OXIDATION

MAJORCHALLENGESINTHE DEVELOPMENT OF PHOTOCATALYTIC
REACTORFORWATER PURIFICATION

eterogeneous

photocatalysis is

one of the ad-
vanced oxidationtechnologies forairand
water purificationtreatmentand is docu-
mented invariousreferences (1-4). Itcou-
pleslowenergy ultraviolet (UV) lightwith
semiconductors acting as photocatalysts,
overcoming many ofthe drawbacks that
existfortraditional water treatmentmeth-
ods. By using thistechnology in-situ,deg-
radation of toxic compounds can be
achieved both by oxidation (using photo-
generated holestooxidize organics, dyes,
surfactants, and pesticides (5)and byre-
duction (using photogenerated electronsto
reducetoxicmetalions (6).

Theappeal ofthisprocesstechnologyis
the prospectof complete mineralization of
pollutants to environmentally harmless
compounds. Besides, the process use
atmospheric oxygenas oxidants, the cata-
lysttitanium dioxide (TiO,) is cheap, sta-
ble,non-toxic,and canbe usedforextend-
ed periods without substantial loss of its
activity. Moreover, itusesverylowenergy
UV-A light (I < 380 nanometers [nm]),
resultinginenergyrequirementaslowas 1
to 5 watts per square meters (W/mz2) of
catalystsurface area,and more important-
ly, caneven be activated even by sunlight
).

In spite of the potential of this promis-
ing technology, development of a prac-
tical water treatment system has not yet
beensuccessfullyachieved. Thereare
several factors thatimpede the efficient
designof photocatalyticreactors(8). Pho-
tocatalytic reactions are acomplex, multi-
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phasereactionsystem. The solid photocat-
alystisdistributed withinthe continuous
fluid phase, water and oxygen (or air), and
the UV-lightelectronicphase. Inthesetype
ofreactors, anadditional engineering factor
related toillumination of the catalyst be-
comesrelevant. Thisisinadditiontoother
conventional reactor complications such
asreactant-catalystcontacting, flow pat-
terns, mixing, masstransfer, reactionkinet-
ics, catalystinstallation,and temperature
control. Theilluminationfactoris of utmost
importancesincetheamountofcatalystthat
canbeactivated determinesthewatertreat-
ment capacity of the reactor. The high
degree ofinteraction betweenthetransport
processes, reactionkinetics,andlightab-
sorptionleadsto astrong coupling of the
physico-chemicalphenomenaanditisone
ofthe major hurdlesinthetechnical devel-
opmentofaphotocatalytic reactor.

The scale-up offixed-bed photocatalytic
reactorshasbeenseverelylimitedasreac-
tor configurations have notbeenableto
addresstheissue of masstransfer of pol-
lutants to the catalyst surface. The new

reactordesignconceptsmustdealwiththis
challenge. Earlierexperimentalstudiesby
our group of catalyst-coated tube bundles
(9), novelimmersiontypelamps (10),and
rotating tube bundles revealed that the
photocatalytic reactionis mainly diffusion
(mass-transfer) controlled. Thereaction
occursatthefluid-catalystinterface,andin
most cases, the overallrate of reactionis
limitedtomasstransportofthe pollutantto
the catalystsurface. Inourearlier studies,
we have enhanced mass transfer by in-
creasing mixing of fluids through turbu-
lenceandintroductionofbaffles(11). Inthis
work, anew photocatalyticreactoris con-
sideredthatusesflowinstabilitytoincrease
reactionyield throughoutthe reactor vol-
ume.

Centrifugal Instability of

Rotating Taylor-Couette Flow
Thelaminarflow confined withinthe annulus
regionbetweentwoco-axialcylinderswith
the inner one differentially rotating with
respecttotheoutersufferscentrifugalinsta-
bility, depending onthe geometry andro-
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Figure 1. Schematic diagram of the Taylor vortex reactor (left), and location of the
observation stations inthe annular region to analyze flow behavior. D*=0 (rotating inner
cylinder), d* = 1 (stationary outer wall), y* = 0 (bottom), y* = 1 (top).
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Figure 2. Vortices without and with circumferential waves.

tationrates. Firstexperimental reporting
was done by Taylor (12), althoughthefirst
criteriaof centrifugal instability was pre-
sentedearlierbyRayleigh(13),whoshowed
thataninviscid rotating flowto be unstable
ifthe energy of rotation associated with fluid
particle decreasesradially outward.

