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Abstract

The hydrodynamic behavior of a turbulent flow and the mixing characteristics generated by
a V-grooved axial impeller inside an agitated tank reactor were investigated both
experimentally and numerically. Angle resolved Particle Image Velocimetry (PIV)
techniques with an angular displacement 46=5° have been applied and two aerodynamic
planes along the blades were considered. PIV-based results were compared to those obtained
by Large Eddy Simulation (LES), used with the dynamic Smagorinsky-Lilly sub-grid scale
(SGS) model. Results showed the existence of distinctive recirculation zones in the
aerodynamic planes, and new additional frequencies in the impeller stream, induced by the
grooves. A decrease of mixing time of about 11 % was obtained experimentally, consequence
of the better suction induced by the grooved blades in the early stages of mixing. Mean
velocities, vorticity, TKE obtained from LES showed a good agreement with the PIV-based
results. The distributions of turbulence dissipation rate ¢ were similar to those obtained from

PIV, however showing high under-predicted magnitudes.
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1. Introduction

Agitated tank reactors (ATRs) are extensively used in industrial processing, for applications
such as powder dispersion, blending, flocculation, chemical reactions, polymerization, etc.
The three-dimensional and time dependent characteristics of the turbulent flow field inside
the vessel namely mean and fluctuating velocities, tip vortices, turbulent kinetic energy
(TKE, also denoted k) and its dissipation rate ¢ are important parameters for the process
efficiency. The homogeneity in a tank is difficult to achieve since the energy transferred from
the impeller decays as the distance from the impeller increases, and zones with low velocities
and turbulence are created in some parts of the vessel. The larger such zones within the ATR,
the larger the time needed to perform mixing tasks. In a long time operation basis, this is also
reflected by an increase of energy consumption of the device. The use of computational fluid
dynamics (CFD) and turbulence modelling based on the Reynolds Averaged Navier-Stokes
(RANS) approach has been commonly used to analyze the flow characteristics in ATRs. It is
recognized that when using coarse grids, the mean velocities show a good agreement with
experimental data, but the turbulent parameters are poorly predicted. The improvement of
such predictions could therefore be achieved by increasing the number of cells in the
numerical domain [1-4], although the prediction of the dissipation rate “c” and its spatial
distributions are among the main drawback of the k-¢ family turbulence models in ATRs

[5.6].

A more powerful approach which has been used in the past few years to enhance the accuracy
of the turbulent parameters, is the Large Eddy Simulation (LES) [7]. This approach, based
on the energy cascade of Kolmogorov, resolves directly the largest low frequency eddies,

assuming that they contain most of the flow kinetic energy. According to Kolmogorov’s



theory, the smallest eddies, which dissipate energy by viscous effect, are universal and
isotropic. In the LES model, such eddies are considered smaller than the cell sizes, and their
influence is accounted by a Sub-grid Scale (SGS) model, under isotropic or anisotropic
assumptions [8]. Thus, when a fine grid is used, the SGS model contribution on the response
of the LES technique is expected to induce smaller errors than those or the RANS-based
models. This technique has been successfully applied in ATRs to model the flow induced by
different radial or axial impeller models [9—12] in systems composed of one or two turbines
[13,14]. Good agreement between experimental measurements with Particle Image
Velocimetry (PIV) or Laser Doppler Anemometry has been obtained for flow parameters
such as velocities, circulation patterns, mixing time, vortex trajectories, TKE, shaft power
and turbulence intensities. The complexity of the flow near the impeller blades has captured
the attention of several researchers [15,16]. In the vicinity of the region where the momentum
of the blades is transferred to the fluid, a particular phenomenon takes place; the formation

and evolution of trailing vortices.

From a CFD perspective, Delafosse et al., compared the response of LES and Standard k-¢
models in the flow induced by a Rushton turbine. They pointed out the superiority of the LES
model to reproduce the vortex formation and trajectories when results are compared to PIV
measurements [15]. Considering that vortical structures are responsible for much of the
turbulence production in ATRs, their behavior must be assessed adequately. Over the years,
numerous studies have been performed to understand flow patterns and turbulence
characteristics of radial and axial impellers under different geometrical configurations see,
for instance, Yoshi et al. [5,17]. However, for the case of trailing vortices, most of the

published research gravitates around radial pumping devices[15,18-20]. In addition,



modelling approaches applied to straight blade impellers are usually not optimized to deal
with curved or folded blades [4]. Steiros et al. proposed the use of fractal impellers to reduce
the power consumption in radial turbines. They concluded that the interaction of the blade
wake had no relevance in the reduction of the torque [21]. In addition, the fractal geometry
walls can break the symmetry in the locations of the two main tip vortices, the upper one
being the weaker. The weaker vortex causes a pressure recovery in the recirculation zone
located behind the impeller, which in turn, leads to drag reduction. Recently, Basbug et al.
performed Direct Numerical Simulation (DNS) to acquire detailed information on the trailing
vortices and their effect on the pressure field around a rectangular and fractal bladed radial
flow impeller [22]. They found out that the fractal blades create jets which form several
weaker vortices that on average, cause a smaller and weaker recirculation zone behind the

blades, reducing drag.

