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Numerical Simulation of the Whole Three-Dimensional
Flow in a Stirred Tank with Anisotropic
Algebraic Stress Model*
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Abstract In accordance to the anisotropic feature of turbulent flow, an anisotropic algebraic stress model is
adopted to predict the turbulent flow field and turbulent characteristics generated by a Rushton disc turbine with
the improved inner-outer iterative procedure. The predicted turbulent flow is compared with experimental data
and the simulation by the standard k-g turbulence model. The anisotropic algebraic stress model is found to give
better prediction than the standard k- turbulence model. The predicted turbulent flow field is in accordance to
experimental data and the trend of the turbulence intensity can be effectively reflected in the simulation. The
distribution of turbulent shear rate in the stirred tanks was simulated with the established numerical procedure.
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1 INTRODUCTION

Agitated vessels are widely used in the chemical,
pharmaceutical and petroleum refinery industries for
mixing and chemical reactions. The description of tur-
bulent flow is required for the solution of transport
equations modeling the energy and mass transfer in
agitated vessels. Also, the knowledge of flow patterns
and shear rates from the fluid dynamic prediction is
very valuable for the design purpose. To solve the
time-averaged equations of the turbulent flow field in
an agitated vessel, a turbulence model is required for
the evaluation of Reynolds stress terms. The most
widely used turbulence model is the standard k-¢ tur-
bulence model, which is based on the Boussinesq hy-
pothesis of eddy viscosity. When the Reynolds stress
terms are solved from Reynolds stress transport equa-
tions, the Reynolds stress model (RSM) is established.
The algebraic stress model (ASM) is the approximate
form of RSM' in which the Reynolds stress terms are
given in the form of algebraic equations.

In agitated vessels, apart from anisotropy of tur-
bulence generation due to the strong rotational na-
ture, the flow is periodic due to the fact that the
impeller blades sweep past the baffles. van’t Riet et
al.lYl pointed out that this resulted in periodic velocity
fluctuations, a phenomenon called pseudo-turbulence.
Turbulent intensity is usually strong in a dominant di-
rection and weaker in other directions. In the numeri-
cal research of agitated vessels, many researchers!2~5)
used isotropic turbulence models, mostly the stan-
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dard k-e turbulence model. In order to account for
the anisotropy of turbulence in the flow field, the
anisotropic turbulence model is desired. Though the
Reynolds stress model is intrinsically anisotropic, it is
too complicated for engineering applications. Besides,
unsuitable initial conditions often lead to negative
values for turbulent energy and failure of simulation[®].
As a result, a compromise algebraic stress model
(ASM) was developed by Rodi(”. ASM has been ap-
plied successfully in many near parallel flows, in which
the ASM formulation can usually be simplified such
that the Reynolds stresses are nearly explicitly re-
lated to the mean velocity field. In the case of general
two- or three-dimensional flow, such as the compli-
cated flow in the agitated vessel, a set of algebraic
equations is to be solved directly for the stresses. This
is usually carried out numerically at each time step or
iteration in the overall solution procedure. Since there
is no diffusion or damping in the ASM equation set, it
is very difficult to maintain numerical solution stable.
Very small time steps or very small (under-)relaxation
factors are necessary to obtain a convergent solution.
The amount of computational effort is thus increased
to the point that the advantage of simplicity of the
ASM maodel is lost. For the remedy, an explicit form
of the stress-strain relation was required. Popel® was
the first to propose a methodology to obtain an ex-
plicit relation for the Reynolds stress tensor from the
implicit algebraic stress model that Rodil"! developed.
The methodology leading to explicit algebraic stress
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models is based on the technique of linear algebra.
Owing to the complexity of the algebra, Pope was only
able to obtain a solution for two-dimensional turbulent
flows. After that, some researchers®~'3 extended the
results of Pope to three-dimensional turbulence flows.

