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PAPER INFO ABSTRACT
History: The multiple reference frames (MRF) method is the most suitable method to
Received 27 April 2014 simulate impeller rotation in mixing systems. Precise determination of stationary
Received in revised form and moving zones in MRF method leads to accurate results in mixing performance.
28 June 2014 In this research, the entire volume of mixing system was divided into two zones.

(BRI 222 7 2 The kinetic energy values were used to distinguish the zones with different

velocities. The low-velocity zones, close to zero, were considered as the stationary

Keywords: zone and higher velocities were considered as the moving zone. The standard
CFD geometrical parameters were used for mixing system. The axial velocity and axial
MRE flow number were compared with literatures for validation. The values for
Helical Ribbon dimensionless diameter of stationary zone at different Reynolds numbers were

achieved for Newtonian and non-Newtonian fluids that are in agreement with

Im_pt_aller values applied in literatures. The results show that the dimensionless diameter of
Mixing _ stationary zone decreases as Reynolds number increases.
Non-Newtonian
fluid © 2015 Published by Semnan University Press. All rights reserved.

Reynolds number. Jahangiri [3,4]studied the
1. Introduction velocity profile, the local shear rate and the

Metzner-Otto method for helical ribbon impeller

High viscosity mixing operations in agitated using LDA for viscoelastic liquids in transitional

vessels are commonly encountered in chemical, region. Determination of power consumption and
biochemical, pharmaceutical, polymer, mineral, mixing times, under steady rotational speeds, for
food, and wastewater treatment industries. Due to mixing systems equipped with close clearance
their ability to keep the entire vessel contents impellers such as screw or helical ribbon agitators
circulating, close-clearance impellers are very well was investigated by Takahashi et al. [5], Carreau et
suited to mixing high viscous liquids [1,2]. Among al. [6] Delaplace et al. [7] and Ihejirika et al.
the close-clearance impellers, the helical ribbon [8]. The conventional evaluation of mixing is done
impellers are recognized to be the most efficient through experiments with different impellers,
systems.  Because of their rather good vessel geometries, and fluid rheology. Patterson et
homogenization potential caused by both tangential al. [9] tested mixing performance of HRI (Helical
and axial motion, helical ribbon impellers are often Ribbon Impeller) on the Newtonian and non-
used to agitate the high viscous mixtures of Newtonian fluids by experimental methods. This
Newtonian or non-Newtonian fluids at low approach is usually expensive, time consuming,
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and difficult; moreover, the resulting empirical
correlations are suitable only for the specific
systems being investigated. During the last two
decades, CFD has become an important tool for
understanding the flow phenomena [10-12],
developing new processes [13-15], and improving
the existing processes [16]. Using CFD, one can
examine various parameters of the process in a
shorter time with low costs. Many researchers
applied CFD to studymixing systems [17-19]. In
the case of mixing systems, computational flow
could have been easily achieved with multiple
reference frames (MRF) [20], mixing plane method
(MPM) or sliding meshes method (SMM). The
simplest one is the MRF method proposed by Luo
et al. [21]. The MRF method can be applied when
the relative position between the impeller and
baffle does not significantly affect the flow field
due to weak interactions. While no baffle is
applied, the MRF model is chosen to simulate the
flow field generated by HR impeller in the stirred
tank [22]. In order to use the MRF method, the
calculation area should involve both stationary and
moving zone. Accurate determination of boundary
of these two zones results in a better mixing
performance. In Zhang's research, as the classic
MRF method, tank wall and impeller area are
considered as stationary and moving zones,
respectively, whereas Rahimiet al. [23] and Tsuiet
al. [24] applied the different segmentation. Tsuiet
al.[24] applied inner part of the vessel as the
stationary zone and the outer part, where the helical
blade impeller is located, as the moving zone. In
their study, the interface between the two regions is
nearly placed at half the distance between the inner
edge of the blade and the shaft, but there was no
reason represented for this choice. Rahimiet
al.[23]Jused two different strategies to select the
rotating volume. In the first MRF layout, a cylinder
that surrounds the whole impeller was used as a
moving frame that includes almost 80% of the fluid
volume and the rest of the vessel was taken
stationary. In the second MRF scheme, two regions
in the central part of the vessel were treated as a
stationary region. In this scheme, the vessel was
divided into three stationary regions and one
moving region. They achieved a better prediction
of flow field with the second method. Again, no
reason was represented for these choices.

