedstobelessthan72.5mmin
ordertoachievesatisfactorymixingunderthecurrentreactorconfiguration.
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0 Introduction

Numerous metal oxide particlesin the
nano-sizerangehavebeenmanufacturedinboth
batchandcontinuousmodes(seeLits.[1-8])

usingsupercriticalwaterhydrothermalsynthesis
whichisrelativelygreenduetotheuseofwater
ratherthanorganicsolvents.These materials
haveawiderangeofapplicationsinvariousareas
such as colloid science, environmental
remediation, catalysis and photo-catalysis,

electronics,medicinalapplications,separations,
thinfilms,inks,anddisinfection[9].Compared
withbatchprocesses,continuoushydrothermal
flowsynthesis(CHFS)processhasadvantages
becauseitiseasiertocontrolandcanavoidbatch
tobatchvariationinproductquality[10-12].Ina
CHFSprocess,reactionsbetweensupercritical
waterandmetalsaltcantakeplaceinimpinging
jettypeofreactorsinmilliseconds.Thedetailed
mechanisms of nano-particle formation were
consideredtoinvolvethecombinationofcomplex



nucleation,growthandaggregationprocesses
withfurtherresearchneededinordertogainfull
understanding.Asaresult,optimisationofthe
mixing,temperatureand velocity profilesis
criticaltoreactordesign,henceproductionof
desirednano-particles.Obviously,itisdifficult
andcostlytoachievethegoalofoptimumreactor
designthroughexperimentallytestingvarious
design alternatives[13]. Computational fluid
dynamics(CFD)modeling[14]offersapowerful
tooltoevaluatetheperformanceofdifferent
reactor designs, such as stirred tank
reactors[15-16]andimpingingjetcrystallisers[17]

underambientconditions,andhasbeenusedto
studysupercritical water oxidation processes
including hydrothermal flame study[18] and
hazardousorganic wastetreatment[2,19].The
applicationof CFD modelingtosupercritical
waterhydrothermalsynthesisfortheproduction
ofnano-particlesis,however,stilllimited.
Lester,et al.[9] used CFD tosimulatethe
velocitydistributionsinsideanozzlereactor,but
methanoland sucrose were used as model
materialsofsupercriticalwaterandmetalsalt.A
reactorwithX-shapedgeometrywassimulated
byAimable,etal.[8]topredictthetemperature
andvelocitydistributionsinthereactor,but
without validation against experimental
measurements.Kawasaki,etal.[20]studieda
T-shaped mixer for continuous supercritical
hydrothermalsynthesisofTiO2 nanoparticles.
Simulations with different experimental
conditionswereperformedusingCFDinorderto
understandthe mixing behaviour.However,

validationsofvelocity,temperaturedistributions
againstexperimentaldatawerenotpresented.
Themixingbehavioursinturbulentsupercritical
water hydrothermal reactors including a
T-shapedmixerandacounter-currentreactor[9]

were numerically studied[21] attempting to
quantifythemixingefficiencyinthereactors.
However,onlythesimulatedvelocityanddye
concentrationcontoursinthecounter-current
reactorwerecompared withtheexperimental

observations from the literatures.
Sierra-Pallares,etal.[22]usedCFDtosimulatea
submergednitrogenjetandasupercriticalcarbon
dioxide reactor, but only the density,

temperatureand residencetime distributions
fromthenitrogenjetwerecomparedwiththe
measureddatafromtheliteratures.Areactor
operatingundersupercriticalwaterconditions
fornanomaterialformationwasalsosimulated
byDemoisson,etal.[23],buttheexperimental
study only placed onethermocouplein the
reaction zone, hence only the measured
temperatureatthispointwascomparedwiththe
simulated value. Antisolvent precipitation
processesinethanolsolutionusingsupercritical
carbon dioxide as an antisolvent were
simulated[24-25]topredictcrystalsizedistributions
ofparacetamolandnicotinicacidbutwithout
validationsagainstvelocity,temperatureand
concentrationdistributions.

Inthispaper,thesynthesisprocessesina
counter-currentreactorofaCHFSsystem[13,26]

were simulated using the ANSYS Fluent
package[27].Thetemperature profilesinthe
reactors obtained from simulations were
comparedwiththeavailableexperimentaldata
andthemixingbetweensupercriticalwaterand
precursorstreamsinthereactorwasexaminedin
details.Thesimulationidentifiedtheinsertion
lengthofthesupercriticalpipeasoneofthekey
factorsthataffectsthereactorperformance.The
effectofinsertionlengthofthesupercritical
waterpipeinto thereactor on the reactor
performancewasalsoinvestigatedtoproducean
optimalreactorconfigurationintermsofthe
length.The governing equationsfor mass,

momentum, species concentration and
turbulence,togetherwiththesupercriticalwater
propertiesarebrieflydescribedinSection1.Itis
followedbySection2inwhichtheprocessesin
thecounter-currentreactorandtheexperimental
procedureto obtaintemperature profilesare
presented. The computational details and
solution methodsareintroducedinSection3,
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andsimulatedresultsareanalysedanddiscussed
inSection4,whichisfollowedbyconcluding
remarksinthefinalsection.