The aerodynamic control of flow behavior has been thoroughly investigated for a long time
for aircraft applications, because of its relations with energy saving. One way to deal with
this aerodynamic control is to modify the surface of the body and use it as a passive control
method. Lim and Lee investigated the variation of the drag force and the wake structure
behind a cylinder covered with U and V grooves [23]. They showed that grooves lead to a
drag reduction because of modifications in the wake velocities due to the delay of separation;

this phenomenon is also associated with an elongation of the vortex formation regions.

Considering the similitude as blunt body of a circular cylinder with a pitched bladed turbine,
and in order to explore benefits that grooves cause in the wakes of blunt bodies on mixing,
the mixing time, and the turbulent flow induced by a V-grooved pitched blade turbine are

investigated via 2D Particle Image Velocimetry (PIV) and LES.



A complete analysis of the turbulent flow structures induced by both the standard four bladed
pitched blade turbine (4PBT) and a V-grooved impellers is performed. Measurements using
angle resolved PIV at 5° intervals and those derived from two new aerodynamic planes (the
first one between the blade, and the second one near the tip) are presented. These
aerodynamic planes are the result of a superimposition of contours from two PIV
measurements, creating one unique contour, similarly to the PIV multi-block approach,
which combines one large contour from several sub-maps. In a previous work from our
group, it was stated that grooved impellers deliver drag reduction in a wide range of Re, and
measurements of velocities and turbulence have been presented for two grooved models [24].
As an extension of such previous work, and in order to understand deeper the turbulence
nature and mixing induced by grooves, new measurements of TKE and ¢ in several planes
are presented, taking the V-grooved model as representative. Also, the numerical response
of the LES model with the dynamic Smagorinsky-Lilly SGS is assessed. This is especially
of interest as most studies reported in the literature have been performed for straight blade
impellers. A turbulence model which works well for a specific impeller design, is not
necessary optimum for another design based on folded blades. Finally, the mixing time,
which is another important and useful parameter to describe the impeller performance, has

been evaluated experimentally through changes in conductivity, and numerically via LES.

2. Experimental and numerical methodology

2.1 Impeller design and agitated tank characteristics

Two different blades were used in this study. The first one, the base line (4PBT), is a standard
4 bladed pitched blade turbine (45°) of diameter D=0.08 m and 1.5 mm thick, as shown in
Fig. 1a. The second blade, which shows a new design, has grooved surfaces with triangular
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shapes and sharp peaks. The dimensions of this new blade were established as a function of

the blade width (w=14.3 mm), see Fig. 1b.

The experimental system consists of a cylindrical acrylic tank of diameter 7=0.25 m,
comprising four 0.17° wide, 3.0 mm thick baffles, equally distributed around the tank
periphery. In agreement with the literature, the cylindrical tank was placed inside a square
one, to reduce refraction. The working fluid was water at laboratory conditions
(p=998.2kg/m> and u= 1.003mPa-s) and the free surface height was fixed at H=T. The
impellers were located at a clearance C= T7/3, the rotational speed was set at 500 rpm or

N=8.333 rev/s, achieving fully turbulent flow conditions (Re =pND*ju= 5.2x10%) [25].

a) \*‘/‘ b)
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Fig. 1 Impeller geometrical description: a) 4 PBT model, b) V grooved model.

2.2 PIV measurements

2.2.1 PIV set-up

Experimental velocity and turbulence maps in the radial-axial stream plane were obtained
using angle resolved measurements. To obtain the angle resolved measurements, data were
recorded on 18 planes located between two blades, with an angular displacement 46=5°,

starting at #=0°, as shown in Fig. 2a. To extent the analysis further, two additional planes



were considered in the tangential-axial direction to explore the mid-plane (MP) and tip-

plane (TP) aerodynamics, see Fig. 2b.
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Fig. 2 PIV measured plane: a) angle resolved PIV setup, b) The mid-plane (MP) and tip-
plane (TP) aerodynamic planes located along the blade span.

The data recording of these planes was obtained twice, with only a difference in the position
of the laser (laser direction 1 and laser direction 2), as shown in Figs. 3a and b. In all results
obtained on the MP and TP, final data from the first measurements (laser direction opposite
to the blade rotation) were finalised by mapping the missing information in the shadow region
with the second set of measurements (data inside the dashed rectangle region in Fig. 3b), to
form a single semi-continuous contour. This procedure was applied to capture missing data
from the first measurements due to the blade interference on the laser sheet, forming this

“shadow region”.



|Laser direction 1 [ Laser directio 2]

Fig. 3 Description of the composition of the MP and TP velocities and turbulent maps: a)
The laser device triggers opposite to the blade rotation, b) The laser is in the same direction
as the blade rotation.