In this study, it is shown that the position of
interface  between stationary and moving
zonesdepends on the Reynolds number and fluid

type thatcan be determined using the Kinetic energy
values.

2. Model Development

2.1 CFD simulation

The mixing in the studied stirred tank was
modeled using commercial CFD code, FLUENT
6.2.The entire computational domain was divided
into several sub-domains to create the geometry.
Unstructured tetrahedral mesh was used for moving
zones includingtank volume and impeller, also
hexahedral meshes were used for the stationary
zones includingwalls. The number of total cells is
235949.Figure 1 illustrates the mesh structure of
mixing system.The finite volume method and
amodified second-order scheme were applied to
solve the Navier-Stokes equations and to discrete
the governing equations to algebraic equations.

2.2 Assumptions

The steady state mixing flow was assumed in
three-dimensional geometry. Water was chosen as
the case for Newtonian and glycerin was chosen for
Non-Newtonian fluid which are both isothermal
and incompressible. The model is single-phase
without any reaction. Based on the above
assumptions, the governing equations are outlined
as follows.

2.3 Continuity equation

The  Continuity  equation
conservation of mass is expressed as:

representing

%O+V.(pU):0 W

where p is the liquid density, and U is velocity
vector

2.4 Momentum equation

Conservation of momentum is expressed as:

%(le)-{-V.(pLJU):pg—VP"‘V-(T) @

where P is the static pressure, 7 is the stress tensor,
and pg is the gravitational body force vector.

2.5 Mixing system

The helical ribbon impeller is centred in a flat-
bottomed cylindrical tank with diameter of
D=0.276 m, and liquid height of H=0.21 m. The
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Fig. 1. Mesh structure of the mixing system.
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Fig.2.Mixing system.

diameter, height, width and thickness of the
impeller are d=0.255 m, h=0.14m, 3 mm and 1mm,
respectively.  The  important  dimensionless
parameters governing the vessel are: h/d = 0.549,
w/d = 0.118, and D/d = 1.082, where d, h, ¢, w and
D, are the ribbon outer diameter, ribbon height,
ribbon to wall clearance, ribbon width, and tank
diameter, respectively. The schematic diagram is
shown in Figure 2.

2.6 Boundary conditions

Since for Newtonian fluids, no vortex appears for
rotational velocity below the 300rpm [25,26], the

free surface is defined as a symmetrical boundary
condition for both Newtonian and non- Newtonian
fluids where the normal velocity component is
equal to zero. The no-slip condition is selected for
the solid walls.

3. Validation

3.1 characteristics of flow field

Flow patterns enhanced by helical ribbon
agitators have been studied by many researchers
[8,13,23,24]. In spite of the different impeller
geometries, the primary circulation patterns are
approximately the same. Commonly, the liquid
between the impeller and wall flows upwards
(whilst simultaneously rotating), inwards along the
surface, downwards in the core near the shaft and
radially outwards near the bottom of the tank. The
direction of this primary flow may be reversed by
reversing the agitator rotation [16, 22].

In Fig.2 the basic flow pattern at the Y=0 plane
of the stirred tank simulated in this work is
consistent with the conclusion in Rahimi's work
[23].

3.2Pattern of axial flow number

In order to validate the calculation methodology
used in the present investigation, results have been
compared with the case of Rahimi et al. [23] who
reported computational axial flow number at
different distances from the tank's bottom for a
helical ribbon impeller. Both curves have the same
pattern, but the values of axial flow number in
Rahimi's work are greater than that of this work.
This difference is due to inequality of aspect ratio
(H/D). Higher aspect ratio of H/D results in greater
value of axial velocity. Figure 4 shows a
comparison of axial flow number in Rahimi's work
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Fig.3. Tangential velocity vector map at Y=0
plane (a) Calculated by CFD in this work,
H/D=0.761
(b) Calculated by Rahimiet al. [23], H/D=L1.
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with this work. The axial flow rate (Qax) has been
found by the surface integration of the axial
velocity component (positive v;* or negative v,) at
various horizontal planes inside the vessel as
follows:

Qu(2)=[V,"dA= [V, dA @3)
A A

in which A is the cell’s radial surface area.
Consequently, this average axial flow rate with
ND? can be used to obtain the dimensionless axial
flow number, Ngax:

Noax(2) = Q@Xéj) (4)

In this study, the mixing performance in mixing
system, described in section 2.5, was investigated
at different Reynolds numbers for Newtonian and
non-Newtonian fluids.

