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ABSTRACT

Field testswere carried out to test the working conditions of vortex clarifier
tank reaction zonein the presence or absence of vortex reactors, and both
zeta potential analyzer and flocculation control device (FCD) were used
to detect & potential and associated structural changes. Fluent software
was then applied to simulate the vortex scale and distribution of water
flow inthevortex clarifier tank, in order to obtain detailed information of
the flow field within the internal part of reactors. When chemical dosage
and water input were held equal, results from field tests and numerical
simulations were then compared. The results showed that both field tests
and numerical simulationsyielded similar results, thus proved the validity
of numerical simulations, and provided new perspectives regarding the
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optimization of reactor design and operating parameters in the future.
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INTRODUCTION

Deveoped by Jiao Tong University of East China,
thevortex clarification technique hasdemonstrated its
excellent technical and economic benefitsin engineer-
ing practice™™. However, dueto the lack of in-depth
understanding of whirlpool floccul ation processandin-
volved clarification mechanisms, thegpplication of this
techniqueisnot well-guided, with theselection of sys-
tem design parameters and operating parameterstoo
random. Asaresult, an extended application of this
techniquein engineering practiceisseverely impeded.
Huent softwareisthe most widely used CFD engineer-
ing application softwareto date, and it can beused to
effectively ded with complicated flow and physical phe-
nomena, and to provide optimized simulation results
using different discreteformat and numerica methodg?.

During thefloccul ation stages of water treatment,
themain task isto create hydraulic conditions so that
pharmaceutical chemicalsand raw water could bewe|
mixed toform condensed floc structure with good physi-
ca propertieswithin certainamount of time®. At present,
both empirica parameter method and physical smula
tion method are commonly employed for thedesign of
reaction zone during the water purification process.
However, variationsamongindividud projectsresultin
lessaccuracy of empirica parameter method, whereas
physica smulation methodisboth time-consumingand
expensive. Thisstudy first carried out fidd trias, fol-
lowed by the method of numerical smulation. Results
from both approaches were then analyzed and com-
pared to further explorethemost economica and prac-
tical method, and to provide new perspectivesregard-
ing the optimization of reactor design and operating
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FIELD TEST OFVORTEX CLARIFIER TANK
REACTION ZONE

Theexperimental system of vortex clarifier tank

Thestructureof vortex clarifier tank wasasshown
inFigurel.
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Figurel: Thestructureof vortex coagulation clarifier

Raw water with coagul ant passed through the pipe
mixer and reached thefirst vortex reaction chamber
first, followed by the second reaction chamber (vortex
reactorswereinstalled within both reaction chambers
asshowninFigure2, with moreinformation of vortex
reactorsfound inrelated documents 44, and then | eft
the second reaction chamber fromitsbottom and flew
tothe buffer zone; after then, floc particles with good
precipitation properties settled down to the precipita-
tion zoneto undergo dudgethi ckening process, whereas
purewater and small-sized floc particleswere under-
going solid-liquid separation processviainclined tube
settingin the precipitation zone. A smal amount of con-
centrated dudge could then flow back tothefirst reac-
tion chamber, and the actual amount could be manipu-
lated through the operation lever installed at thetop of
theclarifier tank. By contrast, theremaining dudgewas
discharged through the annular mud tubes symmetri-
cally arranged in the bottom of thetank.

Test water quality and related instruments

Water sampleswere collected from Kongmu Lake
around the campus, with water quality test resultsas

showninTABLE 1.

R

Figure2: Thevortexreactor

TABLE 1: Theexperimental raw water quality

Influent flow I nfluent turbidity pH Value
8me/h 19.3NTU 6.71
Zeta potential UV 54 CODwn,
-16.50mv 0.0703 cm* 8.16mg/L

Water temperature is about 17.2°C

Themain measuredindicatorsincluded zetapoten-
tid, water turbidity, water temperatureand pH. All re-
quiredtinstruments and equi pment wereasshownin
TABLE 2.

TABLE 2: Water quality monitoring projectsand analysis
methods

Testing item Unit Analysis method
Turbidity NTU  TDT—2 turbidimeter
UV 5, abs/m ultraviolet pectrophotometer
CODwin mg/L  acidic titration method of KMnQ,
Zeta potential mv 90 plus Zeta particle size analyzer
floc morphology FCD analyzer
Test results

Theworking condition oneshowed thevortex clari-
fier reaction zonein the presence of vortex reactorsas
showninFigure 2; theworking condition two showed
thevortex clarifier reaction zoneinthe absence of vor-
tex reactors. Polyaluminium chloride (PAC wasused
asthe coagulant®™, and theamount of water inputinthe
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experiment was 8m?/h. Under conditionsof samedos-
age application, the amount of added flocculantsin-
creased from 7.2mg/L to 33.6 mg/L gradually. Zeta
potential analyzer was used to measure outflow zeta
potentia swith different effluent turbidity asshownin
Figure3.
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Figure3: Therelationship between the effluent turbidity
and zeta potential

