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Abstract: The 3-D flow fields and power consumption in a vessel stirred by multistage Scaba 6SRGT impeller have been investiga-
ted. The Xanthan gum solutions in water were used, which have a shear thinning behavior with yield stress. This study was carried
out with the help of a CFD package (CFX 13.0, Ansys Inc.) which is based on the finite volume method to solve the momentum
equations. The effects of stirring rate, fluid rheology, impeller number, impeller location and vessel size on the performance of such
stirred system are presented. To validate the CFD model, our predicted results have been compared with other literature data and a

satisfactory agreement has been found.
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Introduction

Stirred vessels are widely used in metallurgical,
mineral, and chemical process industries to perform a
variety of operations such as: homogenization, poly-
merization, crystallization, gas dispersion, heat tran-
sfer, etc.. There is a wide range of mixing geometries
available for viscous fluids, and the selection of an
appropriate design for a given application is not an
easy task. Several criteria may be used depending on
the process requirements, such as flow field characte-
ristics and specific power consumption. The absence
of dead zones is of foremost importance for good ho-
mogenization. The multi-impeller vessels, having cer-
tain advantages (e.g., better liquid circulation and gas
distribution, longer gas residence time and thus, more
efficient gas utilization), are ever more often used!',
Some works have been published using multistage im-
pellers. Aubin and Xuereb™ investigated the perfor-
mance of multiple Intermig impeller configuration for
mixing Newtonian highly viscous fluids. Their results
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show that by slightly decreasing the distance between
the lower two impellers, fluid exchange between the
impellers is ensured down to Re=27. For multiple
Intermig impeller, Ekato”! reported that is recomme-
nded by manufacturers to install the Intermigs vertica-
lly with a distance of separation of 0.5D to effective-
ly mix at Reynolds numbers Re >100. Jahoda et al.!*
investigated the effect of the method of simulation for
the prediction of liquid homogenization in stirred

tanks by one and two impellers (a six-blade 45° pit-
ched blade turbine and a standard Rushton turbine) on
a centrally located shaft. For a Newtonian fluid, Kasat
and Pandit”® found that the impeller combination
PTD-PTD-DT gives lower mixing time but consumes
more power as compared to the PTD-PTD-PTD com-
bination and hence from energy efficiency point of
view PTD-PTD-PTD can be recommended. PTD-
PTD-DT combination gives higher exchange and hi-
gher dispersion as compared to PTD-PTD-PTD com-
bination due to its higher power consumption. Xia et
all) tested different impeller combinations: down-
pumping propeller (DPP), 6-curved-blade disc turbine
(6CBDT) and 6-arrowy-blade disc turbine (6ABDT).
Their results of simulation showed that impeller com-
bination consisting of upper two DPP and one bottom
6CBDT could provide the modest flow field enviro-



nment for avermectin fermentation among the tested
impeller combinations.

Non-Newtonian fluids are common in industry
and even in the human body (such as blood, synovial,
saliva and fluid). They play a great role in the pha-
rmaceutical, polymer, materials, and biochemical in-
dustries. Shear-thinning fluids with yield stress (visco-
plastic) are a common class of non-Newtonian fluids.
Such materials are frequently encountered in indust-
rial problems (such as suspensions and pastes).

Very few articles are published on the mixing of
non-Newtonian fluids with multistage impellers:
Montante et al..’ used pseudoplastic fluids with pit-
ched bladed turbine, Jin et al.”™ used yield stress fluids
with four-bladed impeller. For the viscose fermenta-
tion broth, which has a pseudoplastic rtheology mode-
led by the Herschel-Bulkley model, Um and Hanley!
predicted by CFD the flow patterns in a bioreactor
agitated by double-stage Rushton impeller. Their resu-
Its suggest that there is a potential for slow or stagnant
flow between top impellers and bottom of the tank re-
gion, which could result in poor nitrogen and heat
transfer for highly viscous fermentations. Their results
also showed that the axial velocity was significantly
improved for the modified geometry in the bottom of
the tank.

Woziwodzki et al."” studied the mixing efficie-
ncy of shear-thinning fluids using carboxy methyl ce-
llulose sodium salt (Na-CMC) aqueous solutions of
varying mass concentrations and three types of impe-
llers (Rushton turbine (RT), six-flat-blade turbine
(FBT), six-pitched-down-blade turbine (PBT)) which
were mounted on a common shaft in combinations of
three, four, and five impellers. The mixing time pro-
ved to be dependent on the number of impellers as
well as on the distance between. Thorough search in
the literature suggests that mixing processes by curved
bladed impellers for yield stress fluids have received
little attention, and a detailed description of such
flows and mixing processes is still lacking, despite the
importance and utility of these systems.

