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Abstract

This paper presents tools for analysis of CFD results adapted for flows in multi-stage stirred vessels through out two industrial cases. Those te
fitted with double-flow impellers are used first to cool down highly viscous resins and subsequently for indirect emulsification. Since the simulatic
of these processes in their whole complexity would be unrealistic, it considers single-phase flows without heat transfer. The result analysis in or
to prove that the mixing and the circulation are effective is not usual; in these cases, the circulation and impeller numbers are not adapted.
average axial flow numbers are relevant of the circulation in the whole tank and of the connection between the flows produced by the propeller
the given configuration. The velocity profiles give relevant results, but are not sufficient whereas the particle tracking validates that the propells
do not work together in one case and do work together in a second one.

Keywords: CFD; Multiple impellers; Stirred vessel; Viscous mixing; Transient flow; Industrial application; Double flux impeller

1. Introduction on the scale of the particle, but convergence problems limit its
application to smaller volume fraction of the dispersed phase
The progress of computer fluid dynamics (CFD) for the lasf1]. Some fields of study which are not investigated in the pre-
20 years has made it an important tool for process hydrodyiously quoted state of the aft], like laminar flows, flows
namic understanding in stirred tanks. In a state-of-the-artin CFEbmbined with heat transfer or flow combined with reaction,
simulation of stirred vessel, Sommerfeld and Dedkércon-  give interesting results. The modelling of laminar flow is a priori
clude that single-phase simulation with the Reynolds Averaggther simple since no closure equation is needed. For exam-
Navier—Stockes equations (RANS) and standaecturbulence ple, the works of Thibault and Tang(ig] or Letellier et al[3]
model can predict the mean velocities of a turbulent flow I%how a good agreement between experimenta| and numerical
a stirred vessel. An accurate prediction of turbulent propelevolution of power number as a function of Reynolds number.
ties requires more precise grid, or even the use of large eddye difficulty of modelling these systems may come from pos-
simulation (LES) or direct numerical simulation (DNS). Thesjple non-Newtonian rheology (see, for examgh, or [4]).
simulation of two-phase flows using an Euler/Euler approachiakrzewska and Jaworsk[S] recent study of a static heat trans-
requires not only much CPU time, but also reliable models ofer system, separating the solution of heat transfer equations
physical phenomena such as break-up and coalescence, whigin the solution of RANS equations, led to good agreement on
need to be improved to represent the actual physical phenomgcal heat transfer coefficients. Brucato e{@].show that CFD
ena. On the other hand, the Euler/Lagrange approach allows f@ged as a support of single-phase reactions gives good results
a very detailed modelling of the physical phenomena occurringhen micromixing is negligible.
The industrial systems that need advanced study are often
complex cases requiring complex models and a lot of CPU
* Corresponding author. Tel.: +33 5 34 61 52 41; fax: +33534 615253,  time and memory. Before implementing complex modelling,
E-mail address: Marion.AllietGaubert@ensiacet.fr (M. Alliet-Gaubert). it is worth to use CFD tools with modelling simplifications.
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I o the movement of each impeller contributes to a global circu-
lation in the vessel.

r\ The mixing is much better for this second case, which may

require much power to obtain, especially with viscous liquids.
Connected loops are often more efficient considering the mixing.
The question is: how can we establish that loops are connected?
This paper begins with the presentation of tools and methods

for flow characterisation, followed by two examples of their

industrial application.
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2. Flow characterization tools and methods

Various methods for results analysis to get a good mixing
characterisation have been collected and their fields of appli-
cation have been specified. The first group concerns macro-
indicators such as power number, circulation number, impeller
flow number, axial flow number and agitation index. The sec-
ond group presents local indicators such as velocity profiles,
streamlines and patrticles tracking. Statistical methods such as
probability density function of stretchir{@1] are not treated in
Fig. 1. Two idealised circulation profiles in multistage stirred vessels.  thig paper. Since they are based on statistic concepts, they need
much computer time to be effective. Moreover, they seem well

However, this should be done with the utmost care not only in""d""pted for flow understam_jmg but the understanding a.t the pro-
ess level and the comparison of two cases are not direct. For

;ho?nr;]?gignp?r:;érifg ilrr1] ttlr:ii ;erfllé:tes analyses. This last point I_%wese tyvo reasons, we think they are not yet adapted to handle

The analysis of CFD results is generally not so easy due tbndustrlal examples.
the huge amount of data: several values by cells, and up to
million cells for a simulatiorj7], which can be multiplied by the

number of time steps, when the simulation is time dependent. The interest of power calculation is to evaluate eneray con-
Stirred vessels simulations present an additional complexs—um tion and its ecF:)onomicim act. Power consumtion gged for
ity since they are fully three-dimensional: the biggest velocity”™ . P pact. P
mixing, P, may be calculated using two methods.

