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ABSTRACT

Pressure drop and energy distribution are two important design parameters
of aflotation cell. The energy distribution of phases in the flotation cell
strongly influences the recovery of minerals by flotation process. There-
fore, investigating these hydrodynamic characteristics is required to ana-
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lyze the performance of theflotation process. In thiswork, the behaviors of
pressure and kinetic energy distribution in a flotation cell have been ana-

lyzed by computational fluid dynamic simulation.
© 2011 Trade ScienceInc. - INDIA

INTRODUCTION

Froth flotation isone of theimportant processes
that widely used for minerd separation, for water treet-
ment, de-inking of recycled paper and e ectrol yte clean-
ing (oil separation) applications?. Different authorshave
investigated different hydrodynamic characteristicsin
flotation cell®, Gorain and Franzidis® carried out
studiesonimpeller type, impeller speed and air flow
rate in an industrial scale flotation cell. Koh and
SchwarZ® studied theinfluences of bubble particlecol-
lisonraesontheefficienciesof aflotation cdll. Delgon
and Meyert studied the turbulent flow behavior of
phasesinflotation cell by Multiple Reference Frames
(MRF) impeller rotation model and the standard k—¢
turbulence mode and concluded that it can accurately
model turbulent fluid flow combining finegridswith
higher—order discretization schemes. Panneerselvam
and Savithri®™ analysesthe same by using Eul erian-
Eulerian multi-fluid approach a ong with standard k-¢
turbulence model. The very recent study wascarried
out by Roy et al.*3 on flow structure and the effect of

macro-ingtabilitiesin apitched-bladetirred tank. From
theliteratureit isfound that most of the studieshave
been focused on analyzing theflow field but thereisa
study on pressurefield and turbulent kineticenergy dis-
tribution in theflotation cell. Inthiswork the pressure
field and the kinetic energy distribution in thefl otation
cdll hasbeen andyzed by computationd fluid dynamic
smuldion.

System considered in the present study

A cylindricd vessd of diameter of 25 mandaheight
of 3.05 mwith semispherical bottom was considered
asaflotationtank in thisstudy. A four-bladed Pitched
bladeimpeller pumping down (PBTD) with blades at
an angleof 450 from the horizontd planewas consid-
ered asaprovisionto makeintense mixing of phasesin
thetank. Thevolumeof thetank is15.0 m3. Thediam-
eter of theimpeller was Da=T/2. Thewidth and clear-
ance of bottom were considered as| mm and C=T/3.
Four bafflesof T/10 in diameter were considered to
equally place around thetank. Theworking material
was water as liquid phase and air as gaseous phase.
Therotation speed of theimpeller was varied while
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keeping gas vel ocity constant and on the other hand
gasve ocity wasvaried while keeping rotation vel ocity
of theimpeller constant. The schematic diagram of the
flotationtank isshown Figure 1.

Impeller Shatt

Gas Bubbles

4+————————  Flotation Tank

Tmpeller Blade

Gas mlet

g_L = — g o — ——

Gas Supply
Figurel: Schemauc diagram of aflotation cell

Gasisentering from bottom side of thetank. Dueto
the symmetry of the geometry, only one-fourth of the
flotation cell iscons dered asthecomputationa domain.
The very first step in any CFD simulation is the
discretization of thecomputationa domain. Inthisstudy
the geometry discretization isdone using block struc-
tured gridswhichdlowsfiner gridsinregionswherehigher
gpatia resolutionsarerequired. Thecomputationd grid
used of its 1/4th sectionwhich hasbeenusad inthissmu-
lation work. The system propertieswhich are consid-
eredinthe present work areshownin TABLE 1.

TABLE 1: Propertiesof system considered for thissimu-
lation work

Properties Gas Liquid
Thermal expansivity 0.003356 K™ 2.57x10* K™
Dynamic viscosity 1.831x10® kg/m.s 8.899x10™ kg/m's
Density 1.185 kg/m® 997.0 kg/m®
Molar mass 28.96 g/mol 18.02 kg/mol
Reference pressure 1 atm 1atm
Reference Temperature 25°C 25°C
Reference specific enthalpy 0.0 Jkg 0.0 Jkg
Reference specific entropy 0.0 Jkg/K 0.0 Jkg/K
Specific heat capacity 1.0044x10° Jkg K 4181.7 Jkg K
Thermal conductivity 2.61x10%W/m  0.6069 W/m K

THEORETICAL BACKGROUND

Twodistinct multiphaseflow modelsareavailable.

Theseare Eulerian-Eulerian multiphase model and a
Lagrangian particletracking multiphase model. Two
different sub-modd sareavailablefor Eulerian- Eulerian
multiphase flow. These are homogeneous model and
inter-fluid transfer (inhomogeneous) modd. In present
work, for gas phase Zero equation parameter model is
employed whereasfor liquid phasetwo equation moded
that is Standard k-& model has been employed.