1 Mathematicalformulation

1.1 Hydrodynamicandconcentrationmodels
The three-dimensional continuity,

momentum and enthalpy equations based on
time-averagedquantitiesobtainedfromReynolds
averagingoftheinstantaneousequationsare
numericallysolvedtoobtainhydrodynamicand
heat transfer profiles. There exist many
turbulencemodelsinwhichthemostcommonly-
usedoneisthetwo-equationk-εmodel[28]where
theturbulentkineticenergykanditsdissipation
rateεarethetwoquantitiesfor whichtwo
additionaltransportequationsaresolved with
standardempiricalconstants[29].

Simulationofmixing wascarriedoutby
introducinginthecalculationasecondaryliquid
asaninerttracerintotheprimaryliquidinthe
counter-current reactor. The temporal and
spatialdistributionsofthetracerconcentration
were obtained from the solution of the
Reynolds-averagedspeciestransportequation.
Thisequationforanon-reactingmixturecanbe
expressedasfollows:

 ∂ρYi

∂t +∂ρujYi

∂xj
= ∂
∂xi

Γi,eff
∂Yi

∂xj

æ

è
ç

ö
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wheretheeffectivediffusioncoefficientofspecie
i,Γi,eff=Γi+μt/Sct,ρisthemixturedensity,

ujisthe mixturevelocity,Yirepresentsthe
speciesmassfraction,Γithespeciesdiffusion
coefficient,μttheturbulenteddyviscosity,and
ScttheturbulentSchmidtnumber.
1.2 Thermodynamicproperties

The IAPWS formulation 1995 for the
thermodynamic properties of ordinary water
substanceforgeneralandscientificusecanbe
usedtocalculatethethermo-physicalproperties
ofwater[30].However,alargenumberofspecial
functionswereusedintheformulationtofita
largeamountofexperimentaldata.Therefore,it
wouldbecomputationallyverycostlytosolve

theformulatedequationsforeachiterationof
CFDsimulation.Althoughmodel-basedmethods
canbeusedtocalculatewaterproperties,such
asdensity,viscosity,thermalconductivityand
diffusioncoefficientinthisstudy,the water
propertiesobtainedfrom NationalInstituteof
StandardandTechnology[31]usingtheIAPWS
formulation1995[30]werepiece-wisecurve-fitted
inpolynomialformsoverseveraltemperature
rangesatafixedpressureof24.1MPa[32],and
usedtocalculatethethermodynamicproperties
efficiently and accurately. For diffusion
coefficientsinthe mixing study,the water
diffusivitywasestimatedusingthecorrelation
fromLiu,etal.[33].

2 Experimentalstudies

Fig.1showstheflowdiagramoftheCHFS
system using a counter-current reactor[13].
Deionisedwaterwaspumpedthroughaheated,

helicalcoilusingpumpP1withafixedpressure
of24.1MPaandaconstantflowrateintherange
of10to25mL/min.Anelectricalheaterwas
usedtoheatthedeionisedwatertoarequired
temperatureof350 ℃to450 ℃.Anaqueous
precursorandanaqueousbase werepumped
usingPumpsP2andP3,respectively,at24.1
MPawithafixedflowrateintherangeof5to10
mL/minfrom eachpump.Thefluidstreams
fromP2andP3werethenmixedbeforeentering
thereactorwherethemixturestreamfromP2
andP3wasmixedwiththestreamfromP1,to
reactandgeneratenano-particles.Theslurry
containingnano-particlesthenwentupwardsin
theannularsectionandleftthereactortoentera
heatexchangerforrapidcoolingbeforebeing
collectedastheproduct.Inordertoconcentrate
thestudyonfluidflowandheattransfer,the
mixturestreamfromP2andP3 (Fig.1)was
mimickedbydeionisedwaterduringtemperature
profiling experiments and CFD modeling.
Tab.1liststheoperatingconditionsusedinthe
experimentalstudiesandCFD modeling.Note
thatinthisstudyallvolumetricflowratesquoted
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asinletconditionsofsupercriticalwaterand
precursorstreamsarebasedonthedensityof
water at atmospheric pressure and at a
temperatureof20℃.

Fig.1 Flowdiagramofacounter-currentCHFS
system[13]

Tab.1 Operatingconditionsforexperimentsand
simulations(inlettemperatureofprecursor
streamfixedat20 ℃,andpressuresof
supercriticalwaterandprecursorstreams
fixedat24.1MPa)

Run
number

Supercritical
water

temperature/℃

Supercritical
waterflowrate/
(mL·min-1)

Precursor
flowrate/
(mL·min-1)

CCR-1 350 10 10

CCR-2 350 20 20

CCR-3 350 25 10

CCR-4 400 10 10

CCR-5 400 20 20

CCR-6 400 25 10

CCR-7 450 10 10

CCR-8 450 20 20

CCR-9 450 25 10

The detailed schematic diagram of the
counter-current reactor shown in Fig.1 is
illustratedinFig.2(a).Thereactorconsistsof
aninnertube (Di = 1.75 mmindiameter)
insertingdownwardintoalargeroutertube.The
superheatedwaterflowsdownwardsintheinner
tubetothemixingpointtomixwiththemetal
saltsolutionflowingupwards(Fig.2(a)).The

generatedproductstreamflowsupwardsinthe
annularsection,thena90°bendandahorizontal
tubetoleavethereactor.Somelong,fineJ-type
thermocoupleswereinsertedintothereactorat
differentlocationsalongthezdirectionasshown
inFig.2(a).Thetipsofthethermocouples
werefloatedinthebulkflowduetothepurpose
ofmeasuringbulktemperaturesandalsothe
difficultytofixthemontoawall.Theestimated
tippositionvariationsarewithin2mmacross
thetubecross-section(x-yplane).

