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ABSTRACT

The characters of the gas-liquid-solid hydraulic flow in an aeration tank
have enormous influence in treatment efficiency. The thesis modeled the
three multi-phase flow characteristicsin aeration tank, and combined with
the measure of PIV. The simulation results agreed well with 3DPIV
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experiment results. The s mulation results of flow structurereveal theinternal
circulation of the water in the tank and the water with upward flow in the

center region and downward flow near the wall.
© 2013 Trade SciencelInc. - INDIA

INTRODUCTION

Aerationtank isoneof thechief unitsinurban waste-
water trestment. Aerationin thisprocess can represent
up to 70% of thetotal energy expenditureof the plant.
The hydraulic characteristics of aeration tank directly
affect theactivity of activated dudgeand oxygentrans-
fer efficiency. The crossflow changed theflow charac-
teristicsintheaeration tank. It madetheactivedud ge
fully contact with oxygen, and alsoimproved the oxy-
gen transfer efficiency. The aeration is 3D. The 3D
movement of the bubbleinfluencesthe DO (Dissolve
Oxygen) of the aeration tank directly, especialy inthe
difference boundary conditions (etc. nearingthe agra-
tor or at theend of thecorridor). Thetraditional method
of the single point measurement can not get thewhole
message of thefluid, which can not giveacomprehen-
sivedescriptioninthefluidfield. PIV (ParticleImage
Vel ocimetry) measurement isbased on the method of
optic, which can get theinstantaneous vel ocity of the

wholefluid. It isused in the researches of water jet;
burning; the manufacture of the boat; aerospace; envi-
ronment technology etc. Computational fluid dynamics
(CFD) ismoreand more used to optimize aeration sys-
tems.

Wood, et d. used finited ement softwareto smu-
late thefour series pond under the condition of steady-
stateflow. Themode istwo-dimensional. In Vegaet
al.[@ study, MIKE 21 softwarewas used to analyze the
process of anaerobic pond under different conditions,
showed the optimized design scheme of theoxidation
pond. Salter et al.¥, Karamaet a . used PHOENICS
softwareto smulaethedifferent structural parameters
of activated d udge reaction tank under different oper-
ating conditions. Cockx et a.® predict the concentra-
tion of oxygen in a gas lift circulation reactor with
ASTRID software. Ji Min et a.1¥ investigated the be-
havior of flow field in themoving bed biofilm reactor
(MBBR). Feng Qian™ built the aeration flow modedl.
Combined with the measure of PIV (Particle Image
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Velocimetry) and the technol ogy of CFD. A bubbles
formation processissimulated from theangle of flow
dynamicsof agration (Li Yanpeng®). Almost noresearch
has beenreportedin atri-dimensiona to simulatethe
aeration tank. Sincethe measurement pantograph has
moreinfluenceontheflow field, alab scale plug-flow
aeration tank wasmodeled in this paper. The PIV and
CFD software were used combined to anayze the
three-dimensiona gas-liquid flow inan aeration tank.
Theobjective of thispaper isthereforeto get theflow
characteristicsof theair and the water, to analyzethe
influence of thedifferent boundary condition.

MATHEMATICAL MODEL

Thisresearch supposed that theliquidsand thegases
iscontinuous phase. According to the mass, momen-
tum and energy baance principle, threeflow modd was
used to describethe gas-liquid solid three phaseflow in
the aeration tank. Thismodel also supposed that the
temperature of thewater and air are sameto the envi-
ronmental temperature, so the energy equationswere
not taken into account®4,

Modé of gas-liquid flow
(1) Three-phase mass conser vation equations

Thethree-phaseflow mass conservati on equations
for each
phaseareconsidered asfollows:

a(aqpq)
ot

+VelagpU,)= Zmpq (1)

Where U q isthevel OCIty of the phase q; the q can be
liquid L, Solid Sor begas G; m,, isthemasstransfer

from thephasepto phaseq. And M,, = -M,, dueto

thetransfer equation, m,,
tion of phaseq.
(2M omentum equation

=0. a,isthevolumefrac-

0
a(aqquq)+V-(aqqu qu)

@

=-a,Vp+V -7, +21(qu +my, pq)-i-aqquq
p=!

whereF, isthe drag force between the phase. 7, isthe
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press strain tensor of phase p. Theforcesbetweenthe
phases are composed of thedrag force. Thedrag force
isexpressed asfollows:

F = Fagt Fmg T Fimg ©)
F |stheplusvolumeforceyF m |sthedragforce

Fing |n§the magnusforce. To ensurethe precisionand
to reducethe computation time, only thedrag and lift
forceistakeninto consderation. Regardiessof theges-
solid phasesinteraction force™.