Two-equation mode
Boussinesg hypothesis
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wheres,, ¢, 5, ,and C, arestandard k- mode! con-
stants. Using the standard k—e model the turbulent vis-
cosity of the continuous phaseiscdculated by:
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€

C

uot,tur = (5)

For the continuous liquid phase, ak— model is
applied withitsstandard constants: C,_ =1.44,C, =
192, Cu=0:09; o, = 1and c_= 1.3. The effective
viscogity isthen
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Simulation procedure

Thesmulationisdoneusing thecommercid code
provided by Ansys CFX software. A uniform velocity
profileisassumedin the bottom sideinlet. A control
volumefinitemethod isemployed to solve the gov-
erning equations. k- model isused for capturing the
turbulenceof liquid for thegiven Situation. Zero equa-
tion model shave been empl oyed for capturing thetur-
bulenceof gasphasefor thegiven stuation. Assaidin
thetheory k- istwo parameter based mode! issuffi-
cient enough for the situation. The mean gas bubble
diameter of 3.0mmisassumedfor al our smulations.
Further, thevalidity of bubble size used inthe CFD
simulationisvalidated by calculating thebubble size
based on the reported correlationsin literature by
using thesimulation results of gasholdup and power
consumption vaues.

Boundary conditions

(i) aninlet throughwhichair entersthemixer. Inlet:
Speed =5 m/s; Static Temperature=25° C(ii) A de-
gassing outlet, so that only the gas phase can leavethe
domain. Boundary type= outlet; Location = upper lig-
uid surface, Boundary details = Degassing condition.
(ii1) Thin surfacesfor thebaffleand impeller blade. In
ANSY S CFX-Pre, thin surfaces can be created by
specifying wall boundary conditions on both sides of
internal 2D regions. Both sides of the baffleregions
will be specified aswallsin thiscase. Boundary Type
=Wall; Location =Wall Baffles. For air at 25° C, wall
influenceon flow istaken asfreedip. For water, wall
influence on flow istaken asno dlip. Herethe wall
bafflesregion includesthe surfaces on both sides of
the baffle. Therefore, we do not need to usethe Cre-
ate Thin Surface Partner (CTSP) option. Thefreedip
condition can be used for the gas phase sincethe con-
tact areawith thewallsisnear zerofor low gasphase
volumefractions. (iv) A wall for the hub and shaft in
therotating domain. Thiswill bestationary relativeto
therotating domain. Theseregions are connected to
theshaft intheimpeller domain. Sincethetank domain
isnot rotating, we need to specify amoving wall to
account for therotation of the shaft. Part of theshaftis

—= PFyll Pgper

located directly abovetheair inlet, sothevolumefrac-
tion of air inthislocationwill be high and the assump-
tion of zero contact areafor the gas phaseisnot physi-
caly correct. Inthiscase, ano dip boundary condition
ismore appropriatethan afree dip condition for the
ar phase. When the volumefraction of air in contact
with awall islow, afreedip condition ismoreappro-
priatefor theair phase. Axisof rotation wastakenin
X-direction, (v) A wall for the shaft in the stationary
domain. Thiswill berotating relativeto the stationary
domain. Boundary Type = Wall; Location = Blade,
Hub, Shaft. For air at 25° C, wall influenceonflowis
taken asfreedip. For water, wall influenceonflow is
takenasnodip, (vi) periodic domaininterfacesfor the
periodic facesof thetank and impdler. (vii) Initid val-
ues: Theinitializationfor volumefractionisOfor air.
Therefore, theinitiad volumefraction for water will be
set to 1 so that the sum of thetwo fluid volumefrac-
tionsis 1. Initia water velocity istakenasO my/s.

Convergencecontrol properties

Turbulent eddy dissipationisincorporatedinthe
simulation. Blend factor of 0.75isemployed asour ad-
vection schemeinthe solver. Timescale Control=1s.
Max Number of Iterations = 3000. Residual
Type=RMS. Residua Target=101°

RESULTSAND DISCUSSION

Inthissection, thevariation of pressureand theki-
netic energy distribution have been interpreted based
ontherotational speed of impeller andthe gasve ocity
intheflotation cell.