Numerical simulation of unsteady flow in the im-
peller region in an agitated vessel is another chal-
lenge. The most direct approach is to solve the time-
dependent fluid mechanic equations, but it demands
a great deal of computer memory and time. The
second method is the “black box” method in which
the impeller region is not explicitly simulated and
its effects are represented by suitable, empirically de-
rived boundary conditions imposed on the external
flow. The main limitation of this approach is that
it lacks the generality: experimental data, includ-
ing turbulence quantities, are needed for each specific
case under investigation, while such data are avail-
able only for a few vessel and impeller shape. For
example, Hou et al.l'¥ used this method to simulate
the flow field under different operating conditions. In
order to overcome the expensive demand for experi-
mental data, some new computational procedure has
been proposed, such as the “snapshot” approach by
Ranade and Doment['®! which was in fact an approxi-
mate treatment. Based on the successful experience
of the “black box” model, Brucato et al.['8] proposed
the inner-outer iteration method which did not re-
quire experimental measurements. The weakness of
this method was that the information exchanged be-
tween the inner and outer domains was averaged over
the azimuthal direction during iterations. As a result,
some important flow features, such as the periodic
pseudo-turbulence was lost. Wang and Maol'” im-
proved the “inner-outer” iteration method, in which

the boundary information was not averaged over the
azimuthal direction so as to preserve the periodic
pseudo-turbulence characteristics, and good predic-
tion of velocity components in tangential and axial
direction was demonstrated by this method using the
isotropic standard k-e¢ turbulence model.

Nobody used the RSM to simulate the three-
dimensional turbulent flow in agitated vessels to date,
and only Bakker and van den Akker(!®! used the ASM
to model the Reynolds stresses by the “black box”
model with the experimental data as the boundary
conditions of the impeller region. The main purpose
of this paper is to use the three-dimensional explicit
algebraic stress model of Gatski and Speziale'!l to
predict the turbulent flow in terms of velocity com-
ponents, turbulent intensity, kinetic energy &k and dis-
sipation rate € generated by a Rushton disc turbine
with the improved inner-outer iterative method.

2 FLUID FLOW MODEL
2.1 Governing equations

The current form of averaged steady-state Navier-
Stokes equation, continuity equation, turbulent kin-
etic energy k and turbulence dissipation € equations
in the cylindrical coordinate system can be written as

10 18 %)
o (proVy) + Y (pdVe) + 52 (poVz)
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where ¢ denotes the general parameter, I'y denotes
the diffusion coefficient of ¢, S, the source term in
the equation, as detailed in Table 1.

Table 1 Diffusion coefficient and source terms in transport equations
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In Table 1, G is defined by
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and j, is defined as

k2
o= wp = Cup— (3)

F,, Fy'6l are the body forces including both centrifu-
gal and Coriolis terms, which arise only when a rotat-
ing reference frame (non-inertial frame) is used

F, = pro® + 2pwVy, Fy = —2pwV, (4)

while in the inertial frame

F,=0, Fy=0 (5)

The reference values of the model constants arel!¥!

C,=009, C. =144, Ce =192

or =10, o0.=13 (6)

The stress tensor of incompressible fluid in the inertial
frame arel'!!

2 k2
vy =§k5~;j - QC;—E“S,;J‘—
k> —
ﬁl ?‘ (Simu_)mj + Sjmwmt') +
3

k(= = 1= =
@35—2 (S,;msmj - Esmnsnméij) +

K 1_ _
ﬁ35_2 wimwfn_‘,i‘“’_Wmnwmu&ij (7)

(%]

The stress tensor of the incompressible fluid in the

non-inertial frame arel'!
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The coefficients given in Refs. [10,11] are

G Ca-1
pe  Co -1’

€1 =34418 x ;, Cy =08,
-1
Cy =125, C,=040, g= (101 + 8 1) ‘
2 pE
1 (4 1. 4
C.= 29 (5 —C'z) y b= 592 (2—Cy) (5 —Cz) ,
. 4
By =g*(2-Cs) (5 - 02) , B3 =-0.02

2.2 Boundary conditions
(1) On the symmetry axis (r=0},

9 _

V. =0, ar 0, ¢ 7“_ Ve (20)
(2) At free liquid surface (z=H),
0¢
V., = —_ =
= =0, 92 0, ¢#V, (21)
(3) At the impermeable wall,
r=R 20 64V, V=0 (22)