Herethemain phaseistheliquid phase. Thebubble
phase and the solid particlesarethedilute phase. The
Schiller - Naumann drag modd isusedto calculatethe
force between theliquid and the gas. The movement of
the solid pariclesin the agration included translation,
rotation which can acceleratetheliquid. TheWen-Yu
model used to model the Solid-liquid drag.

(3)Sandard k-gtur bulencemode

Every phasehaveits’ transport equation. Since the
turbulent motion had agreeat influence onthetransfer of
theoxygen intheaeration tank, so the multiphasetur-
bulence model was used.

Turbulencekinetic energy (k) equation:

g(aqpqurv.(aqpquqkq) :V{[”“'Jré%)Vk"}

Turbulencekinetic energy disspation rate () equa
tionis(5), 6,. 9, isthePrandtl number of K and &.
G, isthegeneration of turbulencekinetic energy dueto
theaveragegradient. C,, =1.3,C, =0.085,C,, =1.42,

C,, =192,5,

Gk,q P8 (4)

=1.0,06, =1.3arecounts.

0 & 5c2|

g(%gq)+v°(% o q) V’{[&%}W}@EQQ—C&%E—R (5)
Thevolumefraction of theliquid-gasequation:

as+a +ag=1 ©)

where a4 and ¢, arethe volumefraction of the gas
andliquid.
Calculation domain and boundary conditions

A full scaleaerationtank hasbeen anadyzed by the
ratio (1:20). Air isinjected at the bottom of the tank
through the micro-porous aerator(r=0.5mm) through
aeration tube. The dimension of it is 700* 544* 350.
The efficiency depth is 0.2m. There are one inlets
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(d=0.025m) and one outlet(d=0.025m). Theflow is
assumed to beisotherma (thes mulationstake placewith
water and air at T=20°C). The free surface is treated
aspressure outlet, so did theoutlet. The oxygentrans-
fer fromthefree surfaceisneglected. Thegasphaseis
treated asthefirst phase.

Themesh grid and thenumerical method

Using 3D grid meshesto describetheagrationtank
(Figure1). Thereare both unstructured and structured
gridsinthetank. Thegrid has beenrefinement near the
aerators, theinletsand theoutlet. An upwind schemeis
used to makethe equation discrete.

Figurel: Thestructureand themesh of theaeartion tank

THE INSTRUMENTSAND THEMETHOD
OF THEEXPERIMENT

Theinstruments

The PIV is used in the experiment. The wave-
length of thelaser is532nm. The PIV of the Dantec
Dynamics A/S was used to test the lab scale tank.
Thedifferent process conditionswereanayzedin the
sectionA. The hollow glass beads (r=50um) are used
astracer of theliquid phase used. The proportionis
0.999. Two cameras were used to get the 3D flow
which had thefilter of 532nm.Theflow control system
was showed asfigure 2. The software of the IPL of
the Dantec Dynamics A/S was used to identify the
two phases. Theimageof thegasand liquid was shown
in(a) and (b) of figure3.

Themethod of theexperiment

Thecross-correlation andysisand the averagefil -
ter were used to anayzetheimage of theFig.3. A se-
riesexperimentsof different aeration speedsand dif-
ferent quantitiesof thetreatment water were determi-
nation at acertain timee.,

————, FyurL PAPER

PIV SYSTEM
Aeration tank | Water pump
Gasmeter Flowmeter
Fan -] Water reservior

Figure?2: Flow control system of aeration tank

(b) the gas image

(a)the liquid image
Figure3: Theimage of each phaseafter theanalyzeof | PL

RESULT

Simulated results

Asshownin TABLE 1, thework conditions are
only cons dering the change of water depth, number of
corridors, andtheair volume of the aeration tank.

TABLE 1: Thework condition of the experiment and the
model

Physical condition

Operatin : Length Width
p 9 Number Aeration Depth width  depth
mode of fluxes ( ratiio  ratio

- mm)
corridor (L/R)

NO.1 0.11 80 150 5.13 181
NO.2 0.13 160 150 5.13 181
NO.3 0.07 80 150 11.56 121

Guaranteethe aerationtank of hydraulic retention
time of 8.4 h. The aeration speed of the NO.1 condi-
tion is 0.074 m/s (80 I/h), the aeration speed of the
NO.2 speedis0.158 m/s (160 1/h) ssmulation.