mponent is tangential and circulation is significant in th ! . .
cormpone t. S tangentia a_d circulation Is sig riea tin the The first one integrates the viscous dissipation enebgy,
three directions. For analysis of CFD results of stirred vesselsIhto the whole bulk volume:
dimensional reduction, neglecting one dimension from the oth- '

ers, should be done carefully. _ _ P /// ndy dV (1)
This study concerns an industrial multi-stage agitated tanks v

used first to cool down highly viscous resins like epoxy OrWherefr; is the apparent fluid viscosity (Pa s). For an incompress-

polyester (alkyd resins) and subsequently for indirect emulsiy o Newtonian fluid @y is written:
fication (phase inversion process). This article focuses on the '
most critical points of the process, considering the bulk as pseu- 5 [(duxf L (dvy > 2 n (dvZ ) 21 {dvx dvy} 2
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2’% 1. Power and power number

dohomogeneous (i.e. constant density and viscosity). The ratherY = dx dy dz dy | dx
low Reynolds numbers, in between 60 and 173, specify that the

flows are in the transient regime. The objective of this study is to dv, dy; 2 du,  dv.]?
distinguish if the mixing in different tank configurations allows + { + } { }

al _ dz ~ dy dz * dx
a good heat transfer and a good mixing with the added second . )
phase. For this purpose CFD simulation tools are used. The second methodology uses the torqui@pplied on the agi-

Stirred vessels with multiple impellers are more often used@tion system as given in E(B). With this se.cond method, the
for liquid—gas mixing[8—10], solid suspensiorjd1-13], heat POWer may be calculated for each impeller:

)

transfer[14] or the mixing of viscous fluid$15,3]. For those p _ o, nC A3)
vessels, there are several circulation profiles in between the two
idealised profiles (Fig. 1): whereN is the impeller rotational speed.
Power consumption is dimensionless represented by power
e the movement of each impeller has an influence on a Zonréumber,Po.
restricted to the impeller surrounding (self-feeding), and thereP P 4)

is no interaction between loops; ~ pN3DS



whereD is the impeller diameter (m). For single-phase Newto-where:

nian fluid, the Reynolds number is defined as: 2
5 0, = 27'[/ r(vy), dr (12)
Re = ’”L b ) "
0, = 2nr / (), dz (12)
wherep is the liquid density (kg m®). a

In laminar flows,PoRe is considered as constant whereas inExtending this concept, Aubii8] specifies that the circulation
turbulent flows Pg is almost constant. flow rate could be the flow rate generated in any circulation
loops:
2.2. Circulation, impeller flow and axial flow numbers

R
0, =/ 27r |v,| dr (13)
2.2.1. Impeller flow number r

The pumping flow rateQr, corresponds to the fluid flow wherer is the radial coordinate of the centre of the loop &nisl
that is discharged from the impeller swept volu[h6]. For an  the radius of the tank. This approach allows to consider the case
impeller diameterD, a general expression for calculating the where two circulation loops are produced. The overall flow rate

pumping flow is: is the sum of the circulation flow rates of the two loops (Fig. 2).
-~ -+ Extending this concept to more than two loops should be done

OF = / xD |(v0) | dz +/ 27r |(2) dr very carefully, particularly, this concept is difficult to extend for

r ) r=r+ 7)7=7+ . . .

z~ 0 multiple impellers systems for two reasons:

F+
+ / 27r (v?)7_z_ dr (6) e this measure confuses the local and the overall circulation;
0 =

e the local circulation is not very significant for these systems.

wherez*, z~ andr* are the boundaries of the impeller swept

volume and the superscript ‘0’ refers to the fluid moving out of ~Moreover, in systems where axial symmetry is far from effec-

this volume. tive, the circulation loop cannot be used and the circulation
In order to compare different agitators operating in differ-number is less representative.

ent conditions, the discharge flow rate of the impeller may be

expressed as the dimensionless pumping number by normalizin

O by ND3:
_ On
Fl = D3 (7

In turbulent flows, Fl is considered as constant.

2.2.2. Circulation time and flow rate

Circulation timec, is known as the time for a fluid element
to cover the entire volum@/, of the tank. It is measured using
the time period between two subsequent concentration peak Qc
of a tracer[17]. It is specified as satisfactory if working with
helical agitator but not so when radial discharge flows impellers
are used. Circulation flow rat@c, is then defined as:

Qc=— (8)

_[C

This determination of the circulation time or the circulation flow
rate needs time-dependent information.