Fig.2 Acounter-currentreactorschematicdiagram

andcomputationaldomain(z0=L=0.103m)

3 Simulationdetails

3.1 Computationaldatails
Fig.2(b)showsthecomputationaldomain

ofthereactorwhichincludesastainlesssteel
innertubewithaninsertionlengthofLfor
introducingsupercriticalwatertothe mixing
point,an outertube with precursorstream
flowingupwards,anannularchannelformed
betweentheoutertubeandtheinnertubefor
mixture/productstreamtoflowupwards,and
anexitarm.GAMBITsoftwarewasusedto
discretise the three-dimensional domain and
produced6.26×105 meshcells.Theoperating
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conditionsusedforthecomputationalstudies
weretakendirectlyfromtheexperiments,which
arelistedinTab.1.Atracerwiththesame
operatingtemperature,pressureandproperties
asthesupercriticalwaterwasintroducedintothe
supercriticalwaterstreamformixingstudies.
Theflowratesofthetracerandsupercritical
waterstreamswere1%and99%,respectively,

ofthetotalflowrateused.
3.2 Solutionmethod

ANSYS Fluentsoftware[27] wasusedto
solve the mass, momentum and energy
conservation equations and speciestransport
equation,together with the equations for
turbulentquantities,kandε,forthevelocity,

temperatureand species distributionsinthe
reactor.The obtained steady-stateflow and
temperatureprofiles wereusedastheinitial
valuestosolvethetransientspeciesequations.
Standard SIMPLE pressure-velocity coupling
wasusedwithasecond-orderupwindscheme
beingemployedforthediscretisation ofthe
convectiontermsinthegoverningequations.
Standardk-εmodelequationswithstandardwall
functions were used.Theinsulation ofthe
systemhasledtotheassumptionthattheheat
lossthroughtheouterwallofthereactoris
negligible,i.e.adiabaticboundarycondition.
Constantinlettemperaturesfortheinletfluids
werespecified.Themassinletflow modewas
usedtocalculatetheinletvelocitiesofboth
supercriticalwaterandprecursorstreams.A
turbulentintensityof5%andthecorresponding
hydrodynamicdiameterswereusedfortheinlet
conditionsforturbulence.Theoutletflowmode
was used for their corresponding exit
boundaries,whichspecifyfully-developedoutlet
flow conditions. Standard non-slip wall
boundaryconditionswereappliedinthestudies
withthestandardturbulentwallfunctionbeing
used.Different mesh sizes and convergence
tolerancesweretestedtoeliminatetheireffects
onsimulatedresults.

4 Resultsanddiscussion

Inthissection,thesimulationresultsof
fluidflow andheattransfercharacterisedby
velocityandtemperatureprofilesarepresented
withthemixingbehaviourbeinginvestigatedby
analysing tracer concentration profiles. The
effectofvariousoperatingconditionsonthefluid
flow,mixingandheattransferisalsodiscussed.
4.1 Fluidflowandtemperatureprofiles

Fig.3showsthevelocityvectors,contours
oftemperatureanddensitydistributionsaround
thesupercriticalexitregioninthereactor.The
reactor(Fig.2(a))hasaninletsupercritical
watertemperatureof450℃ withaflowrateof
20mL/min,andaninletprecursortemperature
of20℃ withaflowrateof20mL/minaslisted
asCCR-8inTab.1.Thesupercriticalwater
       

Fig.3 Velocityandtemperaturedistributionsfor

caseCCR-8inthewholereactor(top)and

theexitregionofsupercriticalwaterjet
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stream ejectedfromtheinnertubeandflew
downwards to meet with the up-coming
precursorstreamandformarecirculationzone
surroundingthejet(Fig.3(a)),whichledto
themixingbetweenthesupercriticalwaterand
precursorstreams. The mixture then went
upwardsthroughtheannularsectiontothe
reactor exit. The hydrodynamic penetration
distance,definedasthedistancealongcentral
linebetweentheexitpointofthesupercritical
waterandthe point wherethecentralline
velocityinthezdirectionbecomeszero,isabout
7.2timesoftheinnertubediameter(Di=1.75
mm).

By examining the axial velocity,

temperatureandtracerconcentrationalongthe
centralline(x=0,y=0)ofthereactor,itis
clearthatfromthesupercriticalwaterinletto
theexitalongtheinnertube,thesupercritical
waterstream wascooleddownfromtheinlet
temperatureof450℃to396℃,whichledto
theaxialvelocityattheexitbeingonly60%of
itsinletvalue.Thiscancauseslow mixing
between the supercritical water and the
precursorstreams,henceaffectingnanoparticle
productquality.Themixingdistance,definedas
thetracercorelengthalongthereactorcentral
linefromthesupercriticalwaterexittoacentral
linepointwithatracerconcentrationof0.005in
massfraction(fullymixinglevelatthereactor
outlet),wasestimatedtobe2.8timesofthe
innertubediameter(Di)inthiscase(CCR-8in
Tab.1).