It could be seen from Figure 3that with anincrease
of flocculant addition, water turbidity started to decrease
whereas zetapotentia s started to increase. When both
working conditionswere compared, zetapotential in-
creased morein thevortex clarifier tank with vortex
reactorsinstalled than thevortex clarifier tank without
vortex reactorsinstaled, with water turbidity between
therange of INTU and 3NTU. Also, before zetapo-
tentid swere changed from negativeto positivevaues,
anincreaseof zetapotentiascould promote collisons
among floc particles, and thusled to the sinking pro-
cess of condensed alum. When the amount of added
flocculantstothe clarifier tank with vortex reactorsin-
creased t0 19.2mg/ L, corresponding zetapotentia was
closetotheisoelectric point.

At this stage the outflow turbidity was around
INTU. By contrast, for clarifier tank without vortex
reactors, the amount of required flocculants was
28.08mg/L in order to make corresponding zeta po-
tentia closetotheisodectric point.

Figure4 Thereationship between dosageand the
effluent turbidity with vortex reactor and without vortex
reactor

Figure 4 reflected the rel ationshi ps between out-
flow turbidity and the amount of added dosage under
two working conditions. It could dso beseenfromthis
figurethat under the same water turbidity, theclarifier

—————— FyLL PAPER

tank withvortex reactorsingtaled required lessamount
of added dosage compared to theclarifier tank without
vortex reactorsinstalled. Also, thetrend was not obvi-
ouswhen water turbidity wasaround 2NTU. Withan
increase of flocculant addition, water turbidity kept de-
creasing. Whenwater turbidity decreasedto INTU, it
could be seen clearly that the amount of added dosage
tothedlarifier tank without vortex reactorsingtaled was
two timeshigher thanthat of thed arifier tank with vor-
tex reactorsingtalled.
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Figure4: Therelationship between dosageand the effluent
turbidity with vortex reactor and without vortex reactor

Figure5 The dosagesin condition of vortex reac-
tor and without vortex reactor
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Figure5: Thedosagesin condition of vortex reactor and
without vortex reactor

Figure 5 showed therel ationship between theadded
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dosagefor the clarifier tank with vortex reactorsin-
stalled and the added dosagefor theclarifier tank with-
out vortex reactorsinstalled with water turbidity main-
tained as INTU. It could be seen from thisfigurethat
theamount of added dosageto theclarifier tank with
vortex reactorsinstalled was 30% lower than that of
theclarifier tank without vortex reactorsinstaled under
different flow conditions.

Therefore, dl abovetestsshowed that theinstalla-
tion of vortex reactorshad asignificant impact onim-
proving water quality, because the presenceof vortex
reactors increased flow resistance, caused the con-
densed statusof floc particles, facilitated theaccumul a
tions of sludge layers, and led to the stabl e status of
water outflow.

THENUMERICAL SSIMULATION OFVOR-
TEX CLARIFIER TANK REACTION ZONE

Themodd and boundary conditionsof vortex clari-
fier tank

Thesmulation part focused onthenumerica Smu-
lation of thevortex reaction zone. A top-down gpproach
was used for the modeling of vortex reactors, with a
standard k-¢ model specifically applied. On the other
hand, the modeling of the reaction zonewas based on
boolean mergers and subtract operations of cylinder
units
Simulated variables
Turbulent kineticenergy k

1 . . .
Turbulent kineticenergy K = 5( TRETRE TR

The compaction level of alum could be manipu-
lated viaturbulenceintensity o

—2 —2 —2

LK a4
3 v

o

. #; , i,—the pulse velocity of spatial points
aongx,yandzdirections,

v —the average velocity of spatial points per unit
time;

Higher valuesof indicated that the number of vor-
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tex flow that passed through stationary spatia pointsin
afixed period of timewaslarger, theintendty of vortex
flow washigher, and thecompactionleve of dumwas
stronger. A comparison between theturbulent kinetic
energy k and turbulenceintensity showed that therewas
apositiverelationship between thesetwo. Therefore,
thelarger thek vauewas, the higher turbulenceinten-
sity was. Also, the number of vortex flow that passed
through stationary spatid pointsinafixed period of time
waslarger during that stage, with higher levelsof in-
tenseturbulence, higher changes of collisionsamong
floc particles, and thus stronger compaction level s of
formedaum.

Thedisspationrateof turbulent kineticenergy ¢

Thediss pation rate of turbulent kinetic energy re-
ferred to the energy rel eased during particle collision
process, and thuswas a so used to measure theamount
of diss pated energy during energy transferring process.