The circulation flow rate is also defined for an impe]leg] as
the sum of the impeller flow rat@p, and the flow rate generated
by momentum transfeQe:

Q-
Oc = Or + Qe ) ¢
For a single impeller system, assuming an angular symmetry
Jaworski et al[8] define the circulation flow rate as:
Oc =max{|Q,|} = max{|Q;|} (10) Fig. 2. Circulation flow rate for one and two loops. For one lo@g~ Q; for
r 2 two loops,Qc = Q:1 + Qz2.



Circulation is represented dimensionless, using circulatiomndex is a measure of the effectiveness of a particular geometry

numberNc, defined as: in inducing a flow in the whole bulk.
Oc ,
Nc = ND3 (14)  2.4. Velocity fields and streamlines
2.2.3. Axial flow number and average axial circulation time Velocity fields and streamlines are sometimes the main used
Since the previous numbers do not characterize well enouginethod to analyse the flof5]. _
the loops connection, an axial flow number is defifgid Tangential velocity components are most often so high com-

The axial flow rateQqy, at different heights in the vessel is pared to axial and radial components that the mixing in that
evaluated by the surface integration of either the positiye, direction is not a limitation. Therefore, in order to understand
or negative,v;, component of the axial velocity at particular the flow, results, especially velocity vectors are often presented

horizontal plane: on two-dimensional maps with colour range or with vectors of
length proportional to the norm of the velocity vectors.
Oax(2) = / U;r dA = / v, dA (15) Streamlines are three-dimensional curves tangent to velocity
A vectors.
whereA is the radial section of the tank. Since three-dimensional curves are not easy to understand.
The average axial flow rat&aax, for the entire vessel is Curves tangent to two-dimensional vector projections are often
defined as: used, especially to show circulation loops. However, those rep-
" q resentations assume an angular symmetry and may be very con-
Opax = fo Q:X(Z) < (16) fusing as shown in the instructive example presentdeign 3.
Jo dz Four planes are presented following patrticles tangential veloc-

ity. The curves tangent to two-dimensional vector projections
Bn the four planes may be identified as belonging to interrelated
loops. However, the particles stay in the upper, middle or lower
ax’ part of the tank.

Both the axial flow rate and the average axial flow rate can b
normalised byWD? to give the dimensionless axial flow number,
Ng, and the dimensionless average axial flow numigy,
respectively:

No.(2) = %\j‘;;(g) 17) 2.5. Particles tracking
O nax The goal of the particle tracking is to highlight the dead zones,

Nopay = ND3 (18) by-pass or partial confined mixing zones (as invariant tori, con-

) ) ] o ~_ firmed by KAM—Kolmogorov—Arnold—Moser theorem quoted
The following relation defines the average axial circulation time ,, ottino[21]). For this, a particle is injected in the tank at dif-

lax: ferent positions in the bulk. Particle tracking is carried out using
1% the discrete phase model. It consists in following the trajectory
lax = 19)  of pieces of fluids considered as fluid particles. This means that

Opax
the trajectories are calculated using inert and spherical parti-

2.3. Volume-weighted average velocity and agitation index cles with a small diameter (for example, L) and a density
close to the fluid density, and a motion written in a Lagrangian

The volume-averaged velocity is used for comparing theeeference frame:

movement intensity in different configuration or with different

operating conditions of a tank. For this purpose, it is postulated(ﬂ =vp (22)

[19] that each velocity;jx corresponds to a volume of liquid ) ) N ) ) )

vol;z, whichis related to the vessel dimensions and the grid poinf/heres is the particle position anek is the particle velocity. The

coordinatesi, j, k. The volumes corresponding to the whole grid procedure is uncoupled, which means that the particle traces are

are summed, so that a volume-averaged veloEitjs obtained: resolved from the previously determined velocity fields.
For a stirred vessel, with rotating reference frame or with

i jZkvi.ikV()li./k (20) moving reference frame modelling, the particles tracking is not
Zizjzkvolijk a real Lagrangian analysis since a particle trajectory is cal-
) o culated with a fixed impeller. In the first case, there is just a
where the denominator corresponds to the liquid volume. oferance difference. The trajectory of theses particles gives a
D|\_/|d|ﬂg th'_s’ volume-a\_/erf_;\ge_d velocity by the impeller tip yree_dimensional idea of the fluid motion and may highlight the
velocity, Vijp, yields the agitation inde [19]: dead zones or by-pass. For multiple impellers systems, it may
v show if the circulation is global or not. For non-axial symmet-
Ig =100_— (21)  ric flows and more particularly laminar flows, it can reveal the
Viip I .
oscillation phenomenon shown &iig. 3.
which may be considered as representing the global mean veloc- The different criteria defined in this section are used in Sec-
ity expressed as a percentage of the tip velocity. The agitatdions4 and 5to understand industrial examples.