In this paper, we focus on the hydrodynamics of
a vessel stirred by Scaba 6SRGT impellers, for shear
thinning fluids with yield stress using CFD. The aim
is to determine the performance of such mixing sys-
tem and then to modify the geometrical configuration
so that a wider range of operating conditions can be
handled. In order to evaluate the performance of the
agitation system, 3-D flow fields, dead zones, cavern
size and power consumption have been carried out.
The effects of impeller rotational speed, fluid rheolo-
gy and some design parameters have been investiga-
ted.

10]

1. Tank geometry
The tank geometry employed in the work (Fig.1)
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is a flat-bottomed unbaffled cylindrical tank equipped
with six-curved bladed impeller (Scaba 6SRGT). The
effect of impeller number has been investigated, all
impellers are mounted on a centrally located shaft of
diameter d /D =0.05. Liquid height was kept equal
to the vessel height H =0.4m. The impeller blade
height is #/D =0.1. The impeller blade diameter is
d/D=0.5. The influence of vessel size has been also

studied by realizing five geometrical configurations:
H/D=1,1.16,1.33, 1.6 and 2, respectively.

Fig.1 Stirred system

2. Mathematical background

The Xanthan gum solutions in water used in this
study have a yield stress behavior modeled by the
Herschel-Bulkley model'".

Thus, its apparent viscosity (77) 1is given by

T}' - n—1
n=—+Ky (1)
4

where T, is the yield stress, » is the shear rate, and

K and n are the consistency index and the flow be-
havior index, respectively.

According to the measurements conducted by
Prajapati and Ein-Mozaffari'?, the rheological pro-
perties of the Xanthan gum solutions were summari-
zed in Table 1.

The Herschel-Bulkley model used causes a nu-
merical problem during the CFD simulations because
the non-Newtonian viscosity becomes unbounded at
small shear rate. This behavior causes instability du-
ring computation'®!. Thus, the modified Herschel-
Bulkley model was employed to avoid the numerical
instability. It was assumed that the xanthan gum solu-
tion acts as a very viscous fluid with viscosity g, at

7 <7, and the fluid behavior is described by a power

law model at 7 >z, !



438

Table 1 Rheological properties of xanthan gum solutions

Xanthan gum concentration K/ Pas" n

7,/ Pa M,/ Pa's p/kgm’

0.5% 3
1.5% 14

0.11
0.14

1.789 13.30 997.36

7.455 32.36 989.76

n=u, at 7<7,

L (YT
T, +K|y - —

n= X
v

(2a)

at 7>r7,

(2b)

The Metzner-Otto correlation!"” was employed

to calculate the modified Reynolds number for the
Herschel-Bulkley fluids

, _PNd’> _pNd® _pNd* _pN’d’k, _

V

R
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}}avg kN

s

pN’d’k, 3)
t, +K(kN)"'

where y, . is the average shear rate and k is a

Metzner-Otto constant. &, is a weak function of impe-

ller type and it was assigned a value of 11.5 for the
Scaba impeller[ls].

The power consumption is a macroscopic result
obtained by integration on the impeller surface of the
local power transmitted by the impeller to the fluid

P=n 0,dv Q)

vessel volume

The power number is calculated according to this
equation

P

- 5
VD )

P

All variables describing the hydrodynamic state are
writing in dimensionless form, the dimensionless
forms of velocities, radial (r) and axial (z) coordi-

*

nates are obtained as follow: V*'=V/¢ND, " =
2¥/D and z"=z/D.

3. Numerical methods
In this section, only a brief description of the
computational techniques used in this work is prese-

nted. Details are given by Ameur et al.'®,

Once the discretization of the flow domain (tetra-
hedral mesh) has been performed using ICEM-CFD,
the CFD solver CFX 13.0, Ansys Inc., is used to ob-
tain values for the velocity components and pressure
at each of the node points. The solver uses a full finite
volume formulation to solve the fully-coupled mass
and momentum conservation equations. The flow fie-
Ids are solved in a rotating frame of reference in
which the flow is time-independent.

Mesh tests were performed by verifying that addi-
tional cells did not change the velocity magnitude in the
regions of high velocity gradients around the impeller
blades by more than 2.5%.