Pressureprofile

Contour for pressure distributionisshownin Fig-
ure 2 and Figure 3. Figure 2 presents contour plot of
pressurefieldinsidetheflotationtank for different val-
uesof inlet gasflow rateinto thetank at constant rota-
tiona velocity, N=100 rpm, of impeller. It isnotable
that thehydrostati c contribution to pressureisexcluded
dueto the use of an appropriate buoyancy reference
dengity. Fromthefigureit can be dearly seenthat there
aretwo high pressure zones present, oneisat the sur-
face of liquid in flotation tank while the other is ob-
served near the corner of the dished bottom and the
minimum pressurezoneispresent in vicinity of theim-
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peller blades. It may be because of presence of high
velocity zonefor both gasand liquid residesin vicinity
of impeller’s blade. As distance from impeller’s blade
increasesmagnitudeof vel ocity vector for both gasand
liquid decreases, therefore pressureincreasesin either
sideof theimpeller. Asthe gassing rateincreasesinto
thetank the pressurerangeinto thetank increasesand
the pressureinthelow pressurezonewhichisnear to
impeller bladesa soincreases. At low gasflow rates,
thevortex cavity regimeisobserved, whileat higher
gasflow rates, ventilated gas cavitiesformwhich ex-
tendsto the blade surface, referred to asthelarge cav-
ity regimeswhich arebasically thelower pressurere-
gions. Similar observations were reported by
Warmoeskerken and Smitht*4, Accordingtothemin
gas-sparged tanks, gas cavitiesform in thelow-pres-
sureregion onthetrailingsideof impeller blades. This
isthegood quditative agreement. Figure 3 presentsthe
contour of pressurefieldinside theflotation tank for
different valuesof rotationa velocity of impeller a con-
stant inlet gasflow rate, V,=5 m/s, intothetank. Figure
3depictsthat therearetwo high pressurezones present;
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Figure?2: Contour plot of pressurefield at constant rota-
tional velocity, N=100rpm, of impeller.
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oneisat thesurfaceof liquidinflotation tank whilethe
other isobserved near the corner of the dished bottom
and theminimum pressurezoneispresentinvicinity of
theimpeller blades. The pressurein thelow pressure
zone decreases by increasing theimpeller rotational
speed whichisoppositeto the other case of high pres-
sure zone. Thisisdueto increasein rotational speed
causeshigher degree of turbulencethat ishigh velocity
fluctuation leadstolargelow pressureregionwhichare
asoknown asgascavity. However dueto the unavail-
ability of thenumerical datafor pressurefiddingdethe
tank validation of current dataisnot possible. There-
forethisanaysisof the pressurefiddiskept asqudita
tiveandyss. Experimentd observationsshould beper-
formed to validatethe pressuredistribution data

Turbulent kineticenergy profile

A CFD model should beableto predict turbulence
parameters such as RM Sfluctuating vel ocitiesor tur-
bulent kinetic energy in agtirred tank. Asaready noted,
compuitational fluid dynamicsmode sgenerdly predict
mean fluid velocitiesin the tank with reasonabl e accu-
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Figure 3: Contour of pressurefield at constant inlet gas
flow rate, Vv, =5m/s.
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racy but it leadsto over or under prediction of turbu-
lence quantities. Therefore, turbulenceisthe problem-
aticareainfluid dynamics. Thisisoften attributed to
deficienciesinthe modelsfor theturbulence. Figure4
and 5illustrate the spatia distribution of turbulent ki-
netic energy. If k asameasure of theenergy dissipation
inthestirred vessel, one may seethat greatest on the
lower sideof theimpeller near thetip, wheretheradia
velocity isasothegreatest. Anoverall lower distribu-
tion of turbulent kinetic energy (k) can be observed on
the upper side of theimpeller wherethe average ve-
locities are more uniform.

Figure4 presentsthe contour plot of turbulent ki-
netic energy (k) field insidetheflotation tank for dif-
ferent valuesof inlet gasflow rateinto thetank at con-
stant rotational speed, N=100 rpm, of impeller. Fig-
ure 5 shows the contour of turbulent kinetic energy
(k) fieldinsdetheflotation tank for different values of
rotationa velocity of impeller at constant inlet gasflow
rate, v, =5m/s into the tank. In both the cases the
kinetic energy ishigh dongtheimpeller jet-stream and
shows a peak at the trailing edge vortex location.
Schafer et al .[*¥ observed similar kind of behavior of
turbulent kinetic energy (k) inthevicinity of trailing
edge vorticesfor pitched blade impeller. The second
| i
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Figure4: Contour plot of turbulent kineticenergy (k) field
at constant N=100rpm.

significant peak of kinetic energy isobserved near the
corner of the dished bottom which can be attributed
to the secondary circulation set in by theimpeller jet
stream hitting thetank corner.

Although no sgnificant enhancement isobservedin

= fFull Paper

theseleve sof turbulent kinetic energy with increasesin
impeller speed (i.e., Reynolds number), for N =400
rpm, ahigher kinetic energy near the secondary circu-
lation is observed which may be due to the fact that
axia pumpingincreaseswithincreaseinrotationd speed
of theimpeller and the enhancement in axial velocity
formsastronger corner vortex. Thesimilar sort of be-
havior was also observed by Roy et al.*?. Levels of
turbulent kinetic energy arequditatively well predicted
inthevicinity of theimpeller, an over-prediction of
7.69% in turbulent kinetic energy was observed for
rotational speed, N=150 rpm, thiswascompared with
thedataprovided by Roy et all*2.
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Figure5: Contour of turbulent kinetic ener gy (k) field at, v,
=5m/sintothetank.