V=
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Fig. 3. Instructive example of streamlines presenting false interconnected loops. Arrows indicate streamlires:)(®articles. Each figure on the lower part
presents the position of the impellers and the position of the plane represented on the corresponding figure on the upper part.

3. Modelling and numerical aspects reduction in computational expenses. The mean cell edge length
is about 0.06 m. A preliminary grid convergence study has been
Since the simulation of the process in its whole complexitycarried out in order to verify that the solution was grid inde-
would be very unrealistic, in order to simplify the hydrodynamic, pendent for this cell edge length. The number of computational
the simulation considers single-phase flows without heat transzells used is about 160 000 cells for the first example and about
fer. Time constants relative to the flow or to the heat transfe605 000 for the second one.
have very different order of magnitude, so the simulation of the Since used equations do not contain any modelling assump-
two coupled phenomena would be useless. The viscosity is sébn, there are few reasons for the numerical results to be unlike
to the values in which the mixing is the most critical. experimental one. Some differences may come:
Fluen® 6.0.20 is used in the simulations carried out to solve
the momentum and continuity equations for the laminar fluid- from the quality and granularity of the mesh and from the
flow. SinceRe is around 100, the flow regime is transient close discretisation scheme in relation to the physical phenomena;
to the laminar regime. As it has been done by Kelly and Gigas from the transient-laminar assumption mention earlier;
[4], the macro-instabilities that may happen at this transient flow from the top surface modelling.
regime close to laminar regime are neglected and the flow is
modelled using laminar equations. A no-slip boundary condition  Allthese assumption have been previously validated by Letel-
is imposed on all walls. The free liquid surface is modelled withlier et al.[3].
no vortex, a zero-flux and zero-stress conditions. The absence
of baffles enables to use the usual “Rotating Reference Framd. Example 1: industrial tank containing double-flow
(RRF) approach to model the impellers motion. This techniquémpellers
models the motion of the tank in the impellers reference frame.
All terms of the equations are discretised using the second-order]. Description of the system
upwind differencing scheme and the equations are solved using
the SIMPLE algorithm. The tank is equipped with three impellers (Fig. 4a and
Simulations are typically considered converged when thefable 1): two double flow impellers and a pitched blade tur-
velocity residuals fall below 10'. Further checks for conver- bine (PBT) in the bottom. The double flow impellers are SGDF
gence are made by verifying that the computed power numbéfrom Milton Roy Mixing®. They have a complex geometry:
remained constant. the down-pumping blade, which is closer to the shaft, is an
The commercial mesh generator Garfibz.0.4 is used to irregular hexagon on a curve surface, the up-pumping blade,
create an unstructured tetrahedral mesh due to the compleich is closer to the wall looks like a shovel of a snow-plough.
geometry of the impellers. Periodic symmetry of the geometryrhey may be equipped or not with a vertical blade. The PBT
enables to reduce the computational domain and thus a valuatiemade with four blades at 45The periodic symmetry of the



(b)

(c)
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Fig. 4. Half tank (a); impellers with the vertical blade (b); impellers without the vertical blade (c); picture of the impellers with vertical blade (d).

geometry enables to model only one half of the tank. The studproces$22]. Modelling has been approached by considering the

presented here is about the influence of the vertical blade —laulk pseudohomogeneous (i.e. constant density and viscosity)
plate, part of the double-flow impeller, set vertically in-betweenat the most critical point of the process.

the down-pumping blade and the up-pumping blade to enforce The resin has not a huge density=2100 kg/nf), is highly

the structure — for the two double-flow impelleEsg. 4b shows  viscous but remains Newtonian 30 Pa s). The rotating speed

a double-flow impeller with the vertical blade afdy. 4c a  gives a rather low Reynolds nhumber (885.3).

double-flow impeller without the vertical blade. The objective

of the work is 'Fo verify that this_vertical blade has no_bao! influ-4.2. Results and analysis

ence on the circulation. For this purpose, a simulation is done
with the blade and another one without.

o . i Powers consumption, presentedable 2, shows that the use
This kind of stirrer and more generally double flux stirrer are ¢ the vertical blade has no significant effect.

well adapted to both laminar and transient flg&k Therefore, Local axial flow numbers are presentedFify. 5. Average
they give good performance in the case ofindirectemulsificatioréxial flow number,Ng,.,, and axial circulation timezay are

. . . . . . bk A ’
(phase inversion process) of highly viscous resins like epoxy 0[5res;ented infable 3. Ca)(()nsidering the uncertainty of numer-

polyester (alkyd resins), forwhich the viscosity and the rheology .o simulations, it is difficult to have a definite conclusion.
of the media are varying drastically all along the emulsification