Simulation results

Theobject of our numerica smulationwasthevor-
tex clarifier tank reaction zone.

The adopted boundary conditionswere: water in-
put was set at 8m¥/h. For theclarifier tank without vor-
tex reactors(theworking condition one), thewater flow
ratewas set at 0.79m/s, with aturbulenceintensity at
4%. By contrast, for the clarifier tank with vortex reac-
tors (theworking condition two), thewater flow rate
wasset a 0.79nv/s, with aturbulenceintensity at 4.17%.
Thenumerica smulationimagethat showed how wa-
ter body passed through the vortex clarifier tank reac-
tion zonewasdisplayed asfollows:

Figure6 wasthevel ocity vector diagram of thefirst
reaction zoneof thevortex clarifier tank under working
condition 1, whichreflected the generd distributions of
tiny whirlpools. Becauseflow ve ocity wasvery high at
the entrance, the change of velocity wasdramatic for
the whole tank. Specifically, velocity vectors were
around theentrance, leading to entrainment effect. Be-
causethe size and the direction of water flow around
theentrancevaried alot, obviouswhirlpool wasdeve -
opedtofacilitatean intens ve mixture of raw water and
coagulants, and thusto provide necessary conditions
for thefollowing floccul aionreaction. Also, it could be
seen that water flow velocity gradually slowed down
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after water flow passed through both reaction cham-
bers, which thus created essential conditionsfor the
colligonsof tiny dumthat formed duringtheinitid floc-
culation stage, and the devel opment of dumwith larger
szeand higher compactionlevd.
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Figure 6 : Thevelocity vector of reaction zone under the
working condition one

Figure7 wasthevelocity vector diagram of thefirst
reaction zoneof thevortex clarifier tank under working
condition 2, which was used to observe water flow
patterns. It could be seen from thisfigurethat theinl et
velocity wasrelatively higher. After water flow reached
vortex reactors, corresponding vel ocity decreased S g-
nificantly. Numeroustiny whirlpoolswere devel oped,
no matter whether water flow passed through vortex
reactorsdirectly or through gaps among reactors.

Also, morewhirlpoolswith different sizeswere
formed under theworking condition two than under the
working condition one. Thisisbecausevortex reactors
wereinstalled inthe middle of thetank to reducethe
inlet velocity, which then facilitated the formation of
whirlpoolswith different s zesand turbulence. Because
the surface of vortex reactorswaswith acertain level
of roughness, when water flow passed through the sur-
face, many smdl-sized whirl poolswereformed. Mean-
while, theinternal and externa velocity of vortex reac-
torsvaried to such alarge extent that acertain velocity

[
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gradient wasformed to facilitate the floccul ation pro-
cess. Turbulence could be considered astheresult of
different sized-whirlpool s superimposed onthe aver-
agevelocity rate. According to Kolmogorov’s theory
of turbulence and the energy spectrum(®, theenergy of
thefluid existiswithinflow whirlpools, andispostively
rel ated to the size of whirlpools. Whenthesize of whirl-
poolsissimilar tothat of floc particles, flocculationre-
actionoccursat itspeak leve. Therefore, compared to
working condition one, working condition two was
better for the effective collisonsamong particles, and
thuswasmorelikely to enhancethefloccul ation effect.
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Figure 7 : Thevelocity vector of reaction zone under the
wor king condition two

A COMPARISON BETWEEN EXPERIMEN-
TAL TESTSAND NUMERICAL
SIMULATIONS

For thefield test results, asgnificant differencere-
garding turbidity removal efficiency existed between
clarifier tankswith and without vortex reactorsingtalled.
To explainfor thisdifference, we calcul ated turbulent
Kinetic energy k and kinetic energy dissipationrate e
when numeric S mulationswereappliedto obtainthree-
dimensiond flow fidd. Five cross-sectionswith differ-
ent height were chosen fromthemodd . Thecenter axis
fell inthemiddleof theclarifier tank, and theheight of
five cross-sectionswas (from the top to the bottom)-
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0.4m, -0.5m, -0.6m, -0.8m and -0.9m, respectively. -
By selecting cross-sectionswith different height
withinthefirst reaction chamber, weobtained some pa:
rameter val uesbased on numerica smulations.
Fgure 8 showed the average changecurveof cross-
section velocity v with different height at thefirst reac-
tion chamber. The correponding velocity wastwo times
higher under working condition 1 than that under work-
ing condition 2. With an increase of inlet flow input,
corresponding dopeva uesincreased aswell. Aswa
ter flow passed through the tapered region and reached
the position (1.2m) of thefirst reaction chamber, the
dopevauewass gnificantly decreased, and thischange
of velocity curvewas especidly obviousunder work-
ing condition one.
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Figure8: Thesurfaceaveragecurveof velocity in thefirst
reaction zoneof different cross-section