In stirred tanks, the Reynolds number (Re) was
defined as follows:

3 pNd?
Y7

Re 4)
in which N is the impeller rotational speed, d is the
impeller diameter, p is the liquid density and u is
the fluid viscosity. The dimensionless axial
velocity V, / Vip versus r/R is provided in Fig.4.
The results of CFD work have been compared with
Tsui et al. [24].The same pattern can be seen for all
Reynolds number for a non-Newtonian fluid. The
maximum value of V, / Vi, increases with an
increase in the Reynolds number.

4. Results and discussion

The distribution of tangential velocity at different
Reynolds numbers has been presented in Fig.5 and
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Fig.4. Comparison of the predicted
dimensionless axial flow number with the data of
Rahimiet al. [23].
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Fig.5.Dimensionless axial velocity at different
Reynolds number for non-Newtonian fluid.

Fig.6. It is shown in Fig.5 that the tangential has a
smoother pattern for Newtonian fluid than the non-
Newtonian fluid. In the case of Newtonian fluid,
variation of Ve, Vi in region where 0<r/R < 0.5 is
moderate. But by approaching to the impeller, a
sharp gradient is created where 0.5 <r/R < 0.8. The
maximum value of Ve, Vip is occurred where 0.8
<r/R < 0.85 and then decreased until reaching the
tank’s wall. It can also be seen that the maximum
value of Ve, Vijp has a small shift to the left with an
increase in the Reynolds number. It happens
because the fluid between the outer impeller tip and
tank wall is affected by the no-slip condition
caused by tank wall. On the other hand, the
momentum transfer between fluid layers happens
more freely for the fluid between inner impeller tip
and the shaft.

For non-Newtonian fluids, the behaviour is
relatively complex. Fig.7 illustrates dimensionless
tangential velocity at different Reynolds number
for a non- Newtonian fluid. Where 0 <r/R < 0.5, the
change in Ve, Vi, for the non-Newtonian fluid is
higher than the Newtonian fluid because of the
effect of viscous layers on each other. Considering
Fig.7, where 0.5 <r/R < .075, the sharp gradient

1F o
,:ﬁ.',
08 ”V. '.

.'. *\.

= 06 .‘::_: ‘.

3 0:‘; 0
- L) Re=107
f $ =

Fig. 6. Dimensionless tangential velocity at
different Reynolds number for a Newtonian fluid
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occurs. The maximum values of Ve, Vyp have been
seen in points where 0.75 <r/R < 0.9 which is a
wider area than the one of the Newtonian fluid.
This phenomenon is caused by the viscous effect of
the fluid layers close to the impeller tip on adjacent
layer that is much greater than that of a Newtonian
fluid. The non-Newtonian fluid layers perceived
the momentum transfer of the impeller tip more
than the Newtonian fluid layers. So, a decrease in
Vo, Vi for the non-Newtonian fluid is less than the
Newtonian one.

4.1characteristics of kinetic energy

The kinetic energy (ke) was defined as follows:
Ke :% pv? (6)

In which v is the wvelocity vector. Figure
8.compares the custom field function of Kkinetic
energy (ke) of both Newtonian and non-Newtonian
fluids at different Reynolds numbers in an axial
slice that goes through the middle of the tank.
Distribution of kinetic energy represents regions
with different velocities. The maximum and the
average of kinetic energy vary with the change in
flow regime, therefore the same color for different
Reynolds numbers have disparate values.

So, simulations were run in three regions: (i) 0
<Re < 10, (ii) 10 <Re < 100 and (iii) 100 <Re <
250.In each region, a specific value was used to
represent the boundary between stationary and
moving zones. In all three cases, the interior region
is shown in blue that represents the areas with
lower velocities and the outer region close to
impeller is displayed by yellow that represents the
areas with higher velocities. To have detailed

Ve / V iip
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Fig.7.Dimensionless tangential velocity at
different Reynolds numbers for a non-Newtonian
fluid.

analyses for each region, it is needed to determine
the exact value of kinetic energy which is valid for
all runs in the region. According to this viewpoint,
Figs. 8-10, illustrating the dimensionless stationary
diameter versus Reynolds number, were prepared
in which the dimensionless stationary diameter ( di*
) is the ratio of the diameter of stationary region (
ds) to tank diameter (D).
o dg

di® = 5 @)

The results show that the diameter of stationary
region depends on Reynolds number and type of
the fluid.