Table 2
Table 1 Power consumption calculated by the torque method and the viscous dissipation
System dimensions for the first example method for the first example
Vessel diametef (m) 2.4 Simulation With vertical blade Without vertical blade
L!qu!d height,H (m)3 3.4 Torque on impellers
Liquid volume,V (m?) 14.6
) . P (W) 18833 18960
Double-flow impeller diameteDpg (M) 2.28
. ) . Py 2.22 2.24
Pitched blade turbine diametérpgt (M) 1.44 PoR 212 213
Distance bottom- PBT, 71 (m) 0.4 ofte
Distance PBTF- DF, I> (m) DI2=1.14 Viscous dissipation
Distance Dif — DF2, I3 (M) 1.0 P (W) 19705 20111
Distance DF; — free liquid surfacels (m) 0.8 Py 2.33 2.37

Blades thickness (m) 0.012 PoRe 222 226
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Height in vessel z/zmax (-)
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0.1

0.0

DF1

DF2

PBT

= With vertical blade

= = Without vertical blade

0,00

0,02

Axial flow number Ny, (-)

0,14

Table 3
Axial circulation characteristics for the first example

Simulation With vertical Without vertical
blade blade

Average axial flow numbety g, 0.052 0.051

Axial circulation time,zax (S) 46.9 48.0

tion. This slightimprovement of the flow patterns, especially the
better circulation between each stage of impeller may be explain
by the effect of the vertical blade on the flow which would be
similar to a guide tube one.

Fig. 6, showing the traces of particles axially distributed, each
one having its own colour, confirms this assumptiéig. 6a and
b shows a poor circulation between the first propeller and the
second double flux propelldtig. 6a shows a better mixing of the
colour between the second double flux propeller and the PBT,
indicating a better axial circulation.

4.3. Conclusions

Axial flow rates give relevant information for the comparison
of impellers shape: the vertical blade induces a slightly better
distribution of the axial flow rates, which means a small increase
of the overall circulation. The power calculation shows that the
vertical blade does not make the power consumption higher.
Therefore, the rather good influence of the vertical blade on the
circulation and on energy consumption shows that this vertical
blade should be retained.

Fig. 5. Axial flow number for different height in the vessel for the simulation g, Example 2: tank containing impellers and a coil heat

with and without vertical blades. The locations of the impellers, two double flow
impellers (DR and DR) and a pitch blade turbine (PBT) are indicated by the
rectangles.

exchanger

5.1. Description of the system

However, the trend of all parameters is similar; the slight varia-

tion in axial circulation time and the higher flow under the double  The tank contains two axial agitators and a helical coil heat
flow impellers shown by the local axial flow number show thatexchanger. Influences of the viscosity and of the heat exchanger
the use of the vertical blade slightly increases the overall circuladiameter on the flow are studied.

Fig. 6. Particles traces shown by particles ID: (a) with vertical blades; (b) without vertical blade.
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Fig. 7. Simulated geometry (dimensions in mm):{&)0.7T; (b)S=0.83T.

Table 4

Operating conditions for the second example

Coil diameterS (m) 3044.4-0.7T 3644.4-0.83T
Rotational speedy (min~1) 27 23

Impeller diameterD (m) 2.7 3.2

Impeller tip velocity, Vip (ms™2) 3.8

Liquid rheology Newtonian

Liquid viscosity,u (Pas) 25 40 60 25

Liquid density,p (kg m—3) 1100

Reynolds numbeRe 144 90 60 173

The liquid height in the tank chosen for the simulation cor-Table 5
responds to one of the process key steps. Only one coil layer Rower consumption calculated by the torque method and the viscous dissipation
presentwith a diametsrdivided by the reactor diamet@equal ~ Metod for the second example
t0 0.7 (Fig. 7a) or 0.83 (Fig. 7b). The mixing system is composed w(Pas)  Re Torque onimpellers  Viscous dissipation
by two Mixel™ TTP three-blade propellef20] of diameteD P PoRe Po  PoRe
depending of the coil diametdp/S=0.9. The propellers work
on the down-pumping mode and are shifted 6f 68e compared ig (l)gg 132 ﬂg ig 51:;
to another. The lower plane of the lower propeller corresponds to 60 060 1.99 120 211 127
the lowest row of the coil. The second propeller is at a height o
0.75D. Operating conditions are listed Table 4. The propeller
tip velocity is maintained constant when the propeller diameter
is changed.

The heat exchanger is modelled by a series of rings havinghows the breakdown of the power consumption between the
zero-thickness and a height equivalent to the heat exchangelifferent agitators. For a fixed value of the viscosity, the power
tube diameter. Therefore, the simplified geometry of the heatsed by the lower MixéM TTP propeller is the same as the
exchanger is not modelled as a spiral. Periodic symmetry of theower used by the upper one. The effect of the increase of the
geometry enables to model only one-third of the vessel.