Undersuchanunstable configuration,
one notices the appearance of circumferen-
tial toroidal vortices in between the two
cylindersandisknownasTaylor-Couette
vortices. Thesevorticesevolveduetothe
adverse gradientofangularmomentum
that creates potential unstable arrange-
mentofflow(14). Suchanunstable condi-
tionarises naturally ifthe outer cylinderis
held stationarywhiletheinnercylinderis
rotated atasufficiently highrotationrate—an
arrangement considered in the present
study.

A schematic of the systemis shown in
Figure 1. The toroidal vortices that are
formed in the annular region between
the cylinders for a particular combina-
tion of the geometric arrangement and
the inner cylinder rotation rates are
showninFigure2. The non-wavy vortex
flow is seen to appear as a conse-
quence of primary instability as given by
appropriatenon-dimensionalnumberslike
Taylornumberand Reynolds (Re) number.
WhentheReynoldsnumberisincreasedto
somewhathighervalues,thenoneseesthe
wavy vortex flow, also shown in Figure 3.
(Editor's note: Thisarticle hasan Appendix
thatcontainsadditionalfigures presented

- KNAX i WRAALD LRRELL O

Figure 3. Schematic presentation of streamlines in
vortical cells

with the original paper. Due to space
considerations, not all figures could be
included with the printed version. The
Appendixis available with the electronic
version that is available at our web site:
ultrapurewater.com.)

In such an unstable condition, the
annulus is filled with pair of counter
rotating vortices. This can be viewed in
Figures3and 4. Figure 4 alsoshowsthe
boundary layer forming on the inner
surfacetohave an axial periodicity. The
boundary layer oscillates periodically be-
tweenalmostzerothicknesstoamaximain
betweenthe counter-rotating vortex pair,
where the two shearlayers approaching
each other spews outajet of fluid towards
the outerwall. Thefluid particlesintheir
motionaroundthetoroidal vorticescome
periodicallyin contactwiththeinnersur-
face.

By assuming the annular gap, d = (r,
- 1;), as small compared to the inner
cylinder radius (r,), whererr, is the outer
cylinder radius, it has been shown by
Taylor (12) that stability is dependent
only ontheratio of the rotation rate of the
outer cylinder to the rotation rate of the
innercylinder, (W/W), and asingle param-
eter, called Taylor number, T, whichcanbe
defined as seen in Equation 1. (Editor’s
note: Allequationsforthisarticlearetogeth-
erinasingle Equationstable.) Fromthe
stability theory for 0 £ W, /W.£ 1 and large
aspectratio, ithas been established that
primaryinstabilityinthe form ofthe appear-

ance of Taylor vorticesoccursatT, .»
1,708.

A particle image velocitymetry (PIV)
was used to measure the axial and
radial velocitiesinameridional plane for
non-wavy and wavy Taylor-Couette flow
in the annulus between a rotating inner
cylinder and a fixed outer cylinder with
fixed-end conditions by Wereley and
Lueptow (15). It was shown that the
vortices became stronger and the out-
flow between pairs of vortices was jet-
like. Wavy vortex flow is characterized
by azimuthal deformation of vortices
both axially and radially.

Accordingtotheirfindings, itwas also
shown that significant transfer of fluid
between neighboring vortices occursin
a cyclic fashion at certain points along
an azimuthal wave so that while one
vortex grows in size, the two adjacent
vortices become smaller, and vice ver-
sa. Vortex cells were not independent
as the significant transfer of fluid be-
tween adjacentvortices occursinwavy
flow regime. This aspect of the flow is
important, because traditionally itis as-
sumed that the vortex pair in Taylor-
Couette vorticesisindependentofeach
other and is of the same size and it is
customarytotreatthisas plugflow. But, the
observationofWerelyandLueptow(15)is
significantfromthe point of view of present
application.

