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Abstract

In the present study, the hydrodynamic characteristics of the Maxblend impeller have been investigated. A commercial CFD package
(CFX 12.0) was used to solve the 3D hydrodynamics and to characterize the flow patterns at every point. A shear thinning fluid with
yield stress was modeled in the laminar regime and transition regime. The study focused on the effect of fluid rheology, agitator speed,
impeller clearance from the tank bottom and blade size on the fluid flow and power consumption. Predictions have been compared with

literature data and a satisfactory agreement has been found.
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1. Introduction

Mechanically agitated vessels are widely used for various
operations within a wide range of industries including the
chemical, pharmaceutical, food and petroleum industries.
They are used for liquid blending, solid-liquid mixing, gas
dispersion in liquids, heat/mass transfer enhancement and
chemical reaction.

The general practice for the evaluation of stirred vessels has
been done over the years through the experimental investiga-
tion for a number of different impellers, vessel geometries,
and fluid rheology. Such an approach is usually costly and
sometimes is not an easy task. With computational fluid dy-
namics (CFD), we can examine various parameters contribut-
ing to the process with less time and expense, a task otherwise
difficult in experimental techniques. During the last two dec-
ades, CFD has become an important tool for understanding the
flow phenomena [1], developing new processes, and optimiz-
ing existing processes [2]. The capability of CFD tools to
forecast the mixing behavior in terms of mixing time, power
consumption, flow pattern and velocity profiles is considered
as a successful achievement of these methods and acceptable
results have been obtained. A review of the state-of-the-art in
CFD simulations of stirred vessels can be found in Ref. [3].

There is a wide range of mixing geometries available for
viscous Newtonian and non-Newtonian fluids, and the selec-
tion of an appropriate design for a given application is not an
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casy task. Several criteria may be used depending on the proc-
ess requirements, such as specific power consumption, mixing
time, pumping efficiency, shear rate distribution and flow field
characteristics. The absence of dead zones is of foremost im-
portance for good homogenization.

A new impeller design called Maxblend, the geometry of
which is shown in Fig. 1, is one of the most promising new
generation wide impellers coming from Japan due to its good
mixing performance, lower dissipation and simple geometry,
which makes it easy to clean. The Maxblend impeller com-
bines in a single system a paddle surmounted by a grid. The
paddle was designed to generate the flow circulation and the
grid to provide capacity for dispersing a second liquid, a gas
or a solid.

According to the manufacturer [4], the impeller’s main ad-
vantages are a precise control of the mixing flow in the vessel
and the generation of a relatively uniform shear contrary to
open turbines, where high shears are located in the vicinity of
the turbine.

However, detailed information regarding the Maxblend per-
formance is limited. Kouda et al. [5] and Hiruta et al. [6] have
employed Maxblend in fermentation processes in aerated con-
ditions showing very competitive mass transfer coefficients
while keeping the broth culture very well mixed. Sumi and
Kamiwano [7] have investigated some mixing characteristics
of Maxblend with highly viscous fluids and compared it with
multistage impellers. A numerical investigation on dispersive
mixing of the Maxblend and a comparison with helical rib-
bons impellers has also been carried out [8]. They concluded
that in deep laminar regime, the Maxblend cannot reach an
effective dispersive mixing. The Maxblend power consump-
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tion and solid suspension performance in gas—liquid—solid
applications were also investigated and compared with other
large-scale impellers [9]. They found out that the Maxblend
creates a more uniform solid suspension in comparison to
Fullzone and triple impellers. The mixing performance of
Maxblend and other large impellers in boiling stirred tank
reactors was investigated by Takahashi et al. [10], who found
that the Maxblend has essentially the same performance as the
other impellers in this application. Numerical and experimen-
tal comparisons of Maxblend with double helical ribbon
(DHR) were carried out by Takahashi et al. [11]. They con-
cluded that although Maxblend and DHR have almost the
same power consumption, Maxblend has longer mixing time
where Re<10 and shorter where Re>10.