B.SST 25 173 1.16 200 1.19 206

Table 6
5.2 Results Breakdown of power consumption for the second example
P (W)
5.2.1. Power consumption _ o _ =077 $=0837
The power consumption for each simulation is calculated via
the volume integration of the viscous dissipation (Eq) and nw=25Pas u=40Pas u=60Pas up=25Pas
via the torque method (E3)). The difference between the two Lower propeller ~ 08843 11267 14139 12100
methods increases with the viscosity. The maximum differenc&pper propeller 08827 11220 14245 11950
is about 6% (Table 5). In laminar regime, power numbers shoul&haft 00090 00144 00212 00063
increase proportionally to the viscosity. As ti®gRe values Total 17760 22631 28505 24113

(Table 5) are not constant, the flow regime is transi€alble 6
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Fig. 8. Flow field for the small diameter coil €0.77) for a viscosity of 25 Pas: (a) mean velocity field; (b) axial velocity contour; (c) radial velocity contour; (d)
tangential velocity contour.
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coil diameter on power consumption cannot be evaluated since The only difference visible on the tangential velocity contour
the propeller diameter increases as well. (Fig. 8d)isitsintensity, which decreases in the external zone with
the increase of the viscosity. The tangential velocity spreads in
the external zone by spaces between coil tubes. An entrainment

3.2.2. Mean velocity field . effect is also seen, because the tangential velocity core is bigger
Flow fields are visualised on a plane passing through thﬁwan the impeller height

middle of one blade of the lower propeller and between two To sum up, the increase in the viscosity from 25 to 60 Pas

?;ﬁgiit% g:)i izgrp:ser _Iphrgpr)gg%h :;2;\/ fé(;vr\]/ tﬁelgteeg:'gilcr‘:‘;rngg;‘;rcaanges the intensity of the velocity vector components, but the
the wall is called “e>.<ternal zone” and the region inside the hea% neral sch_eme of the flow field remains the Same. The decre_ase
exchanger with the two propellers is called “internal zone” fthe yelomty vectqrs components V\.”th the increase in t'he VIS
" cosity is due to an increase of the viscous forces. In this case,
up to 60 Pas, the flow field is enough efficient to allow a good
5.2.2.1. Influence of the viscosity. Five circulation loops are homogenization of the products and a good circulation in the
visible on the mean flow field (Fig. 8a). Two circulation loops tank.
are visible at agitators tip (self-feeding). The discharge flow of
the propeller is relatively oblique, which is normal as an axial5.2.2.2. Influence of the coil diameter. The increase in the coil
impeller becomes a radial impeller at I&w. One little circula-  diameter induces a volume increase of the circulation loop situ-
tion loop is situated below each impeller. The axial movement irated below the upper propeller. This circulation loop takes all the
the external zone of the tank is well present. However, the interspace between the shaft and the coil. This can be seen either on
sity in the tank bottom is stronger due to the impact of dischargéhe mean velocity field (Fig. 9a) and the axial velocity contour
flow of the lower propeller against the dished bottom. One parfFig. 9b). Apparently, no connection exists between the flow
of the discharge flow of the upper agitator goes down and isnduced by the two propellers in the internal zone. The flow in
picked up by the lower agitator bypassing the circulation loogthe external zone is weaker, above all in the zone between the
situated below the upper agitator. Main velocity fields are verytwo agitators.
similar whatever the viscosity used. That is the reason why the
velocity field is shown for only one viscosity. However, when 5.2.3. Global criteria for the flow analysis in the external
the viscosity increases, the discharge flow becomes more radiahne
the volume of the circulation loops below the propellerincreases It is useful to have global criteria to characterize the flow
and the axial movement in the external zone decreases. in the external zonekig. 10 shows the evolution of the vol-
The axial velocity contour (Fig. 8b), rather identical for the ume averaged velocity and the agitation index in the external
three viscosities, shows that the flow is down-coming in thezone with the viscosity and the coil diameter. These two crite-
internal zone and rising in the external zone. ria decrease when the viscosity and the coil diameter increase.
Qualitatively, the radial velocity contour (Fig. 8c) does not This is consistent since increasing the viscosity induces higher
change with the viscosity. Differences only come from the sizeviscous forces. The volume averaged velocity and the agitation
diminution of strong radial velocity core at the tip of each index in the external zone also decrease with an increase of the
impeller. The radial flux of the upper propeller also decreasesoil diameter from 0.7%o 0.837. This is not favourable of the
with an increase of the viscosity. homogenization and cooling processes, which need a great axial
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Fig. 9. Flow field for the large diameter coil €0.837) for a viscosity of 25 Pas: (a) mean velocity field; (b) axial velocity contour.

circulation in the external zone. The volume averaged velocity
and the agitation index criterion allow well to characterize the
flow intensity in the external zone of the tank.