Ifindeedthereissignificantmasstrans-
ferbetweenadjacentvortex pair, thenthat

a, crit
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can be used for additional benefitfor the
performanceenhancementofthe present
reactor. Thetransferoffluid particles be-
tweenadjacentvorticesoccurswithacyclic
fashion as a particular vortex gains fluid

from adjacentvortices. Ithas also been
reportedthatthe degree oftransfer of fluid
is greaterataReynolds numberequalto
253thanateitherahigherorlowerReynolds
number. Inadditionto flowinto and out of

adjacentvorticestaking place periodical-
ly, theindividual vortex centers alsomove
bothaxiallyandradiallyinacyclicfashion.
Onceagain, the maximumdepartureinthe
radial directionisastrong function ofthe
Reynolds number and is found to be a
maximum for Re =253.

Inthiswork, we have considered a Taylor
VortexPhotocatalytic (TVR)reactor,which
isshownschematicallyinFigure1,anda
dimension ofthereactorisgiveninTable A.
Inthe presentreactor, itisassumedthatthe
outersurface oftheinnercylinderis coated
with TiO, photocatalystanditisilluminated
withalamp placedinside the inner cylin-
der. Sczechowski, etal. (16) havereported
theirexperimental studiesrelated to en-
hancingthe photo-efficiency ofaTVR. But,
they have used semiconductor photocata-
lystparticlesasslurryinthefluid withinthe
annulus. Theyhavefoundthatdespitethe
photocatalystbeingdispersedinthefluid,
the useful reactiontook place only period-
icallywhenthefluidwasin contactwiththe
illuminated inner cylinder surface. They
reported three-fold increase in the photo-
efficiency whenthe reactantwasilluminat-
edforlessthan150ms,anditstayedindark
formorethanl’s.

The maximum photo-efficiency
achieved by them was 30% at 300 rev-
olutions per minute (rpm) of the inner
cylinder when 10 grams per liter (g/L)
loading of TiO, was used. The major
problem of achieving higher photo-effi-
ciency was related to the transport of
purified fluid from the vicinity of the
catalyst. Furthermore, their configura-
tion suffers from the additional problem
of separation of sub-micron size cata-
lyst particles after the purification stage.
Moreover, the working fluid is optically
dense, and therefore, the light penetra-
tion depthis restricted to a distance that
is of the order of the boundary layer
thickness of the inner cylinder.

In view of all these factors we have
considered, a TVR of similar geometry,
but instead of a slurry type reactor, the
photocatalyst was assumed to be im-
mobilized (fixed) onthe outer surface ofthe
innercylinderandafluorescentlampillu-
minates the inner cylinder onwhich the
catalystisimmobilized, and inthe pres-
enceoflightthe catalystisactivatedand as
aresult the redox reaction takes place.
Thus, onecanuseaverylowlevel of catalyst
loading, and simultaneously, eliminatethe
process of separation of catalyst particles
afterthe purification stage. Theenhanced
purification has been obtained by using
fluid dynamicalinstability associated with
centrifugalinstabilityinthe cylindricalan-
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ResultsandDiscussion
Flow development. The performancesof
thereactordependsonthe photo-efficiency
ofthe photocatalytic processaswellason
themasstransferefficiency ofthe fluid from
the vicinity ofthe rotating inner cylinderto
the stationary outer cylinderand backwith-
inasingle Taylor-Couette vortex. The latter
dependsonthe primaryinstability of flowin
setting-up ofthe vortical roles. Thisinsta-
bilityand associated masstransfercanbe
made more effective by initiatingasecond-
arymotionwhenadditionalmasstransfer
between neighboringrolesthroughthewavy
vortexflowwouldtake place. Thishasbeen
- - . shownto be a strong function of Reynolds
0.4 0.6 : . numberbyWerelyand Lueptow (15)andit
Dimensionless Radial Coordinats wasreportedthatinter-role masstransferis
o e o m— maximum forthe chosen geometryintheir

experimentforRe=253.
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Figure 9. The axial velocity is plotted along the dimensionless axial direction.

nular geometry.