However, Maxblend cannot generate enough circulation in
deep laminar regime. These characteristics of the Maxblend
have been later confirmed by Iranshahi et al. [12] in an ex-
perimental and numerical study.

Both Fradette et al. [13] and Devals et al. [14] have been in-
terested in the mixing of Newtonian and power law fluids.
Patel et al. [15] have studied with experiments the power con-
sumption for mixing pseudoplastic fluid possessing yield
stress. Rivera et al. [16] has modeled the laminar and transi-
tion flow of the Superblend dual shaft coaxial mixer using
Newtonian fluid.

A thorough search of the literature suggests that no space
has been devoted to the numerical simulation of the agitation
of yield stress fluid with Maxblend impellers. Therefore, the
objective of the present paper is to employ advanced computa-
tional fluid dynamics (CFD) to study the flow patterns and
power consumption for stirring shear thinning fluids possess-
ing yield stress with this type of impeller. Our attention is
focused on the effect of the Reynolds number, fluid rheology,
impeller clearance from the tank bottom, and the blade size.

2. Description of the stirred system

The Maxblend impeller considered in this work is shown in
Fig. 1. All the geometrical parameters for both of the vessel
and impeller are given in Table 1.

The objective of the present work was to investigate several
design parameters affecting the performance of this type of
agitator. The effect of impeller clearance from the tank bottom
was analyzed. At this end, four geometrical configurations
were realized which are: ¢/D = 0.016, 0.1, 0.18 and 0.26, re-
spectively. Also, the influence of blade size has been tested
(d/D=0.535,0.625, 0.750 and 0.937).

3. Numerical issues

The commercially available computer code (CFX 12.0) de-
veloped by AEA Technology, UK, was used to simulate the
steady state 3D flow field generated by a Maxblend impeller.
CFX is a general purpose computer program using a finite
volume method. The Navier-Stokes equations written in a

Table 1. Tank and impeller characteristics in mm.
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Fig. 1. Stirred system.

rotating, cylindrical frame of references are solved. Because of
the choice of a rotating frame, two terms are added to the
equations: centrifugal and Coriolis accelerations. The equa-
tions are written in terms of velocity components and pressure.
These variables are discretized on a grid of control volumes,
which enables a more precise mass conservation, and a faster
convergence. A pressure-correction method of the type Semi-
Implicit Method for Pressure- Linked Equations-Consistent
(SIMPLEC) is used to perform pressure-velocity coupling.

Constant boundary conditions have been set respecting a ro-
tating reference frame (RRF) approach. Here, the impeller is
kept stationary and the flow is steady relative to the rotating
frame, while the outer wall of the vessel is given an angular
velocity equal and opposite to the velocity of the rotating
frame. This approach can be employed due to the absence of
baffles. The same RRF approach, often used for stirred vessels,
has given accurate results for several different stirring systems
[17, 18]. The simplification of the stirring system where baf-
fles have been removed is obviously independent of the CFD
resolution and is only due to mixing and industrial considera-
tions. In the case of agitated vessels involving baffles, compu-
tational flow could nonetheless have been easily achieved
with an MRF [18] or sliding meshes approaches.

A pre-processor (ICEM CFD 12.0) was used to discretize
the flow domain with a tetrahedral mesh (Fig. 2). An in-
creased mesh density was used near the impeller and the tank
walls in order to capture the boundary layer flow details. Mesh
tests were performed by verifying that additional cells did not
change the velocity magnitude in the regions of high velocity
gradients around the impeller blades by more than 2.5%.

To verify the grid independency, the number of cells was
increased by a factor of about 2 used by other researchers in
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Fig. 2. Numerical grid (tetrahedral mesh).