This study is restricted to the laminar and transi-
tion regimes, the Reynolds number is varying from 1
to 200. Even if the flow is not fully into the turbulent
regime, we should simulate the flow as being turbule-
nt. Fortunately, the turbulent properties vanish when
in the laminar flow, so the correct way of simulating
in the transitional regime is using a turbulence model.
In our study, we have used the SST model. This
model has the option of specifying how we model the
transition turbulence: it is the fully turbulent, specified
intermittency (requiring acquired knowledge), the
gamma model or the gamma theta model.

In each simulation, the solution is considered
converged when the normalized residuals for the three
velocity components and the pressure all fall below
107®. Calculation of the velocity and pressure fields
takes between 90 and 300 iterations to converge and
each run takes less than five hours of CPU time. The
computations were run in Core i7 CPU 2.20 GHz with
8.0 GB of RAM.
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Fig.2(a) Radial velocity for Re, =21.5, n=0.12, Z"=0.21,
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4. Results and discussion

In this study, the performance of multiple curved
blade impellers was evaluated on the basis of cavern
size and power consumption. First, we have seen ne-
cessary to validate the CFD model, for this purpose
we have referred to the work of Pakzad et al.l'”. With
the exactly same geometrical conditions we predicted
the variation of radial velocity along the vessel radius
(Fig.2(a)) and the power number for different
Reynolds numbers (Fig.2(b)). As observed on this
Figure, the validation of our results with those measu-
red by Pakzad et al. shows a satisfactory agreement.
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Fig.3 Resultant velocity field for Xanthan gum solutions at
1.5%, H/D=2

4.1 Effet of Reynolds number

Fundamental studies of mixing in stirred tanks
have used experimental, analytical, and numerical
approaches, but a comPlete understanding of laminar
mixing is still lacking"* ing in tur-

g is still lacking ™. Moreover, operating in tur
bulent regime may not always be feasible. For exa-
mple, consider polymerization reactions, where due to
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high viscosities achieving higher Reynolds numbers
lead to large increase in power consumption as well as
higher torque requirements that may exceed equipme-
nt capabilities. In addition, fast stirring rates are high-
ly undesirable in biological processes where materials
such as mammalian cells, fibers and proteins are shear
sensitive. In such systems, the homogenization proce-
ss often needs to be performed in the laminar regime.

It is believed that at low Reynolds numbers, mi-
xing is often inefficient!"”). Segregated zones appear
even when mixing in complex axial impellers!'®), cau-
sing several adverse effects: desired reactions may be
slowed and even halted before reaching completion,
undesired reactions are enhanced, and product selecti-
vity is decreased. A common approach to overcome
this problem has been the use of complex impeller
geometries for low Re mixing.
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Fig.4 Streamlines for Xanthan gum solutions at 1.5%, H /D=
2
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Fig.6 Resultant velocity for Re, =40, z'=0.5, H/D=2
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Fig.7 Flow fields for Xanthan gum solutions at 1.5%, H/D=2, Re, =200

In this paper, the Reynolds number is ranging
from 0.1 to 200, covering laminar and transitional re-
gimes. The velocity fields induced for different Re,

are presented on Fig.3. In this figure, the three impe-
llers are equally spaced and placed at H/D=0.5, 1

and 1.5, respectively. As shown, for small Re, (Re, =

10) the flow impinging from the impeller is very
weak, which is resulted in caverns limited around the
impeller leading to the formation of compartments.
But, the increase in  Re, (Re, =100) yields higher ra-

dial flow in the direction of vertical wall of the tank.
This flow is then divided in two streams: one upward
to the free surface of liquid and the second downward
to the vessel base. In the space between impellers and

because of the increasing Reynolds number (Re, =

200), the interference of fluid flows is intense which
can enhance the mixing.
Another noticeable observation is marked on

Fig.4. For low Re, and because of the blade shape

(curvature), a thick layer of fluid flow with high shear
rates is formed at each blade tip, which can be another
cause responsible of the formation of compartment.

4.2 Effect of fluid rheology

Another parameter which has an important effect
on the flow fields generated is the fluid rheology. Two
cases are chosen to perform the test (Table 1).

The variations of axial velocity along the vessel
height are presented on Fig.5, the minus sign means
that the liquid is pumped into the bottom of the mixer.
As shown, the higher shear rates are located in the
area swept by the impeller, and the increase in
Xhanthan gum concentration yields higher shear rate
in the vicinity of the impeller because of the viscous
forces, which generate larger well-stirred region. The
contours presented on Fig.6 illustrate this phenome-

non more clearly.