It is, therefore, essential to focus on
the twin aspects, photocatalysis and
centrifugal instability, in an annular cy-
lindrical geometry. The residence time
in the illuminated region is a function of
theangularvelocity ofthere-circulating
vortexaswellasthesize ofthevortex. The
latter, once againdependsonthe gapsize
and the number of vortices formed in a

givenlength ofthereactor. The two most
importantfactors for unstable Taylor-Cou-
etteflowestablishmentaretheaspectratio
(L/D)andthe Reynolds number. The effect
ofaspectratioontheflowdevelopmenthas
beenstudied by Sengupta, etal. (17). Inthe
presentstudy we investigated the effect of
Reynolds number onthe formation of vorti-
cesanditseffectonoveralldegradationof
apollutant.

Inthe present setof computations, the
same geometric parameters are cho-
sen, including the aspectratio, (AR =L/
d) ofthe reactor. However, inthe exper-
iment, the starting protocol of the inner
cylinder rotation was taken as quasi-
static and the reported results were
recorded after allowing the flow to de-
velop further for 10 minutes after the
attainment of the final rotation rate. In
the present computations, the flow is
started impulsively for the practical op-
eration of the reactor in a shortest pos-
sible time period. For such an opera-
tion, the transientmasstransfer depends
strongly uponthevorticesthatare formed
atinitialtimes nearthe fixed end-caps of
the reactor.

Sincetherotatinginner cylinderdrives
the flow inside the reactor and the rota-
tionrates are low, itis quite adequate to
consider the flow to be incompressible
and solve the governing Navier-Stokes
equation in primitive variable form as
shown in Equations 2 and 3.

Furthermore, isothermal conditions
can be assumed for both the flow evolu-
tionand chemical reaction calculations
since the pollutant being oxidized into
other products is present in trace
amounts, and heat of reaction in photo-
catalytic reactions is usually negligible
(18). The boundary conditions that are
applied on the inner and outer cylindri-
cal surface correspond to no-slip condi-
tions. The end caps are considered to
be apartofthe outercylinderand hence
are stationary. The following boundary
conditions are used for the numerical
simulations. WithreferencetoFigure 1,
ontheinnercylinder surface (Equations
4 and 5).

Equations 6 and 7 showthatthe simula-
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Figure 10. Photocatalytic degradation of benzoic acid.

tionis forthe impulsive start of the rotation
rate oftheinnercylinder. Themodelpollut-
antconsideredinthisworkis benzoic acid
withaninitial concentration of 100 parts per
million (ppm), while the initial mass fraction
of oxygen (O,)istakentobeequaltotwice
the stoichiometricrequirementforthereac-
tiongiveninEquation 8. Therate expres-
sionforphotocatalytic degradationforben-
zoic acid used in this study is given by
Equation 9 (19).

The amount of catalyst coating is as-
sumedtobe3” 10-3kilogramspersquare
meter (kg/m2) (10). The density of the
system is assumed to be constant and
equal to that of water as the pollutant is
presentatverylow concentration.

Computational details. Incomputingthe
flow, thethree-dimensional Navier-Stokes
equationissolvedin primitive formulation
byusingthe commercial software Fluent®.
Thisisfound adequate asthe flow consid-
eredislaminar, and therefore, the need for
resolving large ranges of wave numbers
andcircularfrequenciesisnotnecessary.
Insolvingthe governingequations, nosim-
plification is made regarding symmetry
and reflection of the solution. The time-
accurate solutionwasobtainedinstead of
assuming an a priori steady state. The
geometric dimensions chosenforthereac-
tor are identical to the value reported in
WerelyandLueptow(15).
Thereactorisconsideredtobeoperating
inabatchmode, purifying 1.136 liters (L) of
water atatime. Thethree differentrotation
speedsoftheinnercylinderisconsidered
0.655,0.984,and 1.638rad/s, whichresult
inReynoldsnumbersof253,380,and 633,

respectively. Therotation speedisvaried
toobtaintheReynoldsnumberofl.5and2.5
times, respectively, thatin the firstcase the
Re =253. The presentreactor provides
0.116 m2 of illuminated catalyst surface
areaand anilluminated catalystdensity of
102 square meters per cubic meters (m?%
ma).