Asthelocationsofthethermocoupletips
canvarywithin2mmonthex-yplaneinthe
annularsection,i.e.y =1.5875-3.5mmfor
thereactor,thepredictedresultsaty=1.7and
2.9mmareplottedinFig.4,togetherwiththe
measuredtemperatureprofilesforcomparisons.
Itcanbeseenthatthepredictedresultsarein
good agreement with measurements. The
reactoroutlettemperatureof337℃,determined
inthepreviousstudy[13]andshownasathick
solidlineinFig.4,isclosetothesimulated

valueof335℃inthisinvestigation.Infact,by
comparingtheresultsfromthepreviousstudy[13]

withthesimulated onesinthisstudy,the
correspondingreactoroutlettemperaturesarein
goodagreementwitheachother.

Fig.4 Predicted and measured temperature

distributionsalongthez directionin a

counter-currentreactor—CCR-8

4.2 Effect of the inlet temperatures of
supercriticalwater

4.2.1 Balancedinletflowrates Balanced
flowratesconditionisdefinedasanoperation,in
whichtheflowrateofsupercriticalwaterisequal
totheflowrateoftheprecursorstream,aslisted
asCCR-1,CCR-2,CCR-4,CCR-5,CCR-7and
CCR-8inTab.1.Fig.5showsthetemperature
variationsalongthezdirectioninthereactor
between different inlet temperatures of
supercritical water stream with balanced
flowrates (CCR-2,CCR-5and CCR-8).The
simulatedtemperaturesalongthezdirectionat
y=1.7 mm showed thetemperature bump
featureneartheexitregionoftheinnerpipe,

whilethepredictedtemperaturesaty=1.9mm
reproducedexperimentaldataforotherregions.
Takingintoaccountofthepossiblevariationof
thethermocouplestipsinx-yplanebeingabout
2mm,thesimulatedtemperaturesareinafair
agreementwithmeasurements.

Byexaminingthetemperaturevariations
along the central line under three inlet
temperatures of supercritical water with
balanced flowrates,it was found that the
simulated temperatures at the exit of the
supercriticalwaterjetalongcentrallinewere
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(a)CCR-2

(b)CCR-5

(c)CCR-8

Fig.5 Comparisonsoftemperaturevariationsalong
the z direction between different inlet

temperaturesofsupercriticalwaterstreamwith

balancedflowrateinacounter-currentreactor

much lower than their corresponding inlet
temperatures. With aninlettemperature of
350℃ (CCR-2),theexittemperaturefromthe
innerpipeis256℃,indicatingadecreaseof94
℃.Similarly,theexittemperaturesfortheinlet
temperaturesof400 ℃ (CCR-5)and450 ℃
(CCR-8) were about 20 ℃ and 53 ℃,

respectively,lowerthantheirinlettemperatures
ofthesupercriticalwaterstream.Thisisdueto
thatthereactorhasalonginsertionlengthofthe
innerpipe,73.5 mmfromcentrallineofthe
outletflowtotheexitoftheinnerpipe.The
long inner tube inserted into the reactor

producedlargeheattransferareabetweenthe
supercritical water stream and the product
mixture,hencemoreheatwastransferredfrom
thesupercriticalwaterintheinnerpipetothe
productmixtureintheannularsection,thus
resultinginlargetemperaturereductionofthe
supercritical water in the inner pipe.
Accordingly,theaxialvelocitiesattheexitof
theinnerpipewerereducedtolessthan76%,

41%and60% oftheirinletaxialvelocitiesfor
supercriticalwaterinlettemperaturesof350,

400 and 450 ℃,respectively. The lower
temperatureandloweraxialvelocityattheexit
oftheinnerpipeledtoslowerdecayofthetracer
concentrations,henceweakermixing.
4.2.2 Unbalancedinletflowrates Ifthe
supercriticalwaterflowrateisnotequaltothat
of the precursor stream,it is called an
unbalancedflowratescondition,suchasCCR-3,

CCR-6andCCR-9inTab.1.Fig.6showsthe
temperaturevariationsalongthezdirectionin
the reactor between three different inlet
temperaturesofsupercriticalwaterstreamwith
unbalanced flowrates (CCR-3, CCR-6 and
CCR-9).Forthreedifferentinlettemperatures
ofsupercritical waterunderunbalancedinlet
flowrate,thepredictedtemperaturealongthez
direction wellduplicatedthe measured data,

whichisduetothattheflowrateofsupercritical
wateris2.5timesoftheprecursorstream,

hencetheeffectofheatlossthroughtheannular
wall becoming less important and the
recirculationzone maintainingstrong.Asthe
supercriticalwaterjethas2.5timesflowrate
comparingtothe precursorstream,thejet
momentumdominatestheperformancenearthe
exitregion of the inner tube,hence the
recirculationzonesurroundingtheexit.
4.3 Effectofinletflowratesofsupercritical

waterstreamwithbalancedflowrates
Fig.7 shows the comparisons of

temperaturevariationsalongthez direction
between different balanced flowrates with
supercriticalwaterinlettemperatureof450℃.
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(a)CCR-3

(b)CCR-6

(c)CCR-9

Fig.6 Comparisonsoftemperaturevariationsalong
the z direction between different inlet

temperaturesofsupercriticalwaterstream

with unbalanced flowrate in a counter-

currentreactor

Itcanbeseenthatthepredictedandmeasured
temperatures at the exit region have a
temperaturedip whichshowsaverysimilar
trendoftemperaturedistributionstothatshown
inFig.5.Thesimulatedtemperaturesalongthe
z direction for the reactor reproduced the
experimentaldatawell.Temperaturedifferences
intheannularsection(betweenz=0and73.5
mm)areabout7 ℃ forCCR-7and2 ℃ for
CCR-8.