2.3 Modification of the model parameters
The k and € equations in Table 1 is only suitable
for the fully turbulent region. In agitated vessels, not
only the fully turbulent region, but also the transi-
tional and laminar regions exist, so the expression for
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C C.; and C.2 should be modified as by Lam and
Bremhorst[m] '

cr = %g(% - 02) (1 2;t5)[1 — exp (—0.0165R,)]?
(23)
C* 3
Cer =14 : £ 2
1 14[1+(005x0#)] (24)
Cez = 1.92[1.0 — exp (—R})] (25)

in which two special Reynolds numbers are used

k2 1/2 »
R, = '0_, Ry = M (26)
ue I

This k- model with coefficients given by Egs. (23) to
(26) does not require using the wall functions or intro-
ducing additional terms in the k and £ equations for
the low Reynolds number region. Thus they appear to
be particularly suitable for the flow in agitated vessels
where the flow is in circulation from the higher veloc-
ity impeller stream through the lower velocity region
in the rest of the tank.

3 NUMERICAL PROCEDURE
3.1 Computational domains

The whole vessel is subdivided into two partly
overlapping zones, as shown in Fig.1: an “inner” do-
main encircling the impeller, and an “outer” one in-
cluding the baffles and reaching the vessel wall and
bottom. Firstly, the inner flow field is calculated in
the non-inertial frame with arbitrary boundary con-
ditions imposed on the surface ¥1. A first trial flow
field is thus obtained in the whole impeller region, in-
cluding the distributions of velocity, turbulent kinetic
energy, turbulence dissipation and Reynolds stresses
on the boundary surface ¥2. Secondly, the variables
on the surface X2 are used as boundary conditions
to calculate the outer flow field in the inertial frame.
Then, the information of the flow field in the whole
vessel is now available, including the information on
the boundary surface ¥1. These values are in turn
used as boundary conditions for a second iteration
simulation of the “inner” domain and so on, until the
system attains a satisfactory numerical convergence.
Since the two frames are different, the information it-
eratively exchanged in between should be corrected by
the rotation of non-inertial reference frame.
3.2 Computation grids

The control volume formulation with staggered
grids is adopted to simulate the turbulent flow. Fig. 2
shows the control volumes and nodes in the r-8 plane
and the juxtaposition of nodes on the other planes
is analogous. Scalar quantities such as p, k£ and ¢ are

February, 2002

evaluated at note P, whereas the momentum in radial,
tangential and axial directions are computed at side
faces of cell P. For Reynolds stresses, the shear stress
component T,g is evaluated at the left bottom corner
of the scalar cell, as done by Pope and Whitelaw!2!),
whereas the shear stress component 7., and 7gp are
evaluated at the same locations as V.. and Vj respec-
tively. The staggered allocation of variables is more
advantageous to evaluating the terms of shear stress
and shear strain combinations than evaluating these
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(b) Outer domain
Figure 1 Inner and outer calculation domains
(Shaded area is excluded from the computation; £1 and £2
are control volume layers on which boundary conditions are
iteratively imposed)
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Figure 2 Juxtaposition of grid nodes in r-@ plane
® grid node; —-—-— control cell of node P

The discretization of equations is performed by us-
ing the power law schemel??! and the pressure is solved
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by the SIMPLE algorithm(®?). To check the possible
grid dependency, several grids were tested: 30x24x60,
30 x 36 x 60, 36 x 24 x 60, 36 x 36 x 60, 36 x 48 x 60,
36 x 48 x 75, 36 x 48 x 90 [numbers of nodes in (r, 0, z)
coordinates]. The velocity components V.. and Vj at
the first node near the impeller tip with z=0 simu-
lated with different grids are shown in Table 2. It can
be seen that the calculation results change little as the
grid was increased to 36 x 48 x 90. So the 36 x 48 x 90
grid is chosen for all subsequent simulations.