5.2.4. Axial flow number L0 7 T —S8=07T - 25Pas
Axial flow number profiles along the tank are presented on ~==-8=07T - 40Pas
Fig.11. These profiles are in accordance withwhatwasexpectec | | = $=07T - 60Pas

. . 0.9
and present a peak for each propeller. These peaks are identici ——8=083T - 25Pas

and situated a little above the middle plane of the propeller. Their Liquid level
intensity decreases with an increase in the viscosity. When the 05 - i ~ ¢
coil diameter increases, a high minimum is observed between
the two propellers. This confirms the decrease in the connectior
between the two propellers. 07
Table 7shows a decrease of the average axial flow num- _
ber with an increase in viscosity in accordance with what was
expected. This goes together with an increase in the averagix
axial circulation time. The average axial flow number increases &
with the coil diameter, whereas the average axial circulation
time decreases. This comes from the increase in the propelle
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average velocity and the agitation index in the external zone. Fig. 11. Axial flow number for different height in the vessel.



Table 7 first category of trajectories (particle released=af..6 m), the

Axial circulation characteristics for the second example particle passes near the coil and remains around the lower pro-

N u (Pas) Nopax tax (S) Ntax peller and never goes around the upper propeller. In the second
25 0.109 5.4 24.9 qategory of trajector!es (particle released=aR.0 m), the par-

0.7T 40 0.089 67.8 305 ticle goes in the entire tank and so crosses the volume swept
60 0.073 82.8 37.3 by each impeller. If the particle is released-at1.8 m (i.e. at

0.83T 25 0.088 485 186 aradial position between the two above one), the particle will

pass alternatively from the trajectory of the first category to
the trajectory of the second one.

diameter due to the use of a larger coil diamelégy also - If the particle is injected near the liquid surface, the observed

decreases. effects are difficult to explain. This can be attributed to the
description of the liquid surface as a plane surface. Since a

5.2.5. Farticle tracking vortex certainly exists, the velocity field in this region is not

Initially, the velocity of the particle or of the group of particles  correctly predicted.
is settov, = —2 m s which represents a radial velocity towards - The influence of the viscosity on particle trajectory is less
the shaft. important than the influence of the injection position. How-
ever, the influence of viscosity is key in some sensitive cases,
5.2.5.1. Influence of the viscosity. Many axial and radial injec- where the circulation of the newly input material could be cor-
tion positions for the three viscosities have been tested. The rect with the lower viscosity and not correct with the higher
figures are presented for only one viscosity and a summary of viscosity (for example, for=0.5m and-=1.2m).
the whole results is presentedTliable 8. These results should be
considered with particular attention since the final time cannot
be always the same. However, the influences writtefalle 8 ~ 5.2.5.2. Influence of the coil diameter. For the bigger coil diam-
are confirmed by several tests. In a general way, little circulatioreter, S =0.83T, when the particle is injected below the lower
is present between the internal and the external zone and a depipeller near the shaft or near the colil, it goes out from this
zone is present under the lower impeller. zone and circulates in the rest of the tank. But, if the particle is
The tank bottom is a sensitive region for the injection positionreleased between these two positions, it circulates only in the
(Fig. 12). When the viscosity increases, the particle has morwer half of the vessel with some difficulty.
chance to be trapped and to stay in the circulation loop situated For an injection at the upper plane of the lower propeller
below the lower propeller. If an injection has to be placed in thebetween the coil and the wall, the particle circulates without any
tank bottom, it should be situated between the wall and the copproblems in the whole tank. The connection between the two
to avoid this problem. propellers exists but it is a weak one. The self-feeding loops of
As presented iffable 8: each propeller predominate on the flow.
If the particle is released near the liquid surface between
- If the particle is injected at the upper plane of the lower pro-the coil and the wall, there is only one position for which the
peller, trajectories can be classified in two categories. In th@article goes in the whole vessel. For the two other ones, the par-

Table 8
Abstract of particles tracking results for the second example
r(m) Volume swept by the particle injected
§=0.7T $=0.83T $=0.7T §=0.83T
n=25Pas n=40Pas n=60Pas n=25Pas
Liquid surfacez=4.0
1.6 1.9 Whole tank Whole tank Whole tank Blocked below the upper propeller
18 2.0 Whole tank Whole tank Whole tank Whole tank
2.0 2.1 Whole tank Blocked below the lower propeller Whole tank Blocked around the lower propeller
Upper plane of the lower propeller=1.0
1.6 1.9 Lower part of the tank Lower part of the tank Lower part of the tank Whole tank
1.8 2.0 Whole tank Whole tank Whole tank Half tank, then blocked below the
lower propeller
2.0 2.1 Whole tank Whole tank Whole tank Upper part of the tank
Below the lower propelle;=0.5
0.6 Blocked below the lower  Blocked below the lower propeller Blocked below the lower Blocked below the lower propeller
propeller propeller
1.2 Whole tank Blocked below the lower propeller Blocked below the lower  Lower part of the tank

before circulating in the whole tank propeller
1.8 Whole tank Whole tank Whole tank Whole tank
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Fig. 12. Effect of radial release position for a viscosity of 40 Pa s: single particle traces colored by residence time.

ticles are blocked below the upper propeller or around the loweé. General conclusions
propeller.