For generating grids within the annu-
lus region of the geometry, every edge
inthree directionsis defined with certain
nodes. There are high-shearregionsnear
theinner cylinderwall, the outer cylinder
wall,andthe end-capregions. Therefore,
axialandradial derivatives ofall physical
variables across such layers would be
largerthanintheazimuthaldirection,and
consequently, more grid pointsare takenin
axialandradial directions comparedtothe
azimuthaldirection. Inordertoincorporate
these, grid pointsaretaken more clustered
intwoendsand nexttoinnerand outerwall.

Toenhancethe directmapping of grid
from upper wall to bottom wall, the total
geometryisseparated intotwovolumes by
abrick. Twointerior planesare created by
this process withinthe annular space that
wasusedtoanalyzeourresultsatthetime
of postprocessing. Grid pointsalongthe
three directions are taken asfollows:r” q
“h=100" 40" 75. Fluent pre-processor
GAMBIT®1.1lisusedto create geometry
andgenerategridforbothcases. Thereare
0.3millioncells,907,000total quadrilateral
faces(3,000innerwallfaces,11,0000uter
wall spaces, 15,000 interior planefaces,
and 878,000restofinterior planefaces).
Thetotalnumbersofnodesare 307,040. The
presentsetof computation of Navier-Stokes
equationfor Taylor-Couette geometryis

expensive. The onewithoutreactionwas
computedinal.5-GbRAMWindowsNT
workstationandittook 78 hours ofactual
time for simulationresultsof10s.

Equations2and 3are solved subjectto
the boundary conditions andinitial condi-
tionsdefinedinEquations4through7within
theannulus betweenthe cylindersasshown
inFigure 1. Theresults are showninthe
radial-axial (r-y) plane and alongthe three
sets of horizontal (H,-H;)and verticallines
(V,-V,), asindicatedinFigure 1.

Abriefdescriptionofthemethodisgiven
inthe nextsection. The solverisbasedon
solving Equations 2and 3inasequential
manner by acontrolvolume basedtech-
nique, usingthefollowingthree steps. First,
the computing domainwas separatedinto
discrete controlvolume, usingacomputa-
tional grid. The governing equationswere
time advanced in integral form for each
computational celltoyield algebraic equa-
tions for the discrete dependentvariables,
suchasvelocity components, pressure,
and conserved scalars. Finally, the
discrete equations were linearized into
asetofalgebraic equations, whichwere
solvedtoyield updated variables.

For the separation process, the famil-
iar QUICK scheme was used for the
momentum and species equations, as
this is a higher-order accurate scheme
withminimum numericaldissipationthat
isimplicitwith the separation. The solv-
er uses finite volume method in solving
the Navier-Stokes equation.

Simulation results. The following non-
dimensionis used in order to be able to
compare results to reported results in
literature. The annulus gap, d, is used
as length scale while the speed (W r)
imposed ontheinnercylinder surfaceis
used as the velocity scale. Thus, the
dimensionlesstimescaleusedist*[° t(W
r)/d]. Since the water pollutant pollutantis
presentinatrace quantity, itis expected
thatthe chemical reactionwillnotinfluence
the fluid dynamic behavior of the system.
To showthis two sets of computations were
initiated fromt=0, one withthe chemical
reaction, whileinthe other only the fluid flow
wascomputedandtheresultscompared.
Itwas observedthatflowfieldwasidentical.

The numbers of vortices formed inthe
three configurations (see Table A and
Figure A of the Appendix) are 5.75, 6.5,
and 5.0 for Configuration 1, Configura-
tion 2, and Configuration 3, respective-
ly. ltcanbe clearly seenthatthe number of
vortices formed are maximized whenthe
Reynoldsnumberis1.5timesthereference
case (Re = 253). Moreover, when the
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Reynolds numberis 2.5 times that of the
reference case, we see thatthe flow has not
beencompletely established inthe entire
region. Thevortexatthetopisdegenerated
andthevorticesinthemiddle sectionare
alsonotascompactwhencomparedtothe
othercases.