Itisqualitativeto the experimental observation of
Cheng Wen (2001)19, Li Yanpeng et (2007)1*. As
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showninFigure4, thecirculationflow will accelerate
thevelocity of each phase. Inmacro-scae, thecircula-
tion flow occupied the aeration tank. The bigger the
turbulenceis, themorecirculaionflowsareintheaera-
tion tank. It ismore conducive to the gasand liquid
masstransfer, to improvethe dissolving oxygen (DO)
inthetank.
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Figure 4 : The speed diagrams of the liquid phase at
x=100mm(m/s)

Astheincreasing of the superficia velocity of the
gasphase, the agration tank’s turbulence grew bigger.
Thebubbleflow of the aerationtank changed gradudly
from uniform bubbleto non-uniformturbulent sate. Fig-
ure 4, Figure 5 and Figure 6 showed the speed dia-
gramsof thedifferent work conditionsintheflow aera-
tiontank. Thevelocity inthediagramisthesynthesis
speed velocity of the X, y, z direction speed (the cross-
section’s velocity diagram at x = 100 mm).
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Figure5: Thegpeed diagramsof thegasphaseat x=100mm(m/
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Figure 6 : The speed diagrams of the solid phase at
x=100mm(m/s)

Figure 4 showed that the greater aeration speed,
the more vortex are produced. It can provide good
hydraulic conditions by the velocity gradient and the
collisonratio causing by thevortex shearing and the
inertiaeffect of centrifugation. At theNO.2 condition,
theturbulent fluctuationsof theliquid and thesolid phase
changed much, the circumflux nearing the aeratorsbe-
comelarger. Thevelocity of theaerator at NO.1 con-
ditionisrdatively smaler than that at NO.2 condition.

Figure5, the gas phasefocused on the center line
of corridor inthe aerator. Bubbleslift velocity isfast.
Thebubbleplumevibrated d owly whenthe aeration at
low speed. Astheincreasing of the superficia velocity
of thegasphase, theliquid and thesolid phase generate
two obviousvortex structures around the bubble plume
(Figure6, 7in NO.1 condition). Thevortex structures
arestablewhichrotatingin theoppositedirection with

Ssymmetry.

Higsriik i I
Figure7: Theliquid phase’strace plused velocity vector at
x=100mm(NO.1)

I

Figure8: Theliquid phase’spath linein theaeration tank
(NO.1)

Figure4, Figure5, Figure 6 indicated that we can
increasethevelocity of gas phaseinorder toimprove
theve ocity of particlecollisons, toeiminatethe““dead
corner area’. The greater aeration speed, the more
vortex are produced. It can provide good hydraulic
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conditionsby thevel ocity gradient and thecollisonra

tio causing by thevortex shearing and theinertiaeffect

of centrifugation. At the sametime, therandom scroll
wrapsthetiny granulestogether. Thedudgeflocsinthe
tank turned to be compacting and smooth. Thenit can
be easily settled in the subsequent process®l.

Thefollowing assumptions could be madeto get
thelaw indifferent operation condition.

e Thedifferent betweenthevelocitiesof liquidand
solid phasesare not obvious. It suggeststhat the
gasdrivetheliquid and the solid bothto form the
vortex. It can beused to promotethe masstransfer
between them, so toimprovethe DO concentra-
tion.

e Thegreater velocity of the aeration, the greater ve-
locity of thegas phaseinthetank.

e Asthebubblesrising, the buoyancy increased, so
the upward gas bubbleshad thegreater velocity. In
thissmulation, theliftinginfluenceof thebubblesize
was not taken into considering.
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Figure9: The 3D vector of inthefirst corridor (y=140mm)

Eexperimental results

Thefigure 9 representsthe 3D velocity vector of
the gas phase (a) and theliquid phase (b) in thefirst
channel of theaerationtank. Thevel ocity of thedirec-
tiony wasbigger than thevel ocity of thedirection x.
Theturbulence of the agration tank increased signifi-
cantly with theincreasing of the gasphasevelocity. The
turbulent motion near the agrator wasobviousand the
circulation strengthwashbigger.