Table 2 Radial and tangential velocities near
impeller tip simulated with different grids

Grid size Vi [Viip Vo /Viip
30 x 24 x 60 0.393 0.369
30 x 36 % 60 0.410 0.368
36 x 24 x 60 0.432 0.400
36 x 36 x 60 0.446 0.397
36 x 48 x 60 0.452 0.394
36 x 48 x T5 0.485 0.408
36 x 48 x 90 0.490 0.414

3.3 Numerical procedure

Using the explicit ASM expressions in Egs. (7) and
(8), the Reynolds stress terms in radial, tangential, ax-
ial momentum equations are rearranged and expressed
in the conventional form with convection, diffusion
and source terms as in Eq. (1). As the molecular vis-
cosity in the diffusion term is small, this may induce
numerical instability during iterations. Therefore, a
pseudo-gradient diffusion term is added, and in the
mean time an equal negative source is put in the source
term to balance it. For the pseudo-gradient diffusion
terms, isotropic eddy viscosity v, = C,,Jc2 /€ is used.

From the numerical point of view, convergence of
these transport equations would be difficult due to
their strong nonlinearity. In fact, the chance of con-
vergence is minimal when the computation starts with
an arbitrary guessed Reynolds stress field. For this
reason a two-step procedure is used. Firstly, the gen-
eral momentum equations are solved along with the
conventional standard k-e turbulence model with

2 — 2 _
U0y = Ek —2Sy, Tglyg = §k — 214509,
2 - —
VU = gk - 21'-"tszz::s Uplp = _zytsrt?a

Urlg = _2Vtsrz: Vgl = _zutsﬁz

After about 2000 iterations, the Reynolds stresses
based on Egs. (7) and (8) are invoked. When the rela-
tive residual of each equation is below 1074, the com-
putation is considered as convergent.

4 RESULTS AND DISCUSSION
Several sets of experimental data from the liter-
ature are compared with our numerical simulation.

First the flow field which was measured by Wu and
Pattersonl®*) with laser-Doppler-velocimeter(LDV) is
simulated. The experimental apparatus used by them
consists of a baffled stirred tank with a standard six-
blade disk turbine. A schematic diagram of the tank
and impeller, and the coordinates used for the presen-
tation of the results are shown in Fig.3. Four wall
baffles were one-tenth of the tank diameter wide. The
tank was filled with water and the impeller speed used
was 200 r-min~!.
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Figure 3 The dimensions of stirred tank and impeller

4.1 Velocity component prediction

The flow fields calculated on a three-dimensional
grid (36 x48 x90) in the r-z plane and in the 7-8 planes
are shown in Fig.4. The stream is discharged radially
from the impeller, then part of the stream is bent up,
and the rest flows down along the tank wall. The
flow returns finally to the impeller, giving a picture
in accord to our physical intuition. Beside two large
vortexes below and above the impeller stream roughly
at r = 0.7R, two small vortexes are recognized ap-
pearing near the upper and lower corner beside the
blade tip. This is consistent with the trailing vortices
described by van't Riet et al.ll), who found that a pair
of vortices originated from behind each blade rolled
out into the impeller stream with strong but opposite
directions of rotation around their axes, which were
nearly perpendicular to the blade.
4.2 Turbulence kinetic energy and dissipation

Typical results for the turbulence kinetic energy
and its dissipation rates on the 45° r-z plane are given
in Figs.5 and 6. The contours of turbulence kinetic
energy at the impeller tip is more densely distributed
than that in the region away from the impeller. This
phenomenon can also be seen from the contours for
the dissipation rates of turbulence kinetic energy in
Fig.6. Most of the turbulent energy dissipation oc-
curs in the impeller stream. This means that the tur-
bulence energy is consumed quickly in the impeller

Chinese J. Ch. E. 10 (1) 15 (2002)



20 Chinese J. Ch. E. (Vol. 10, No. 1)

stream. In the rest of the agitated vessel, the dis-
sipation rates of turbulence kinetic energy are rela-
tively small. Based on the experiment data, Wu and
Patterson(®®] quantified from energy dissipation and
concluded that about 60% of the total turbulent kin-
etic energy was dissipated in the impeller region and in
the impeller stream. The calculated result in this pa-
per according to ¢ is the same: the energy dissipated
in these regions is 65.7% of the total energy.