We observed the following for Configura-
tion 2 comparedto configuration 1 (refer-
encecase): 1. ltreachessteady statefaster;
2. Thenumber ofvortices perunitlengthis
more; 3. Thevorticesmovefastertowards
centerfromend;and 4. Theintensity (i.e.,
magnitude) ofbothaxialandradial compo-
nentofvelocity is more thanthe reference
case(i.e.,Re=253). Itcanbeobservedthat
forthe simulated case withimpulsive start,
thatthe optimumRe =380instead of 253,
aswasfound by Werely and Lueptow (15).
Thedeviationfromthe experimental results
probablyisduetotheimpulsive startofthe
simulatedreactorasopposedtothequasi-
static startinthe experimental case. Since
the Configuration2givesbetterresultsthan
the Configuration 3, forallsubsequentre-
ported results comparisonare made be-
tweenthe Configuration1and Configuration
2.

InFigures 5through 7, the axial veloc-
ity as afunction of dimensionless radial
coordinate is plotted for various time
instants at the observation stations H,,
H,, and H,. Comparing the velocity
profile of Configurations 1 and 2, the
velocity magnitudes are 1.3 times high-
er for Configuration 2 than that for the
reference case. TheresultsfromFigure
5alsoindicate thatfor Configuration 2 the
rate of change of axial velocity is almost
negligible and therefore, the flow reaches
steady state fasterthanthatofthereference
case. From Figure 6, the axial velocities
demonstrate that Taylor-Couette vortices
move fastertoward the middle partwhen
the Reynolds numberis higher. Ingeneral
for both cases, since the middle sectionis
at the center (y* = 0.5), there the axial
velocityissmallestinmagnitude (about4
orderofmagnitudelower)whencompared
tothe othertwo observationstations.

The radial componentofvelocity is plot-
ted (see Figure Binthe Appendix) inthe
annulargapatthethreedifferentheightsat
three different non-dimensional times. In
Configuration 2, aninflow of fluid moves
towardstheinnercylinderforalltheindicat-
edtimes, while for Configuration 1uptot*
=862 the fluid moves towards the inner
cylinder, butatt*=1581 the fluid moves
towardtheoutercylinder. Therate of change
ofradialvelocity is much slowerfor Config-
uration2thanfor Configuration1,indicating
theflowwillreachsteady state fasterwhen

Re=380.

The magnitude of the radial velocities
is the smallest for both configurations
(Figure B in the Appendix). The re-
searchalsoindicated thatthe flow does
not show the formation of Taylor-Cou-
ette vortices in the middle part of the
reactor for the reference case, but for
Configuration 2 the vortices have start-
ed forming in the center. Thus, higher
Re is responsible for formation of vorti-
ces at the middle part of the reactor.

The axial velocity (seen in Appendix
Figure C) is plotted along the dimen-
sionless axial direction at observation
stations V,, V, and V,. For both the
configuration at smaller times, the Tay-
lor-Couette vortices are formed at the
ends and as time progresses more and
more of these are formed covering the
middle part. The magnitude of both
axial andradial velocities ison an aver-
age 1.5 times larger for Configuration 2
than for the reference case.

From Figures 8 and 9 (and Figures C
and D inthe Appendix), itis evident that
for at higher Reynolds numbers the vor-
tices move faster to the middle part.
This is of greatimportance as the faster
movement and formation of vortices in
the entire reactor is the basis for im-
provementof performance of the photo-
catalytic Taylor vortex reactor. Of spe-
cificinterestisthe plotofthe axial veloc-
ities in the middle of the annulus at V,. If
indeed the vortices formed were like a
plug flow, then this velocity component
along this line would have been zero.

The very fact that the velocity compo-
nentalternatesin signisindicative ofthe
fact that the vortex centers not only
execute axial waviness, but also show
significant radial motion. Werely and
Lueptow (15) also observed this exper-
imentally where they showed such mo-
tions for all Reynolds numbers between
131to 1,221. They reported large ex-
cursions of axial motions for low Rey-
nolds numbers while maximum radial
motion of vortex centers were observed
for Re = 253 as opposed to at Re = 380
in this present case. However, it has to
be noted that in the present investiga-
tion the flow is started impulsively and
notaccelerated quasi-statically.