Thelowerinletflowrateofsupercritical
waterinCCR-7producedabout5℃lowerexit

temperatureatthe supercritical water exit,

comparingtoCCR-8.Thecorrespondingaxial
velocityofsupercriticalwaterattheexitfor
CCR-7isreducedto97.7% oftheinletaxial
velocity,comparingtoavalueof99.8% for
CCR-8. Therefore, the recirculation zone
generatedwithCCR-7issmallerthanthatwith
CCR-8. Accordingly, the simulated tracer
concentrationalongthecentrallineforCCR-8
reducedfasterthanthatforCCR-7,indicating
thatCCR-8hasfastermixing.

(a)CCR-7

(b)CCR-8

Fig.7 Comparisonsoftemperaturevariationsalongthe

zdirectionbetweendifferentbalancedflowrates

withsupercriticalwaterinlettemperatureof450

℃inacounter-currentreactor

4.4 Comparisons between balanced and
unbalancedflowrates
Fig.8showsthetemperaturevariations

alongthezdirectionbetweenbalancedflowrates
(CCR-7)and unbalancedflowrates (CCR-9)

withaninlettemperatureofsupercriticalwater
streambeing450℃.Itcanbeseenthattheruns
withunbalancedinletflowratesgenerategood
agreementbetweenpredictionandmeasurement.
With2.5timesofbalancedsupercriticalwater
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flowrate,the unbalanced flowrates produce
higherexittemperaturesofabout6℃attheexit
pointofthesupercriticalwaterstream.Theaxial
exitvelocityattheexitpoint with unbalanced
flowrateforthereactor(CCR-9)isabout61%
higherthanthat withthebalancedflowrate
(CCR-7)which roughly correspondsto the
increaseofthesupercriticalwaterflowratefrom
10mL/min (CCR-7)to25mL/min (CCR-9).
Thesimilarfindingscanbeobservedforother
inlettemperaturesofsupercriticalwater (400
and350 ℃).However,duetotheaxialexit
velocity atthe exit point with unbalanced
flowrate(CCR-9)beingabout2.56timesofthe
balancedcase(CCR-7),theformedrecirculation
inCCR-9ismuchstrongerthanthatforCCR-7,

hencemuchfastermixingincaseCCR-9.

(a)CCR-7

(b)CCR-9

Fig.8 Comparisonsoftemperaturevariationsalong
the z direction between balanced and

unbalanced flowrates with supercritical

waterinlettemperaturesof450 ℃ ina

counter-currentreactor

4.5 Mixingbehaviours
Contouroftracermassfractionat15safter

startingthetransientsimulationsforCCR-8is

plottedinFig.9.Thecirclepointsarethe
monitoringlocationsalongthecentrallineofthe
reactor,wherethetracermassfractionswere
recordedduringthetransientsimulations.The
variationsoftracermassfractionatthefour
monitoringpoints,A1(z=103.0mm),A2(z=
103.875mm),A3(z =106.5mm),A4(z =
110.0mm),asshowninFig.9,overthetime
periodof15sareplottedinFig.10(a).A
normalised distancefora monitoring point,

ΔL/Di,isdefinedasthedistancebetweenthe
monitoringpointandthesupercriticalwaterjet
exitalongthecentrallineofthereactor,ΔL,

dividedbytheinnertubediameter(Di).The
monitoreddistributionsoftracermassfraction
were normalised by the fully mixed mass
fraction,c∞,ateachpoint.Themixingtime,

definedasthetimerequiredforthelocaltracer
massfractiontoreach99%ofc∞,forthefour
monitoringpointsofA1-A4(ΔL/Di=0,0.5,2
and4)wereestimatedfromthepredictedtracer
massfractionswithvaluesof0.8,2.5,3.4and
3.9s,respectively.Thefullymixedtracermass
fractionis0.005underthecurrentoperating
conditions (CCR-8 in Tab.1). Along the
centrallineofthereactor,thistracer mass
fractionwasreachedatthenormaliseddistance
(ΔL/Di)of4,the monitoring point A4 in
Fig.9.Fig.10(b)showstheresidencetime
distributions (RTD)in the counter-current
reactor (CCR-8)atfour monitoringlocations
(A1-A4inFig.9)andthereactoroutlet.The
correspondingmeanRTDsobtainedare0.18,

0.20,0.22,0.24and5.00s,respectively.The
tailoredpartsoftheRTDs,inparticular,the
RTDatthereactoroutlet,werecausedbythe
recirculationinthereactor,includingtheone
neartheexitofthesupercriticalwaterstream
andalsotherecirculationregionsnearthe90°
jointfortheRTDatthereactoroutlet.