CFD modeling of the mixing processes [19, 20]. The original
3D mesh of the model had 121,252 computational cells. To
verify the grid independency, the number of cells was in-
creased from 121,252 cells to 242,504 cells. The additional
cells changed the velocity magnitude in the regions of high
velocity gradients and the impeller power number by more
than 3%. Thus, the number of cells was changed from 242,504
cells to 485,008 cells. The additional cells did not change the
velocity magnitude in the regions of high velocity gradients
and impeller power number by more than 2.5%. Therefore,
242,504 cells were employed in this study.

Simulations were considered converging when the scaled
residuals for each transport equation were below 10, The
velocities had converged to either a single value. Most simula-
tions required about 1000 iterations for convergence. Compu-
tations were carried out using Pentium(R) Dual Core CPU
2.20 GHz with 2.0 GB of RAM and convergence was typi-
cally achieved after 4 — 6 h.

4. Theoretical background

Shear thinning fluids with yield stress were modeled in this
work, the Xanthan gum solution was considered. It’s rehology
can be described by the Herchel Bulkkley model [21]:

n

r:T},+K7 (1)

where 7, is the yield stress, K is the consistency index, y is
the shear rate and 7 is the flow behavior index.

According to the Metzner and Otto’s correlation [22], the
average shear rate can be related to the impeller speed by:

Vs = KN @
where K is a weak function of impeller type. The average

shear rate can be used to evaluate the apparent viscosity (1) of
the solution, which is a Herschel-Bulkley fluid (Eq. (1)).
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Fig. 3. Shear rate for Re =4, n=0.9.

The Reynolds number can be given as:

Re, = _KN'Dp ) 4)
" 7, +K(KN)

Table 1 summarizes the rheological properties of the differ-
ent Xanthan gum solutions used in this work, which are based
on measurements conducted by Galindo and Nienow [23].

The power consumption is a macroscopic result obtained by
integration on the impeller surface of the local power transmit-
ted by the impeller to the fluid. It is quite equivalent to say that
the power consumption P is entirely given by the impeller to
the fluid. In these conditions:

P=n Qdv. &)

vessel volume

The element dv is written as:

dv=rdrdfdz

(6)
Qv :(ZT"ZV + 22—29 + 21—122 + T/‘ZZ + T/‘ZH + 1229)/772 (7)
Trr == 7726‘},4 /(37‘ (8)
z,,==n[rd(v,/r)lor+(1/r)dv,/00] )
r,. =—n[ov,/0z+ov,/or]. (10)

The power number is calculated according to this equation:

P
NP:W. (11)

5. Results and discussion

To validate the CFD model, similar geometrical conditions
to those chosen by Devals et al. [14] were considered. For
shear thinning fluid modeled by the Oswald law, the predicted
results for shear rate as a function of the vessel height are
shown in Fig. 3 and compared with those given by Devals et
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Fig. 4. Power number (Np) versus Reynolds number (Re,) (1.5% xan-
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Fig. 5. Tangential velocity for n = 0.18, ¢/D = 0.016, d/D = 0.75, Z" =
0.55,0=10".

al. [14].

Another validation is made (Fig. 4) which concerns a
comparison of predicted power number with measured data
given by Patel et al. [15]. The fluid used here is shear thinning
with yield stress. As illustrated, the comparison shows a
satisfactory agreement.

5.1 Effect of Reynolds number

We begin the analysis by testing the effects the impeller ro-
tational speed on the flow fields generated. The origin of tan-
gential coordinate () is located on a paddle. Fig. 5 shows the
variations of tangential velocity along the blade and its exten-
sion at the grid region of the impeller. It can be clearly seen
that the velocity increases rapidly to reach up its maximum at
the blade tip, and begins to fade when moving away from the
mechanical source, until becomes neglected on the tank wall.
On the other hand, the decay curve is faster when the Rey-
nolds number is weak.

Following the variations of radial velocity along the vessel
height (Fig. 6), we remark that this variable is important in the
area swept by the paddle part of the agitator. The magnitude of
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Fig. 6. Radial velocity for n = 0.18, ¢/D = 0.016, d/D = 0.75, R"=0.6,
0=90".
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Fig. 7. Comparison of the segregated zone for n = 0.18, ¢/D = 0.016,
d/D=0.75,Z"=0.16.

this variable increases with respect to Re,.