r-z plane

(A-A section)

r-0 plane
(B-B section)

Figure 4 Velocity flelds in the agitated vessel

Figure 5 Contour map of k on the 45° r-z plane

4.3 Mean velocity components
4.3.1 At the impeller tip

The comparison of the values of velocity compo-
nents calculated by standard k- turbulence model,
the values calculated by the ASM and the experimen-
tal data by LDV{23] near the impeller tip are shown in
Figs. 7, 8 and 9. The origin of the axial coordinate
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Figure 6 Contour map of € on the 45° r-z plane

(]

0.6 0.8

Figure 7 Mean radial velocity profiles
near impeller tip
(N =200rmin~!, T = H = 0.27Tm, D = 0.093m,

He=H/3, r=6cm;

standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)

® exp. data, Wu & Patterson!23];
- - - - standard k-¢ turbulence model;
algebraic stress model

is on the center plane of the impeller. The velocities
are normalized with the impeller tip velocity. As the
velocities in the impeller tip measured experimentally
were periodically averaged and the calculated values
are instantaneous, the calculated values should be av-
eraged by the “spatial average method” of Harvey and
Rogers[?! for the comparison. It can be seen from the
Figs. 7, 8 and 9 that the ASM model can give better
prediction than the standard k-e turbulence model.
4.3.2 Impeller stream

Comparisons of the tangential and radial velocity
components in the impeller stream predicted using the
two turbulence models are made with literature data
in Figs. 10, 11 and 12 respectively. Fig. 10 shows the
normalized tangential velocities on the impeller plane
as a function of radial position. The experimental data
were measured by a laser velocimeter(23. In Figs. 11
and 12, the normalized radial and tangential velocities
in the impeller stream predicted by these two models
are compared with the experimental data taken by
Cutter(?] with the photographic method.
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Figure 8 Mean tangential velocity profiles near
impeller tip
(N =200r-min~, T = H =0.27m, D = 0.093m,
He = Hf3,r =6cm;
standard six blade Rushton turbine, Hy, = D/5, Wy, = D/4)
® exp. data, Wu & Patterson(?3];
- - - - standard k- turbulence model;
—— algebraic stress model
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V,/ Vt'.p

Figure 9 Mean axial velocity profiles
near impeller tip
(N =200rmin~!,T=H =0.27Tm, D =0.093m,

H. =H/3, r=6cm;

standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)

® exp. data, Wu & Patterson/23l;
- - - - standard k-¢ turbulence model;
algebraic stress model
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Figure 10 Radial profiles of mean tanential velocity
in the impeller stream
(N = 200 r-min -1 7 =0.089 m, [ =0.1143m,
D =0.0304m, H. = H/2, z = 0;
standard six blade Rushton turbine, Hy, = D/5, Wy, = D/4)
® exp. data, Chen(?%];
- - - - standard k-g turbulence model;
—— algebraic stress model

4.3.3 Bulk region
In Fig. 13 comparison is made for the axial veloc-
ity component as the function of radial position. The

experimental data were given by Ranade and Joshil?7)
with a laser Doppler anemometer. The comparison in-
dicates that ASM can give better prediction than the
standard k-e turbulence model.

Vr/ V:ip

Radial Profiles of mean radial velocity in
the impeller stream
(N =400rmin~!, T = 02921 m, H = 0.3048 m,
D =0.1016m, He = H/3, z = 0;
standard six blade Rushton turbine, Hy, = D/5, W, = D/4)
® exp. data, Cutterpﬁ];
- - - - standard k-¢ turbulence model;
——— algebraic stress model

Figure 11

0.6

Vﬂ/ Vn’p

0 1
1

1
.0 1.4 1.8 2.2 2.6 3.0
r/R;

Figure 12 Radial profiles of mean tangential velocity
in the impeller stream
(N = 400rmin~!, T = 0.2921m, H = 0.3048 m,
D =0.1016m, H. = H/3, z = 0;
standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)
® exp. data, Cuttcr:z‘;];
- - - - standard k-e turbulence model;
algebraic stress model