Power number variation

Power number isthemost important factor for char-
acterizing the gross flow field characteristics of the
mechanically agitated flotation cell. Atindustrial leve,
therate of energy consumption per unit volumeof fluid
isused extensively for scale-up, scale-down and de-
sign purposes. Although it iswidely used, the depen-
denceof rate of energy consumption onimpeller and
tank geometry isdefined only inthemost generd terms.
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Thisisgenerdly dueto thedifficulty of obtaining accu-
ratetorqueva uemeasurementsonthesmal scale, and
partly dueto the predictive limitationsof drag theory,
particularly for recal culating threedimensiona flows?.
By theuse of dimensional analysis, power number can

beexpressed as.
P
p= PND?E ()

where Pisthe power required by theimpeller, p isthe
fluid dengity, N istherotating speed of theimpeller in
rotation per second, and D isthe diameter of theim-
peller. The power isusudly cal culated from measure-
mentsof thetorque and the shaft speed of impeller.
P=2aNT, )
where T isthe sum of the torque acting on the both
sidesof the| mpeller blades, Hub shaft and tank shaft.
The dependence of power number on Reynolds num-
ber (Re) isanaogousto well established result for the
friction factor in pipeflow, and for the drag coefficient
on a sphere. In the laminar range (Re < 10 to 100,
depending ontheimpe ler of interest), the power num-
ber isinversely proportiona to the Reynolds number
(Np o 1/Re). In the fully turbulent range (Re > 2 x
10%), the power number is constant and independent of
the Reynolds numbert?. In thiswork, torque wascal-
culated for different values of impeller rotation speed
from 1 rpmto 700 rpm. The valuescal cul ated for the
power requirement for thework doneison thefluid
only, it doesnot account for any mechanical |osses, ef-
ficienciesetc. Also notethat the accuracy of thesere-
sultsissignificantly affected by the coarseness of the
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Figure6: Variation of power number (NP) with Reynolds
number.
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mesh. Therange of Reynol ds numbers considered ex-
tendswell downintothetransitiona rangefor pitched
bladeimpeller. The power number isfirst decreasing
with the Reynoldsnumber and after crossing aparticu-
lar Reynoldsnumber itincreasesvery dightly and then
finally becomes constant asshown in Figure6.

Thissudden drop in power number isassociated
withtheabrupt transtionintheflow patternfromara-
dia toanaxid flow Hockey et al [ and wasquantified
by theyd ocity measurementsof Nouri and Whitd awi.
The power per unit volumerequired for thedispersion
of phasesintheflotationtank isshownin TABLE 2

TABLE 2: Variationsof power per unit volumerequired for
dispersion of phasesinsidethetank.

Re x10® Np (), N P PIV
) N,=P/pN°D] (r/s) (W) (W/m’
32.09 0.03987 0.167 057 0.04
58.35 0.036136 167 51361 3424
116.70 0.041856 250 199585 133.06
204.23 0.039693 333 447297 298.20
229.03 0.033282 6.67 30139.97 2009.33
NOTATIONS
C.C,. C, : constantsink-¢ model
C, C, . condants
k . turb. kineticenergy (m?s?)
NP . power number (-)
P . pressure(N/m?)
P : power (N.m/s)
Re . Reynoldsnumber
S . sourceterm, various
uv . veocity (m/s)
p . dengty (kg/md)
€ . turb. dissipationrate (m?/s)
u . viscosity (kg/ms)
o . constantsin k— model
v . kinematicviscosity (m2/s)
I . gpatid directions
T . tank diameter (m)
T, . torque (N.m/s)
H . tank height (m)
D, . impdler diameter (m)
d, . mean bubblediameter (m)
v . gasinletflow rate (m/s)
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N . rotation speed of impdl ler
U, . turbulent velocity scale
CONCLUSION

Pressurevariation and thekinetic energy distribu-
tioninsidetheflotation tank for different values of gas
velodity havebeen enunciated inthepresent work. From
the analysisit is concluded that asthe gasflow rate
increasesinto thetank the pressurerangeinto thetank
increases and the pressure in the low pressure zone
whichisnear toimpeller blades also increases. The
vortex cavity regimearetheresultsof low gasflow rates
whereashigher gasflow ratesform gascavitiesextended
to the blade surface, thelower pressureregions. Sig-
nificant peek of kinetic energy isobserved near thecorner
of thedished bottom and itsenhancement dependson
theimpeller speed. The Power number isfirst decress-
ing with the Reynolds number and after crossing apar-
ticular Reynoldsnumber; it increasesvery dightly and
thenfinally becomescongtant.
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