The velocity vector plots are shown for
only the top half of the reactor (y* = 0.5
-1.0)inagiveny-rplaneatt*=879when
steady state hasreached (FigureEinthe
Appendix). One can see weak vortices
forming nearthe upper partoftheleftseg-
ment. There areregions alongthe height
where one cansee ajet-like flowstarting

fromtheinnerwallmovingtowardstheouter
walldueto centrifugalaction. Inthe seg-
mentbetweeny*=0.7 and 0.85, significant
mixing of fluid is noticeable due to the
formation of coherent vortices.

Once again, one can see the jet-like
flow from inner to outer cylinder - al-
though the trajectory of the fluid parti-
cles are not strictly straight. Moreover,
there is no visible wall shear layer form-
ingontheinnerwallashasbeenshown
in Figure 4. In the segment between
85% and the top of the reactor, the
velocity vectors clearly shows recircu-
lating rolls, although the axial lengths
vary significantly due to end-wall ef-
fects. Also in this segment, apart from
the jet-like regions, one can as well see
small axial regions where a flow is es-
tablished from the outerto the innerwall
side. However, this cannot cover the
entire radial gap because of centrifugal
force acting on fluid particles near the
innerwall.

Forthe same reasons one will notsee
a wall shear layer forming on the inner
cylinderashasbeenshowninFigure 4.
Instead, one would notice the formation
of an internal layer after some time and
associated full saddle point inside the
flow domain. In retrospect, it appears
that to resolve such internal layers, one
should have finer grid inthe interior, too.
An internal band characterizes the for-
mation of the internal layer where the
flow is along the axis of the reactor
(Figure F of the Appendix). Thisis seen
to originate at the saddle points, one of
which is marked inthe figures with filled
circle for different times.

Theflowis seento be axialin opposite
direction across the saddle point. Such
vertical lines are nothing buttheinternal
layer. While at t* = 383, no such inner
layers were seen, it is seen for the plot
shown at t* = 575. Once this saddle
pointis seentoform, itdoes notseemto
move as it can be traced at the same
location at later times. Itis also interest-
ing to note that between t* =671 and t*
= 767, while the saddle point remains
fixed, the velocity vectors indicate an
increase in upward velocity above the
saddle pointwhileitdecreasesin down-
ward direction. The velocity vectors
inside the recirculating eddies show
time dependent behavior, though it is
notso pronounced nearthe middle sec-
tion of the reactor where the eddies are
either very weak or not formed. All of
these unsteady events would lead to an
increase of mass exchange between
adjacent fluid cells.
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Finally, in this section we want to dis-
cuss about the flow structure for the
chosen parameters of this computation
with an impulsive start of the reactor.
This aspect is very important in the
contextof non-unique flow evolution due
to different initial conditions referred to
in Andereck, et al. (20). The flow struc-
ture that we have computed is signifi-
cantly different than what has been ex-
perimentally visualized by Werely and
Lueptow (15), although the geometric
parameters and Reynolds number cho-
sen are identical. This is due to the
impulsive start of the present computed
case as opposed to the quasi-static
startin Werely and Lueptow (15) where
the inner cylinder is accelerated from
resttoitsfinal value atthe very slow rate
of 0.3 Re per second.

Our research showed the flow struc-
ture for the two segments for t* = 1,054
(Figure G in Appendix). The time is not
importantas we have noted thatthe flow
structure remains invariant beyond t* =
575. If one looks carefully one notices
the jet-like flow structure between fluid
cells. For example, one can notice an
unidirectional jets emerging from the
inner wall and approaching the outer
wall. This is the expected jet structure
indicated in the sketch of Figure 4.
However, one can also notice the exist-
ence of bi-directional jets as marked by
F and H.

Alonger segmentoriginating from the
outerwalland moving towardsthe inner
wallismetwithasmallersegmentwhere
the flow is from the inner to outer wall.
Then, we have marked a line J in the
figure, which is the limiting case of the
bi-directional jet when the width of the
jetdegeneratesintoaline andthe merg-
er line of the opposing jet becomes the
saddle point. The notation U, B, and S
in the figure indicate locations of uni-
directional, bi-directional, and singular
zones.