0.2F .
0.1}
2
= -
5 0
=y
_.0‘1..
-0.25 1.0

Figure 13 Radial profiles of axial velocity in the bulk
region of the tank
(N =200rmin~!, T'=0.30m, H = 0.30m,
D =10.10m, H. = Hf2, z/R = 0.333;
standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)
® exp. data, Ranade & Joshil?7);
- - - - standard k- turbulence model;
——— algebraic stress model
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4.4 Turbulent intensity

The profiles of the turbulent intensity near the
impeller tip are shown in Figs.14, 15 and 16. The
velocity fluctuations are extracted from the simu-
lated Reynolds stresses expressed in Eq.(8). Since
the fluctuations are obtained in the non-inertial co-
ordinate in which the impeller rotates with the refer-
ence frame, the pseudo-turbulence component is not
included. However, the fluctuation velocities mea-
sured experimentally by Wu and Patterson[?3] are not
the random velocity fluctuation, because the periodic
sweeping of impeller-induced vortices over the sta-
tionary measuring point is the source of nonrandom
periodic fluctuations, Therefore, the periodic velocity
fluctuation resulting from the disturbance of impeller
vortices should be subtracted from the total turbu-
lence by an autocorrelation method to obtain the ran-
dom fluctuation velocities!?®. The random fluctua-
tion velocity is the maximum at 2z/W}, = 0.5 and
2z/W, = —0.5 (about half the width of the blade),
approximately corresponding to the centers of upper
and lower vortices respectively, where the disturbance
is the strongest, as depicted by van’t Riet et al.!) It
can be seen from Figs. 14—16 that the ASM can more
effectively reflected the trend of the turbulent inten-
sity than the standard k-e turbulence model in the
simulation.

To show how far the impeller stream and the trail-
ing vortices can reach and affect the turbulence field,
the turbulent intensities at the center plane (z = 0) of
the stream are plotted as a function of radial position
in Fig.17. Generally, such relative intensities from 0
to 100% are found in the impeller stream. The rela-
tive resultant turbulent intensity in the r-@ direction
can be defined as

0.04 0.08 0.1z 0.16 0.20
U,./V"'P

Figure 14 Profiles of radial turbulent intensity near
impeller tip
(N =200rmin~!, T = H = 0.27m, D = 0.093m,
H.=H/3, r=5cm;
standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)
® exp. data, Wu & Patterson(23l;
- - - - standard k-e turbulence model;
algebraic stress model
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Figure 15 Profiles of tangential turbulence intensity

' near impeller tip
(N =200rmin~!, T = H = 0.27Tm, D = 0.093m,
He=H[3,r=5cm;

standard six blade Rushton turbine, Hy, = D/5, W}, = D/4)

® exp. data, Wu & Patterson[?3];
- - - - standard k-¢ turbulence model;
algebraic stress model
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Figure 16 Profiles of axial turbulent intensity near
impeller tip
(N =200rmin~!, T=H =0.27m, D = 0.093m,
H.=H/3,r =5cm;
standard six blade Rushton turbine, Hy,, = D/5, Wy, = D/4)
® exp. data, Wu & Patterson[23];
- - - - standard k-e turbulence model;
algebraic stress model

VUr¥, + Uglg 27)
VViVe + VoV

The ASM prediction is more close to the experimen-
tal data than the standard k- mode in magnitude and
the trend of variation is more parallel to the data.

In the application of stirred tanks, the shear stress
is an important parameter for its close relation to the
performance of dispersing, mixing, interphase mass
transfer and growth of microbial species. However,
there is no effective technique for experimental mea-
surement of shear stress in turbulent single-phase and
multiphase flow. In this case, it is beneficial to get use-
ful information of shear stress form numerical simu-
lation. Fig.18 shows the axial profiles of turbulent
shear rate 7 at different radial position as the func-
tion of axial coordinate z for a case with high agitation
speed. Turbulent shear rate is defined tentatively