The agitation of yield stress fluids result in the formation of
zone of intense motion near the impeller (the so called cavern)
with essentially stagnant and/or slow moving fluids elsewhere
[24, 25].

At a low Reynolds number, Re, = 0.1, the circulation of
fluid particles is low intense (Fig. 7), but the increase of Re,
(Re, = 60) yields higher shear rates. The sufficient impeller
rotational speed can eliminate the vortex generated at the each
side of the impeller blade and increases the axial circulation of
fluid and cavern size.

Fig. 8 shows the flow velocity field in a vertical cross sec-
tion plane (the plane orthogonal to the impeller) at four differ-
ent Reynolds numbers, namely 5, 30, 65 and 120.

The paddle at the vessel bottom produces a strong tangential
flow and a weak axial flow, generating a strong recirculation
at the vessel bottom that causes flow segregation. Above the
paddle, the grid part generates an axial pumping, with an up-
ward motion at the vessel wall and a downward flow along the
shaft.

For this impeller location and because of the great clearance
from the tank bottom (¢/D = 0.26), the flow will be divided
into two streams when the Reynolds number increases (Re, =
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Fig. 8. Velocity vectors for n = 0.18, ¢/D = 0.26, d/D = 0.75.

30 and 65), one downward to the vessel bottom and other to

the free surface of liquid, forming then tow recirculation loops.

But the continued increase of Re, enhances the axial pumping
and the velocity field seems more intense with a better ex-
change with the main circulation loop (Re, = 120).

On Fig. 9, we can remark that in the bottom region, the
fluid stretching is more intense at higher values of the Rey-
nolds number. At the top of the vessel, the value of the shear
rate is pretty low, which corresponds to a quasi-solid body
rotation. Clearly, the distance between the upper part of the
impeller and the liquid surface in the vessel must be adjusted
if one wants to ensure mixing in this region.

5.2 Effect of fluid rheology

The fluid rheology has also an important effect on the flow
fields generated. Two cases are chosen to perform the test
(Table 2).

The profiles of tangential velocity component plotted on Fig.

10 show that the velocity maximum is located in the area
swept by the impeller. This variable decreases slowly to be-
come negligible at the tank wall. The continuous increase in
structural index yields higher shear rate in the vicinity of the
impeller because of the viscous forces, which generate larger

Table 2. Rheological properties of Xanthan gum solutions.

Concentration (%) K [Pas"] nl-] 7, [Pa]
1.5 14.5 0.12 7.1
35 33.1 0.18 20.6
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Fig. 9. Velocity contours for n =0.18, ¢/D = 0.016, d/D = 0.75.
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Fig. 10. Tangential velocity for Re, = 60, ¢/D = 0.016, d/D = 0.75, Z" =
0.5, 0=90".

well-stirred region. The contours presented on Fig. 11 illus-
trate this phenomenon more clearly.

The power consumption constitutes a global parameter to
describe the performances of a mechanically stirred system.
Fig. 12 presents the variations of Np versus of Re, in a loga-
rithmic scale, and it can be seen that at Reynolds number less
than 10 the line with the slope of —1 fits the data quite well. In
the transition regime, the power number changes slightly with
Re,. On the other hand, the power number is presented for
different values of power law index. It is clear that Np in-
creases in respect with 7, and this is due to the viscous forces.
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Fig. 12. Power number for ¢/D = 0.016, d/D = 0.75.

5.3 Effect of impeller clearance

The effect of the bottom clearance has been investigated in
this section, as, according to the manufacturer, the magnitude
of the clearance can have a noteworthy influence on the mix-
ing efficiency. In the study, the dimensionless clearance ratio
¢/D was varied from 0.016 to 0.26.