It could be seen from Figures9 and 10 that aswa-
ter flow reached thefirst reaction chamber through the
tapered region, both turbulent kinetic energy k and tur-
bulent kinetic energy diss pation rate e under working
condition onewassignificantly higher than that under
working conditiontwo. According to thetheory of floc-
culation, thestructure of floc particleswaswith large
size and porous properties. At this stage, these par-
ticleswere more likely to broke down under strong
shear force. Asaresult, theclarifier tank without vortex
reactorsingtaled consumed moreenergy thantheclari-
fier tank with vortex reactorsinstalled. Also, compared
tothetank with vortex reactorsingtaled, floc particles
weremorelikely to be broken with strong shear force
and turbulent kinetic energy present whentheclarifier
tank did not havevortex reectorsingtaled, whichwould
then affect water quality.

Theresultsa so showed that with the same water

turbidity conditions, moreflocculantswererequired for
working condition one. In contrast, working condition
two had a better treatment effect with less chemical
applied and higher functiond efficiency. Under working
condition one, thedisplayed jet flow, theveocity v, the
turbulent kinetic energy k, and theturbulent kinetic en-
ergy disspation rates were all with large values. There-
fore, strong water shear force could easily break down
floc particlesand thus affect water flow effect. In con-
trast, dueto theinstallation of vortex reactorsfor the
case of working condition two, water flow encountered
obstacleswith flow vel ocity dramatically reduced, re-
aultinginmany micro-eddy currents with different sizes.
The centrifugal force caused by therotation action of
eddy currentsled to theradial movement of particles
adongavortex axis, thereby increasingthecollison prob-
ability of particles. Asaconsegquence, alarge quantify
of dumflakesaccumulated within theinternd of vortex
reactors. When these flakeswerein contact with de-
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Figure9: Thesurfaceaverage curve of turbulent kinetic
energy inthefirst reaction zone of different cr oss-section
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Figure10: Thesurfaceaveragecurveof turbulent kinetic
ener gy dissipationratein thefirst reaction zone

BioTechnology —

Hn Tudian Jounual



BTAIJ, 7(10) 2013

Tong Zhengong

371

—————— FyLL PAPER

stabilization gel sinthewater body, aumflakesgot at-
tached tothesegd s, followed by adramaticincreasein
their sizes, which could then be broken into smaller
pieces by water flow shear force. Theinstallation of
vortex reactorsin the coagul ation reaction zonedra-
matically reduced the quantity of flocculantsrequired,
and outflow water quaity was better aswell when com-
pared to the reaction zone without vortex reactorsin-
stdled™.

CONCLUSIONS

Field experimentsshowed that given the same con-
ditions, turbidity removal effect wasbetter inthereac-
tion zonewith vortex reactorsinstalled (the working
condition two) than that in the reaction zone without
vortex reactorsinstalled (theworking condition one).
When theamount of chemical dosage and water flow
were equal, outflow water quality was better for the
working condition two than that of theworking condi-
tion one. Whenthewater turbidity was used asanindi-
cator, nearly 30% of theflocculant dosage was saved
for theworking condition two than that of theworking
conditionone. Huent wasusedto smulatetheflow fidd
conditionsof thevortex clarifier reaction zone, andto
obtain detailedinformation, such aslocd flow velocity,
short-circuit flow patterns, running tracks and so on.
With aningdlation of vortex reactors, many micro-eddy
currentswereformed, which then created necessary
conditionsfor effectivecollisionsamong particles. Asa
result, floccul ation effect was better with more con-
densed floc particlesin larger size, and outflow water
qudity wasadsodramaticaly improved.

Bothfield test and numerical simulations showed
that turbidity remova efficiency wasbetter for thework-
ing condition two than that of theworking condition
one, which a so demonstrated, to someextent, thefea
sibility and correctness of the numerical mode that we
used. Compared with thefid d test, thenumerica Smu-
lation method isfaster and lesscostly. Therefore, fur-
ther studies should be conducted on the application of
numerical smulationson solving of practica engineer-
ing problems. Specificaly, more sophigticated theories
and advanced numerical dgorithmsarerequiredto es-
tablish moreversatilemathematica moddsto servethe
purposethat results obtained from numerical simula

tionsarecloser totheactual stuations. Therefore, pre-
dictiveresultsfromnumerica smulaionsaremorereli-
ableand important in engineering practice. Moreove,
anin-depth understanding of flow characteristicsfrom
themicroscopic point of view could provideanew re-
search gpproach for tiocculation kinetics.
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