8=
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Figure 17 Radial distribution of
relative resultant turbulent intensity at the
center plane of the impeller stream
(N =600rmin~!, T= H =0.45Tm, D = 0.228 m,
) H.=H/2, z =0
standard six blade Rushton turbine, Hy, = D/5, Wy, = D/4)
® exp. datal?8];
----- standard k-g turbulence model;
—— algebraic stress model
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Figure 18 Turbulent shear rate on the Kolmogoroff '

length scale at different radial positions
(N =600min~!, T = H = 0.457m, D = 0.228 m, Hc = H/2;
standard six blade Rushton turbine, Hy, = D/5, Wy, = D/4)
r/Rp: 1—1.17; 2—1.24; 3—1.30; 4—1.43

as the ratio of the turbulent intensity to the local Kol-
mogoroff length

V (T70; + Upvs + T:77)
7= I

(28)

where the local Kolmogoroff length scale is(?°]

AN
L= (—‘) (29)
€
in accordance to the general theory of turbulence
model?, It indicates that the highest shear rate up
to 450571 is in the impeller region at the blade tips,
which is almost an order of magnitude higher than

that in the bulk region. When a biochemical pro-
cess with significant shear sensitivity is carried out in

a stirred tank, this region of extremely high rate of

shear should be taken into consideration. This phe-
nomenon can also be seen from the contours of shear
rate on the r-z plane shown in Fig. 19 for a smaller
tank at lower agitation speed. The contour lines with

10, 20, 40, 80 and 120s™! are plotted. Again the re-
gion with high shear rate is the impeller stream and
decays gradually along the path as the liquid is circu-
lated back into the regions above and below the disk
turbine. Another region with high shear rate is the
immediate neighborhood of the turbine disk.
5 CONCLUSIONS

In accordance to the anisotropic feature of turbu-
lent flow in agitated vessels, an anisotropic algebraic
stress model is used to predict the turbulent flow field
generated by a Rushton disc turbine with the im-
proved inner-outer iterative procedure. Comparison of
the prediction by the ASM turbulence model is made
with experimental data and the simulation with the
standard k-¢ turbulence model. It is concluded that
the anisotropic algebraic stress model performs bet-
ter in prediction of the features of turbulent flow in
stirred tanks than the standard k-e turbulence model.
Thus predicted turbulent flow field is in accordance
to experimental data and the trend of the turbulence
intensity can be effectively reflected in the simulation.

= T

Figure 19 Contour line map of turbulent shear rate
on the r-z plane
(N =200rmin~!, T'= H =0.2Tm, D = 0.093m
standard six blade Rushton turbine, Hy, = D/5, W), = D/4)
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NOMENCLATURE
Cy, C2, Ca, C
Ci, Ce, Cer, Cea, ("jl

parameters in ASM

parameters in k-= model

D diameter of impeller, m

. centrifugal force, N-m~3

I Coriolis force, Noem™—3

G generation term of turbulence kinetic
energy, kgm~1.s73

g acceleration due to gravity, m.s™?
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H height of liquid, m
Hy, height of blade, m
He clearance, m
k turbulence kinetic energy, m?.s—2
N agitation speed, r-min™?
P pressure, Pa
R tank radius, m
Ry impeller radius, m
Re Reynolds number
r radial coordinate, m
Sy source of equation
T diameter of tank, m
vV mean velocity , m-s~!
Viip velocity of impeller tip, m-s~?
v turbulent fluctuation velocity , m-s™?!
Wh width of blade, m
Yw distance to the wall, m
z axial coordinate, m
B turbulent intensity in Eq. (27)
B1, B2, B3  parameters in ASM
r diffusion coefficient of turbulence, Pa-s
¥ turbulent shear rate defined in Eq. (28), s~1
8ij Kronecker denotation
€ turbulence dissipation energy, m?-s~3
Emji interlaced unit tensor
[ tangential coordinate, rad
I molecule viscosity, Pa-s
v kinetic viscosity, m?.s~?
p density, kg-m™3
o), O¢ parameters in k-¢ model
T Reynolds stress, Pa
¢ general variable
” anguler velocity, rad-s—!
Subscripts
iJ rr, zz, vz, 70, 00, 28
T radial
t tubulence
z axial
0 tangential
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