TheReynoldsnumber,Re,isdefinedasthe
relativemagnitudebetweenthemomentumofa
supercriticalwaterjetandtheviscousdragforce
atthejetexit(z=0)andtheFroudenumber,
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Fig.9 Contoursoftracermassfractionafter15s
inacounter-currentreactor—CCR-8

(a)Tracermassfractionvariation

(b)Residencetimedistribution

Fig.10 Tracermassfractionvariationsandresidence
timedistributionsvs.timeinthecounter-
currentreactor—CCR-8atdifferentlocations

Fr2,atz=0,canbeestimatedbytherelative
magnitudeofthemomentumofthejetagainst
the buoyancy force[13]. The experimentally
estimated[13]andnumericallypredictedReand
Fr2forthecaseslistedinTab.1areplottedin
Fig.11 with very good agreement being
observed.Withhigherinletflowratesofthe
supercriticalwaterstream,theReynoldsnumber

andFroudenumberwereincreasedforallthree
inlettemperaturesofthesupercriticalwater,

indicatingthattheflowbehavioursattheexitof
theinnertube(z=0)weredominatedmoreby
themomentum ofthesupercriticalwaterjet.
Thiscase mayleadtostrongerrecirculation
aroundthejetexitregionandalsobettermixing
between the supercritical water and the
up-comingprecursorstream.Withhigherinlet
temperaturesofthesupercritical water,the
reactorflowcharacteristicsinthejetexitregion
became more turbulent and less buoyancy
affected.

(a)Re

(b)Fr2

Fig.11 ReynoldsnumberandFroudenumberatthe
exitpointofsupercriticalwaterjetunder
differentoperatingconditionsaslistedin
Tab.1

ThecomparisonsofRTDsatthereactor
outletunderdifferentoperatingconditionsare
plottedin Fig.12. With a balancedinlet
flowrates at different inlet temperatures
(CCR-2, CCR-5, CCR-8), higher inlet
temperatureofthesupercriticalwaterledto
shortermeanresidencetime (Fig.12(a)).It
maybecausedbyahighertemperature,hence
highervelocity,ofthesupercriticalwaterstream
attheexitpoint,whichissupportedbythe
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(a)Balancedinletflowratesatdifferentinlet
temperatures

(b)Differentbalancedflowratesataninlet
temperatureof450℃

(c)Unbalancedflowratesatdifferentinlet
temperatures

(d)Balancedandunbalancedflowratesatan
inlettemperatureof450℃

Fig.12 Residencetimedistributionsatthereactor

outlet

predictedtemperaturesandvelocities.Atan
inlettemperatureof450℃forthesupercritical
waterstream,thelowerbalancedflowratecase
(CCR-7)produced muchwiderRTDandalso

longermeanresidencetime(Fig.12(b))than
thehigherbalancedflowratecase (CCR-8),

henceslowermixinginthereactorunderthe
operating conditions of lower balanced
flowrates.Similarly,theunbalancedflowrate
case(CCR-9)hasamuchshorterresidencetime
andnarrowerRTD (Fig.12(d))thanCCR-7.
Withunbalancedflowrates (Fig.12(c)),an
inlettemperatureof450℃forthesupercritical
waterstream(CCR-9)producedslightlyweaker
mixingwhencomparingwithothertwocases
(CCR-3andCCR-6).
4.6 Optimisationofreactorconfiguration

Withthecurrentreactorconfiguration,in
additiontotheflowratesandinlettemperatures,

theinsertionlengthofthesupercriticalwater
stream,definedasthedistancebetweentheinlet
andexitofsupercriticalwaterstream,isamajor
factoraffectingthereactorperformanceunder
thesameoperatingconditionsasdiscussedin
Section4.2.1.Inordertoinvestigatetheeffect
ofinsertionlengthofthesupercriticalwater
stream,itwasreducedfromtheoriginallength
of103.0mmto85.5,72.5,52.5,45.5mm.
Simulations werecarried outunderthefive
reactor configurations using the operating
conditionsofcaseCCR-5.Thelocationsofthe
monitoring point A4 for the five reactor
configurationsare110.0,92.5,79.5,59.5,

52.5mm,respectively,alongcentrallineinthe
zdirection.Withashorterinsertionlength,L,

thehumpneartheexitofsupercriticalwater
stream (Fig.13)is smaller and the exit
temperature of supercritical water becomes
higher.Bymonitoringthetracermassfractions
atpointA4(asshowninFig.9)andthereactor
outlet,themixingtimeatpointA4andthemean
residencetimeattheoutletforthefiveinsertion
lengths(L =103.0,85.5,72.5,52.5,45.5
mm)are illustrated in Fig.14(a).It is
demonstratedthatmixing was moreintensive
withaninsertionlengthL ≤ 72.5 mm.The
reasoncanbeattributedtothatthesupercritical
waterstreamlosts moreheattotheproduct
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Fig.13 Predicted temperatures along the z

direction (y = 1.7 mm)under five

insertionlengthsofthesupercriticalwater

pipewiththesameoperatingconditions

(a)Time

(b)Temperature

(c)Velocity
Fig.14 Mixingand meanresidencetimeatthe

reactor outlet and temperatures and

velocities at the exit point (A1) of

supercritical water under fine insertion

length

stream in the annular channel with longer
insertionlengths.Therefore,thetemperatures
ofsupercriticalwaterattheexitpoint(A1)for
casesofL ≤72.5mmaremuchhigherthan
thoseforL > 72.5 mm (seeFig.14 (b)).
Accordingly,muchlowerexittemperaturesfor
casesofL >72.5mmledtomuchlowerexit
velocities(seeFig.14(c)),henceresultingin
weaker mixing.Thisstudy showsthatthe
insertionlengthforthisreactorconfiguration
shouldnotbelongerthan72.5mminorderto
achievegoodmixing.