Figure 9 representsthat the aeration axial and ra-
dia veocity hasonedifferencein magnitude. Because
of agrationflow isrelatively dow (theradia velocity).
Thehydraulic retention of theaeration tank islong, so
theaeration lateral velocity along the channel isvery
smdll. If thevelocity dongthecorridorsislargeenough,
it can shorten the generating time of the bubbles*™.

Simulated resultsand experimental resultscom-
paring

According to theexperimenta conditionsshowed
INTABLE 1, thesolid, gas, and liquid phase’s veloci-
tiesweremeasured by the 3DPIV. Some conclusions
wereshowedinthe TABLE 2.

TABLE 2 : Thework condition of the experiment and the
modd

X Simula Experi X
Coordi Tion -ment RE  Coordi
nate  (m/s)  (m/s) nate

50 0.0048 0.0050 250

90 0.0059 0.0072 300
100 0.0070 0.0080 320
150 0.0074 0.0084 360
160 0.0027 0.0025 380
200 0.0047 0.0075 410
210 0.0039 0.0058 440
220 0.0035 0.0054 470
230 0.0084 0.0072 490
240 0.0103 0.0114 570

Simula Experi
Tion -ment
(m/s) (mls)

0.0101 0.0130
0.0036 0.0030
0.0035 0.0032
0.0010 0.0010
0.0030 0.0030
0.0052 0.0064
0.0030 0.0030
0.0123 0.0100
0.0093 0.0100
0.0021 0.0029

RE

0.0400
0.1806
0.1250
0.1195
-0.0800
0.3733
0.3276
0.3519
-0.1667
0.0965

0.2231
0.2000
0.0938
0.0000
0.0000
0.1875
0.0000
0.2300
0.0700
0.2759

Figurel0 showed the comparing results between
the smulated resultsand the experimental results. Due
to the bubbl e trajectorieswere not stable, so the gas
phasevelocity error isbigger a the positionwhichis
abovetheaeratorsinthetank. Inadditionto these places
thebubblesrarely reached, so speed was near to zero.

Figure 11 showed that most of the experimental
dataand smulation error islessthan 20%. 1500 pairs
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of simulation analysis, some points’ errors are about
35%. The average error isabout 14.3%. Simulation
value and experiment resultsare basically identical to
each other. The particles’ scattering, rotation and the
concentration of the solid may causetheerrorsin PIV
testing. Thegas-liquid-solid three phases’ model is fea-
sibletothelab scaleaerationtank’s PIV experiments.

). 42 0. 47 ). 52 ). 5T
Width in the y direction (m)

a z=50mm

b z=120mm

Figure 10 : The speed of the liquid phase at x=100mm in
condition 1

0 0. 1 0.2 0.3 0.4 0.5 0.6

Width in the x direction (m)

Figurell: Thephasevelocity comparison chart between smu-
lation and experiment at y=520mm,z=120mm in conditon 1

CONCLUSIONS

The CFD simulation and PV measurement were

both used to andyzetheflow fieldinthe agration tank.
A numericd tool tosmulateflow characteridicsinagra-
tion tank hasbeen presented. During themodeling, dif-
ferent process parametersof agration tank was simu-
lated, and thegas-liquid-solid flow behavior inaeration
tank was analyzed. Resultsshow that:

Thesimulation resultsagree qualitatively with the
lab scaleaerationtank’s PIV experiments. Results show
that with theincreas ng of thesuperficid velocity inagra:
tion, theliquid’s and the solid’s velocities of the acra-
tiontank raised. So lotsof thevortex generated. Itis
benefit tothe DO diffusion and the pollutants degrada-
tion.

According to the experiment, in the process of
bubblerising, the bubbles existed clustering. It made
the bubble’s size and speed change. So we need to pay
more attentionto the size of the bubbles.

Infutureresearch, theinfluence of the solid phase’s
concentration, rotation of the particlesintheaeration
should betakenitinto consider.

Thisresearch can provideascientific basefor the
wastewater trestment of activated dudgefromthepoint
of view of fluid dynamics. In addition, with theconsid-
erationfor current cal cul ation method and the insuffi-
cient computecapability, thegas-liquid-solid of thefull
scal e aeration tank could be further analyzed on the
basisof the results researched above, which provided
the basisfor adjusting the structure parameters of ac-
tivedudge, optimizingthesystem diffuson properties,
and improving thed udgetrestment efficiency™2.
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