In the single case of particle injection just below the lower  Since it is not always possible to simulate industrial cases in
impeller, this particle tracking shows surprisingly better circu-their whole complexity, CFD simulations may give interesting
lation for a larger coil diameter. For the other injections (uppefinformation if results analysis is well performed. In this article,
plane of the lower propeller and liquid surface) the circulationresults analysis tools for laminar or transient-laminar, single-

is more difficult in the case of coil larger than 0.7T. phase flow in a multi-stage tank are presented and applied to
industrial cases. The power or power numbers give informa-
5.3. Conclusions tion about the functioning cost. The axial flow numbers show

an influence of the configuration in the connection between the

A flow in the whole tank has been shown: the liquid is down-propellers. Despite the fact that the circulation is more impor-
coming inside the coil and rising between the coil and the walltant above the impellers, the axial flow numbers show, in the
A radial movement is also visible: the fluid is pushed to the wallfirst case, that the vertical blade used to enforce the structure
through the coil at the level of the impeller and comes back to thef the impeller has a fairly good effect on the axial circulation.
shaft through the coil between the impellers. The mean velocityn the second case, the increase of viscosity makes as expected
in the external zone is about 4% of the impeller tip velocity.the circulation lower and the increase of the impeller diame-
Recirculation loops are visible below each propeller. ter unexpectedly makes the circulation decreasing. The velocity

The particle tracking has shown that the two propellersprofiles give relevant information to check the consistency of the
work together. The particles rise in the external zone and arlow. The particles tracking is necessary to understand the three-
down-coming in the internal zone. They pass through the twalimensional feature of the flow, especially to point out that the
propellers. They avoid the circulation loops placed below théwo propellers do not work together in the first example (Section
impeller, showing possible dead zones. Then, the lower pro4) and do work together in the second example (Se&)on
peller pushes the particles under the coil in the external zone.
The injections points to be avoided are these placed below th&ppendix A. Nomenclature
lower plane of the lower impeller and these near the cail.

The simulations of two different coil diameters, 0.@nd

0.837, show a modification of the flow. The biggest differenceA axial section of the tank (f)

comes from the upper propeller circulation loop, which takesC torque (Nm)

place fromthe shaftto the coil. But, thisis not so clear, dependin@®, Dpr, DppT impeller diameter (m)

in the tangential position of the visualisation plane. However, the-| flow number (=@//ND3)

particle tracking has partially confirmed this fact. The smallerH liquid height in the tank (m)

coil diameter offers most of the time a better circulation except; distance tank bottom pitched blade turbine (m)

for particle injection just below the lower propeller. I distance pitched blade turbireDF1 impeller (m)
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Oc
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distance DF1 impeller DF2 impeller (m)
distance DF2 impeller free liquid surface (m)
agitation index (%)

turbulent kinetic energy (As~2)

impeller rotation speed (3)

circulation number (=@/ND?)

average axial flow number (3@y/ND3)

axial flow number (=@x(z)/ND?3)

agitation power consumption (W)

power number (=P/N3D°)

average axial flow rate (fs~1)

axial flow rate (n¥s™1)

circulation flow rate (Ms—1)

flow rate generated by momentum transfef gmt)
pumping flow rate (rAs1)

0., 0.1, 0> loop circulation flow rate (fhs~1)

r
R
Re
s
S

t
Tax
Ic
Is

v
vp

radial coordinate (m)

tank radius (m)

Reynolds number (3¥D?%/1)
particle position (m)

heat exchanger coil diameter (m)
time (s)

average axial circulation time (s)
circulation time (s)

end time for particle tracking (s)
tank diameter (m)

velocity (ms™1)

particle velocity (ms?)

Ux, Uy, U; cartesian velocity component (mYy

Vv

liquid volume (n¥)

V or (V) volume-weighted average velocity (m%

Vtip
X, 02
Zmax

impeller tip velocity (ms?)
cartesian coordinates (m)
maximal axial position (m)

Greek letters

by viscous dissipation (&)

e energy dissipation rate (hs3)
" fluid viscosity (Pas)

n apparent fluid viscosity (Pas)
) fluid density (kg nT3)
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