5 Concludingremarks

Thefluidflowandheattransferpatterns,

as well as the mixing behaviour in the
counter-current reactor used for continuous
hydrothermalsynthesis of nanomaterials are
investigated. The distributions of velocity,

temperature and tracer concentration were
compared under varied conditions of inlet
flowrate as well as inlet temperature of
supercritical water, and inlet flowrate of
precursorstreams.Higherinlettemperatures
andhigherinletflowratesofthesupercritical
waterstream,and also unbalancedflowrate
conditionsarefoundtoproducefastermixing.
Thepredictedtemperaturesalongthezdirection
underdifferentoperatingconditionswereingood
agreementwithexperimentaldata.Thestudy
identifiedthe majorfactors that affectthe
reactor performance,hence providing useful
informationforimprovement ofthe reactor
design.Forthecurrentreactorconfiguration,

themuchlowerexittemperatures,hencelower
exit axial velocities, at the exit of the
supercriticalwatertubeduetotheheatloss
throughthetubewallintotheannularsection
wereidentified asone ofthe majorfactors
affectingthereactorperformance.Optimising
theinsertionlengthofthesupercriticalwater
pipebasedontheexistingreactorconfiguration
indicatedthattheinsertionlengthshouldbe
shorterthan72.5mm.

376 第6期   ZHANGYang,etal:Modelingandsimulationofcounter-currentreactorsforcontinuoushydrothermalflowsynthesisofnanoparticles



References:

[1] Bermejo M D, Cocero M J.Supercriticalwater
oxidation:atechnicalreview [J].AIChEJournal,

2006,52(11):3933-3951.
[2] MoussiereS,Joussot-DubienC, GuichardonPO,

etal.Modellingofheattransferandhydrodynamic
withtwokineticsapproachesduringsupercritical
water oxidation process [J].The Journal of
SupercriticalFluids,2007,43(2):324-332.

[3] AdschiriT, Hakuta Y, AraiK.Hydrothermal
synthesis of metal oxide fine particles at
supercritical conditions [J ]. Industrial &
EngineeringChemistry Research, 2000, 39(12):

4901-4907.
[4] AdschiriT, Kanazawa K, Arai K.Rapidand

continuous hydrothermal synthesis of boehmite

particlesinsubandsupercriticalwater[J].Journal
oftheAmericanCeramicSociety, 1992, 75(9):

2615-2618.
[5] Cabanas A, Poliakoff M. The continuous

hydrothermalsynthesisofnanoparticulateferritesin
nearcriticalandsupercriticalwater[J].Journalof
MaterialsChemistry,2001,11(5):1408-1416.

[6] Ohara S, Mousavand T, Umetsu M, etal.
Hydrothermalsynthesisoffinezincoxideparticles
undersupercriticalconditions [J].Solid State
Ionics,2004,172(1-4):261-264.

[7] Otsu J, Oshima Y. New approaches of the

preparationofmetaloxideparticlesonthesurfaceof

porous materials using supercritical water:

developmentofsupercritical waterimpregnation
[J].TheJournalofSupercriticalFluids, 2005,

33(1):61-67.
[8] AimableA, MuhrH,GentricC,etal.Continuous

hydrothermalsynthesisofinorganicnanopowdersin
supercriticalwater:Towardsabettercontrolofthe

process[J].PowderTechnology,2009,190(1-2):

99-106.
[9] LesterE, Blood P, DenyerJ, etal.Reaction

engineering:Thesupercriticalwaterhydrothermal
synthesisofnano-particles [J].TheJournalof
SupercriticalFluids,2006,37(2):209-214.

[10] BoldrinP, HebbAK,ChaudhryAA,etal.Direct
synthesisofnanosized NiCo2O4 spinel & related
compoundsviacontinuoushydrothermalsynthesis
methods [J].Industrial& EngineeringChemistry
Research,2006,46(14):4830-4838.

[11] ChaudhryAA, HaqueS, KelliciS,etal.Instant

nano-hydroxyapatite: A continuous and rapid
hydrothermal synthesis [J]. Chemical
Communications,2006(21):2286-2288.

[12] DarrJA,PoliakoffM.Newdirectionsininorganic
and metal-organic co-ordination chemistry in
supercriticalfluids [J].ChemicalReviews, 1999,

99(2):495-541.
[13] TigheCJ,GruarRI, MaCY,etal.Investigation

of counter-current mixing in a continuous
hydrothermalflow synthesisreactors [J].The
JournalofSupercriticalFluids,2012,62:165-172.

[14] VersteegHK, MalalasekeraW.AnIntroductionto
ComputationalFluid Dynamics:TheFiniteVolume
Method[M].2nded.Harlow:PearsonEducation,

2007.
[15] Li M, White G, Wilkinson D, etal.LDA

measurementsandCFDmodellingofastirredvessel
witharetreatcurvedimpeller [J].Industrial &
EngineeringChemistry Research, 2004, 43(20):

6534-6547.
[16] ZHANG Q, YONG Y, MAO Z S, et al.