4.3 Effect of impeller number and location

As discussed by Szalai et al.””), one of the most
challenging tasks in the process industries is the desi-
gn and scale up of reactors for processing of non-
Newtonian fluids. Here, we examine the effect of im-
peller number and location. Four geometrical configu-
rations are realized for this issue as shown on Fig.7.
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Fig.8 Resultant velocities for Xanthan gum solutions at 1.5%,
H/D=2, Re,=200, z" =175

For the first case where just one impeller is used
located at the central part of vessel with H/D =2 of
height, and although the Reynolds number is importa-
nt, the axial circulation can’t reach the free surface be-
cause of the great ratio H/D. If another impeller is
added at the lower part of vessel at H/D =0.5 (Case
2), that can ensure mixing at this space, but for this
configuration, segregated zones are formed at the free
surface of liquid leading to poor mixing (Fig.8). With
the same stirring rate, these vortices can be eliminated
by the placement of another impeller in this area at
H/D=1.5 (Case 3). Thus, to ensure agitation in the
whole vessel volume, it is necessary to mountain at



least three impellers (equally spaced) for similar slim
vessels (H /D) (Case 4).

Table 2 Power number for Re, =20, Xanthan gum solu-
tions at 1.5%, H/D=2

Case 1 Case 2 Case 3 Case 4

Np 5.68 8.01 7.38 9.25

Concerning the power consumption, as summari-
zed on Table 2, the increase in impeller number is pe-
nalizing in power consumption but it is vitally needed
to enlarge the cavern size. Another point can be un-
derlined, is the difference in Np between Cases 2 and
3: although there are two impellers for both cases, the
Case 3 is much consuming because of the wall effect
(vessel base).

Table 3 Power number for different Reynolds numbers and
different vessel diameters, Xanthan gum solution at

1.5%
Re, H/D
1 1.14 1.33 1.6 2
20 3.109 3.92 4.64 6.11 9.25
50 2.06 2.52 3.01 3.56 4.05
80 1.92 2.20 2.50 3.09 3.59
120 1.78 2.01 2.33 2.82 3.21

4.554%10"
3.146x10"
227710

1.139x10"

4.796x10°
(a) HID=2

(b) HID=133

(¢) HID=1

Fig.9 Flow fields for Xanthan gum solutions at 1.5%, Re, =
200

4.4 Effect of vessel size

In this section, the effect of vessel size is discu-
ssed with five geometrical configurations as summari-
zed in Table 3. On Fig.9, we remark that the chaotic
regions produced between impellers are intensified for

the slim vessel (H /D = 2), giving better performance.

With continuous increase in vessel diameter, the con-
nection of fluid flows between impellers becomes
weak. For the last case (H/D=1), and because of

the excessive increase of vessel size compared to the
impeller dimensions, that can’t permit to obtain good
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homogenization in the whole vessel volume, especia-
lly in the lower corners where larger recirculation
loops are formed because of the wall effects. The cen-
ters of these loops are not disturbed which is unfruitful
in term of mixing.

However, the small distance between impeller
blades and vessel walls yields to higher energy consu-
mption (Table 3) and this is due to wall effect. Thus
the best compromise between cavern size and power
consumption is using moderate ratio d/D.

Another important remark is revealed by results
given on Table 3, the power number decreases with
increasing Reynolds number and increasing vessel
diameter (we remind that the vessel height is kept con-
stant). The value of Np for H/D=1 is almost three

times smaller than for H/D =2 for Re, =20, how-

ever this difference becomes smaller with increasing
Reynolds number.

5. Conclusions

The hydrodynamics of yield stress fluids in stri-
rred tank by multiple Scaba 6SRGT impellers are stu-
died using CFD. The most important dynamics in such
system are those associated with the torus: unmixed
regions unable to translate, stretch and contract that
represent the primary obstacle to efficient mixing.

The results obtained permit to resume the follo-
wing conclusions:

For slim vessel, it is necessary to use three impe-
llers located at the bottom, middle and upper part of
the vessel to ensure mixing in the whole volume.

The Scaba 6SRGT impeller produces radial
flows, so if two or more impellers are mounted verti-
cally on the same shaft (multistage) that results toroi-
dal vortices between them (impellers). On the other
hand and because of the curvature blade, it appears a
thick layer of high shear rates at the blade tip, leading
to the formation of compartments. Thus, the clearance
between impellers must be optimized. Here, we su-
ggest that impellers be equally spaced. The same dis-
tance can be taken for the off-bottomed clearance of
the lower impeller, in order to reduce the wall effect.

The vessel diameter has also an importance effect;
the great increase of this parameter is marked by the
presence of larger segregated zones leading to poor
mixing. Thus, a moderate ratio of d/D is should be
used.
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