The dimensionless diameter of stationary zone
(di*) versus Reynolds number is plotted in Fig.8. It
can be seen that in laminar region with Reynolds
number close to one, the stationary region has a
volume about 65 percent of the total volume for the
Newtonian fluid and 58percent of the total volume
for the non-Newtonian fluid. But, this percentage
decreases with an increase in the Reynolds number.
While the Reynolds number approaches to the
transient values, a more reduction in the slop
occurs. In the region with Reynolds number close
to ten, the stationary region has just a volume of
about 35 percent of the total volume.

It is shown in Fig.10 that the (di°) decreases
with the increase in Reynolds number and the
decreasing slop of Non- Newtonian fluid is greater
than of Newtonian fluid by receding from laminar
region. This pattern, seen in all three figures, is due
to viscous effect of fluid layers at different
Reynolds numbers. In laminar region, where 0 <Re
< 10, because of a lower velocity, the momentum
transfer is in the lowest level and the two fluids
have the most similar behaviours; therefore, both

@ (i) (i)

Fig. 8. Contours of custom field function of
kinetic energy (ke) of fluid at different Reynolds
numbers for (a) Newtonian fluid and (b) Non-
Newtonian fluid.
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Fig. 9.The dimensionless diameter of stationary
zone (di°) versus Reynolds number in laminar
region.
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Fig. 10.The dimensionless diameter of
stationary zone (di ) versus Reynolds number in
transient region close to the laminar region.

diagrams have the same trend.

It is shown in Fig.10 that the (di°) decreases
with the increase in Reynolds number and the
decreasing slop of Non- Newtonian fluid is greater
than of Newtonian fluid by receding from laminar
region. This pattern, seen in all three figures, is due
to viscous effect of fluid layers at different
Reynolds numbers. In laminar region, where 0 <Re
< 10, because of a lower velocity, the momentum
transfer is in the lowest level and the two fluids
have the most similar behaviours; therefore, both
diagrams have the same trend.

By increasing the Reynolds number above 20,
where the secondary flow occurs, the differences
between Newtonian and Non- Newtonian fluids'
decreasing slop increase. These differences are
more evident in the region where Re > 50. The
dimensionless diameter of stationary zone has a
higher reduction for Non-Newtonian fluid than the
Newtonian fluid. It happens because the viscosity
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Fig. 11.The dimensionless diameter of
stationary zone (di°) versus Reynolds humber in
transient region.

effect on adjacent layers in Non-Newtonian fluid is
higher than the Newtonian fluid. So, the
momentum transfer occurs by a greater number of
layers that is farther from the impeller tip.
Consequently, the stationary area has a smaller
volume. Similar to Fig.8 and Fig.9, decreasing
trend with increase in Reynolds number can also be
seen in Fig. 10. But, a sharp decline occurred
where Re > 200 and the difference between
Newtonian and non-Newtonian fluids is maximum.
This happens because of prevailing secondary
flows in Re > 200 for Newtonian fluids [25, 26].
The results were compared with the literatures and
they were in good agreement with Tsuiet al. [24]
results which chose the value of 0.45 for
dimensionless diameter of stationary zone for
Reynolds number equal to 5.

5. Conclusions

The multi reference frames were used to
simulate the impeller rotation in a mixing system.
In order to use the MRF method, the calculation
area should involve both stationary and moving
zones. The accurate determination of boundaries of
these two zones results in better mixing
performance that can be determined by segregated
area defined with different velocities. The kinetic
energy function was used to determine both
stationary and moving zones. The areas with
kinetic energy close to zero were determined as the
stationary zone and the remained area were
determined as the moving zone. The results show
that the dimensionless diameter of stationary zone
reduced with an increase in the Reynolds number
and because of higher viscous effects of non-
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Newtonian fluid than that of the Newtonian fluid.
This decrease is bigger for non-Newtonian fluids.

As

expected, the dimensionless diameter of

stationary zone reduces as fluid viscosity increases.
This can be investigated by further researches. The

axial

velocity and axial flow number were

compared with literature for validation.
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