Photocatalyticreactions. Toanalyzethe
performance ofthe TVR, benzoicacidis
considered astypical pollutant presentin
waterwith aninitial concentration of 100
ppm. Pollutantdegradation asintegrated
overthefullreactorvolumeandisshownas
function oftimeinFigure 10. Itistobe noted
thatafter225sofoperation, benzoicacidis
degradedbyabout69%and76%respec-
tivelyfor Case1(Re=253)and Case2(Re
=380). Itclearlyindicatestheroleof Taylor-
Couettevorticesin enhancing the rate of
pollutantdegradation.

At early times, the very rapid rate of

degradation is due to the vortices that
are form at the fixed ends where strong
recirculating zones causes rapid mass
transfer frominner to outer cylinder and
back. Figure 10 illustrates that photo-
catalyticreactionisdiffusion controlled,
as the rate of degradation increases
whenReisincreased. Sinceinthiscase
the vortices move faster towards center
fromthe end caps and the magnitude of
thevorticesarealsolargercomparedto
when Re = 253.

Aclose scrutiny of Figures 5through 9
(and Figures A through G) reveals that
reaction is faster at either end where
well-developed vortices are present,
while the degradation rates are slower
where Taylor-Couette vortices are not
well formed (see also Appendix Figure
H). The reaction takes place only inthe
shear layer of the inner cylinder where
there are no Taylor-Couette vortices
present.

Figure 10 clearly indicates the role of
Taylor-Couette vortices in enhancing
the rate of pollutant degradation. More-
over, thefigures alsoindicate the possi-
bility of operating the reactor in the
transient mode by periodically switch-
ing the reactor on and off since during
the transient phases the reaction pro-
ceed at a rapid rate due to the vortices
near the end walls.

Table Bcomparesthe performance of
a slurry reactor (19) with that of the two
cases of Taylor vortex reactor (TVR)
considered inthiswork for photocatalyt-
ic degradation of benzoic acid. The
table clearly illustrates that increase in
efficiency of TVR over the slurry reactor.
One can observe 50.4% and 78.3%
increase in efficiency for Taylor vortex
reactor with Re =253 and with Re =380
respectivelyoveraslurryreactor.ll
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TABLEA
Geometric Dimensionsand Conditions Used for Different Simulation Runs

Specification Case1l(Reference) Case2 Case3
LengthL,m 0.425 0.425 0.425
Innerradiusr,,m 0.0434 0.0434 0.0434
Outerradiusr,,m 0.0523 0.0523 0.0523
Annulargap,d,m 0.0089 0.0089 0.0089
Aspectratio, L/d 47.70 47.70 47.70
Rotationspeed, ?, rad/s (rpm) 0.655 (6.25) 0.984(9.39) 1.638(15.65)
Volume of liquid treated, V, m3 1.136" 10-3 1.136" 10-3 1.136" 10-3
Reynolds Number, Re 253 380 633
TaylorNumber, Ta 13,126 29,625 50,116

TABLEB
Comparison of Performance of TVRwith that of aSlurry Reactor*

Slurry Reactor Taylor Vortex Reactor

Mehrotraetal.,2002 Casel Case?2
Volume of reactor, m3 6.35" 10-5 3.65"10-3 3.65710-3
Catalystsurface area, m2 3.7 0.116 0.116
1ICD, ?, m2/m3 6,139 102 102
Volume ofliquid treated, m3 2.50" 10-4 1.136" 10-3 1.136" 10-3
Electricalenergyinput, W 125 30 30
Timefor50% conversion, s 210 128 108
§ Efficiency, st m-3W+1 0.0762 0.1146 0.1358
%increaseinefficiency 0 504 78.3

*For photocatalytic degradation of benzoic acid.
t: lluminated catalyst density defined as illuminated catalyst surface area (m2) per unit volume of liquid treated (m?) in the reactor (see Reference 10).
§: Efficiency is defined as 50% pollutant (benzoic acid) converted per unittime (s) per unit volume of liquid treated (m?) per unit electrical energy input (W).
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