Experimental determination and numerical
simulationofmixingtimeinagas-liquidstirredtank
[J].ChemicalEngineeringScience,2009,64(12):

2926-2933.
[17] WooXY,TanRBH,BraatzRD.Modelingand

computationalfluid dynamics-population balance
equation-micromixingsimulationofimpingingjet
crystallizers[J].CrystalGrowthandDesign,2009,

9(1):154-164.
[18] NarayananaC, FrouzakisaC, BoulouchosaK,et

al.Numericalmodellingofasupercriticalwater
oxidationreactorcontainingahydrothermalflame
[J].TheJournalofSupercriticalFluids, 2008,

46(2):149-155.
[19] Zhou N, Krishnan A, Vogel F, et al. A

computational model for supercritical water
oxidationoforganictoxicwastes [J].Advancesin
EnvironmentalResearch,2000,4(1):79-95.

[20] KawasakiS I, Sue K, Ookawara R, etal.
Engineering study of continuous supercritical
hydrothermal method using a T-shaped mixer:

ExperimentalsynthesisofNiO nanoparticlesand
CFDsimulation [J].TheJournalofSupercritical
Fluids,2010,54(1):96-102.

[21] Sierra-PallaresJ,DanieleDL, MarchisioL,etal.
Quantification of mixing efficiencyin turbulent
supercritical water hydrothermalreactors [J].
ChemicalEngineeringScience, 2011, 66(8):1576-
1589.

476 大 连 理 工 大 学 学 报 第54卷 



[22] Sierra-PallaresJ, Parra-SantosM T, Garcia-Serna
J,etal.Numericalanalysisofhigh-pressurefluid
jet:ApplicationtoRTDpredictioninsupercritical
reactors [J].TheJournalofSupercriticalFluids,

2009,49(2):249-255.
[23] DemoissonF, ArianeM,LeybrosA,etal.Design

of a reactor operating in supercritical water
conditionsusing CFD simulations.Examplesof
synthesized nanomaterials [J].The Journalof
SupercriticalFluids,2011,58(3):371-377.

[24] BaldygaJ, CzarnockiR, ShekunovB Y, etal.
Particleformationinsupercriticalfluids-Scale-up
problem [J].ChemicalEngineeringResearchand
Design,2010,88(3):331-341.

[25] BaldygaJ, KubickiD, Shekunov B Y, etal.
Mixingeffectsonparticleformationinsupercritical
fluids [J].Chemical Engineering Research and
Design,2010,88(9):1131-1141.

[26] MaCY, MahmudT, WangXZ,etal.Numerical
simulationoffluidflow and heattransferina
counter-currentreactor system for nanomaterial
production [J].Chemical Product and Process
Modeling,2011,6(2):Article6.

[27] ANSYS. ANSYS Fluent Package [DB/OL].
[2010-01-10].www.fluent.co.uk,2010.

[28] Jones W P, Launder B E.The prediction of

laminarization with a two-equation model of
turbulence[J].InternationalJournalofHeatand
MassTransfer,1972,15(2):301-314.

[29] LaunderBE,ReeceGJ, RodiW.Progressinthe
developmentofaReynolds-stressturbulenceclosure
[J].JournalofFluid Mechanics, 1975, 68:537-
566.

[30] WagnerW,PrußA.TheIAPWSformulation1995
forthethermodynamicpropertiesofordinarywater
substanceforgeneralandscientificuse[J].Journal
ofPhysicaland ChemicalReference Data, 2002,

31(2):387-535.
[31] NationalInstituteofStandard and Technology.

Thermophysicalpropertiesoffluidsystems [S/

OL].[2009-10-05].www.nist.gov.
[32] MaCY, TigheCJ, GruarRI,etal.Numerical

modelling of hydrothermalfluid flow and heat
transferinatubularheatexchangerundernear
criticalconditions [J].TheJournalofSupercritical
Fluids,2011,57(3):236-246.

[33] LiuH Q, MacedoEA.Accuratecorrelationsfor
theselfdiffusioncoefficientsofCO2, CH4, C2H4,

H2O,andD2Ooverwiderangesoftemperatureand
pressure [J].TheJournalofSupercriticalFluids,

1995,8(4):310-317.

逆流反应器中纳米材料连续热液流动合成过程建模与仿真
张  扬1, 马 才 云2, 刘 晶 晶1, 刘  涛3, 王 学 重*1,2

(1.华南理工大学 化学化工学院,广东 广州 510640;

2.利兹大学 化工与过程工程学院 颗粒科学与工程研究院,英国 利兹 LS29JT;

3.大连理工大学 先进控制技术研究所,辽宁 大连 116024)

摘要:利用计算流体动力学的数值模拟来研究超临界水操作条件下,用于纳米材料合成的连

续热液系统中的逆流反应器的性能.入口流量和温度是关键过程变量并在仿真过程中发生变

化.预测的温度与取自相同的设计和在相同操作条件下的实验室测量数据相吻合.研究发现反

应器中物料的快速混合可以通过超临界水的高流量与高入口温度,和使用非平衡的入口流量条

件即超临界水的流量不等于反应物流量来实现.对比仿真还显示内管插入长度是一个反应器性能

的关键控制因素,当前反应器配置下其必须小于72.5mm,以达到令人满意的混合效果.

关键词:逆流反应器;纳米材料热液合成;计算流体动力学;超临界水;混合;反
应器设计
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