Fig. 13 shows the flow velocity field in two vertical cross
section planes (the Maxblend plane) at two different impeller
clearances, namely 0.016, 0.26. The normal velocity vector to
the plane has been removed from the pictures to highlight the
secondary flow. The top-to bottom pumping induced by the
Maxblend is remarkable: the flow goes upward near the wall
and downward in the center along the shaft. In Fig. 14 and for
the first case (¢/D = 0.016) a small recirculation zone can be
noticed in the wake of the bottom paddle in agreement with
the experimental observation of Fradette et al. [14].

At the same figure (Fig. 14), is shown a comparison of the
velocity field for Re, = 60 in the vertical cross-section for two
different clearance values: 0.016 and 0.26. From the details of
the bottom vortex in Fig. 14, a close analysis of the velocity
field shows that the flow patterns are sensitive to the bottom
gap size, only one circulation loop is marked for the very little
clearance (¢/D = 0.016). With the larger clearance, the bottom
recirculation size has increased (two recirculation loops are
formed) and the velocity field seems more intense with a bet-
ter exchange with the main circulation loop.

Fig. 15 highlights more clearly the size of vortices gener-
ated for different ratios of ¢/D. the sign minus indicates the
existing of recirculation loops.

Fig. 16 shows the evolution of the power number Np versus
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¢/D. It can be seen that the power number varies non-linearly
with the clearance value. A significant increase in power is
obtained when the clearance is decreased with respect to its
nominal value. On the other hand, the drop in power is mod-
erate when the gap is increased.

5.4 Effect of the blade size

The effect of blade width on the flow patterns and power
consumption has also been studied. To perform this test, four
geometrical configurations have been realized, which are: d/D
=0.535, 0.625, 0.75 and 0.937 respectively.

The variations of tangential velocity component along the
vessel radius and for the four cases studied are plotted on Fig.
17. At the paddle part of the agitator and along its extension,
we remark that the velocity maximal is located at the blade tip
for any of the cases investigated, but the pic is more pro-
nounced with respect to d/D.

The area swept by the impeller becomes greater with the in-
crease in blade width, the cavern size is then larger (Fig. 18),
but the required power consumption is more significant when
compared at the same Reynolds number and same structural
index (Table 3).

Table 3. Power number for Re, = 16, n=0.18, ¢/D =0.1.

d/D 0.535 0.625 0.750 0.937
Np 3.13 4.66 7.65 13.93

6. Conclusion

A CFD characterization of the hydrodynamics of the Max-
blend impeller has been carried out in the laminar and transi-
tion regime with yield stress fluids.

The upper corner of impeller grid is a critical area. Poor
mixing is observed in this region when the Reynolds number
and impeller clearance are weak, so it is better to modify this
part of impeller.

The bottom clearance value also plays an important role:
not only is less power needed as the gap size increases, but
better exchange between the bottom recirculation and the
main circulation loop is obtained with a larger clearance. The
segregated zones diminish by increasing the Reynolds number.

The increase in blade size is beneficial to enlarge the cavern
volume, but that requires more power consumption.

Nomenclature

c : Impeller off-bottomed clearance (m)

d : Paddle diameter (m)

di : Diameter of the impeller grid (m)

hil : Paddle height (m)

h2 : Grid height (m)

n : Power law index (dimensionless)

D : Tank diameter (m)

Ds : Diameter shaft (m)

H : Vessel height (m)

K : Consistency index (Pa s”)

K : Metzner-Otto’s constant (dimensionless)
N : Impeller rotational speed (1/s)

P : Power (W)

Np : Power number (dimensionless)

0, : Viscous dissipation function (1/5%)

Re,  :Yield stress Reynolds number (dimensionless)

14 : Velocity (m/s)

V. : Axial velocity (m/s)

Vy : Tangential velocity (m/s)
v : Radial velocity (m/s)

y : Shear rate (1/s)

“Jave : Average shear rate (1/s)

T : Shear stress (Pa)

T, : Suspension yield stress (Pa)
p : Fluid density (kg/m”)

n : Apparent viscosity (Pa s)
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