The PIV system (TSI Incorporated) is composed of a CCD camera (2360 px x 1776 px) with
50 mm lenses, a synchronizer and a double-pulse Nd:YAG laser (wavelength of 532 nm and
energy pulse of 75 mJ). Hollow glass spheres with silver coat of approximate 10 pm diameter
and density p=1020 kg/m® were used as seeding particles. Pictures were taken every 4t=100
us and the capture rate was fixed to 14 frames/s. The TSI Insight 4G software was applied to
analyze the images via the Nyquist recursive grid algorithm, with an interrogation window
of 32 x 32 pixels and a 50 % overlap between them. The size of all the measured planes was
around 101 mm x 75 mm, with vector resolutions of 43 um/px for the angle resolved planes,
and 51 pm/px for the tangential-axial ones. Flow parameters were obtained from the average

of 400 pairs of images taken at each plane.

2.2.2 Power number and pumping number from torque-meter and PIV

The power number N, was calculated from eq. (1) by using the shaft power derived from
P=27zNT. After achieving steady conditions, 900 torque 7 values were collected at a
frequency of 50 Hz using a Futek-FSH1980 torque-meter, which has a maximum capacity of

1.41 N-m, use temperature control, and has a precision of 0.5 %.



P (1)
Ne = oNeDs

Where N is the shaft speed in rev/second and D is the impeller diameter in meters.
The pumping number was calculated from eq. (2).

Q 2
No = onp3 *

The experimental mass flow Q of each impeller was obtained from the phase averaged axial
velocity maps, by integrating the axial velocity V, profile in the radial direction along a line
located 2 mm below the impeller blades:

R
Q= 2npf V,rdr ®)
0

Also, the pumping effectiveness ng was used in order to assess the pumping of the impellers

per unit power consumption [26]:

_No 4)

UE—NP

2.2.3 Assessment of k and ¢ from PIV measurement

For the analysis of turbulent parameters, the triple decomposition procedure was
implemented to the PIV data to obtain velocity fluctuations without the wave effects induced
by the blades rotation. Thus, the periodic component was removed from the fluctuating

velocities using eq. (5).

u'" = U —(ii|6) 5)
where U is the instantaneous velocity at a fixed angular position, (#|6) is the phase averaged

velocity, and u ” is the velocity fluctuation, free from the periodic wave influence [27,28].

Similarly, the fluctuating velocities for the turbulent kinetic energy TKE (or k) and the

dissipation rate ¢ were calculated by considering u#’ =u”, i.e. considering the processed
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fluctuations free from the influence of the periodic motion. In the present study, the
simplified method proposed by Khan et al. was adopted in order to assess the TKE [29]. This
approach uses the two components of the fluctuating velocity measured by PIV, and
estimates the influence of the third term, considering pseudo-isotropic assumptions,

according to eq. (6).

k=2 @ +v7) ©)

Since the interrogation window size of the PIV is about 28 times the Kolmogorov length
scale Ax = (v3/&;)Y/*, sub-predictions of ¢ are expected if the direct evaluation method is
applied, thus, the large eddy approach proposed by Sheng et al. was implemented [30]. In
this method, the contribution of scales smaller than the length of the interrogation window
“A” of the PIV are modeled by a SGS model which compensates ¢ values. Based on the same

pseudo-isotropic assumption for TKE, eq. (7), as defined by Khan, was applied [31].

_ 24 (6“')2 4 (av')z ‘2 (6“')2 ‘2 (av')z
E=10s ox dy dy ox

According to Meyers and Sagaut, it is required to adjust the Smagorinsky constant Cj

ik )

depending on the ratio 4/4 [32]. For the angle resolved measurements, the ratio 4/4x was
estimated to be =30, whereas for the mid and tip plane measurements the value was =35,
corresponding to Cs=0.16, and Cs=0.164 respectively. Thus a fixed value of C;=0.16 was
applied in eq. (7). The ¢ maps are normalized with the averaged specific dissipation & *=
€/&;, and & was estimated from the torque meter measurements at each impeller using the

relation &-=P/m, with m being the mass of water.
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2.3 Numerical simulation
2.3.1 Numerical details

The LES model is based on the assumption that the large eddies, which contain most of the
flow energy, are dependent on the geometry and transport most of the flow momentum and
mass, while the smallest dissipative eddies are considered isotropic and universal. Under this
basis, LES resolves directly the larger eddies contained in the flow, implicit on the set of
Navier-Stokes equations with filtered variables, being that the smallest eddies, whose scales
are smaller than the filter width or grid spacing, are accounted for in the equations by a SGS
stress tensor "7;;". In this work, the dynamic Smagorinsky-Lilly model was used to resolve
the smaller eddies [33]. This model computes the Smagorinsky constant Cs dynamically
using information of the resolved eddies. By doing so, the problem of a non-zero turbulent
viscosity related to the utilization of a constant value (i.e. Cs=0.1) at the walls is avoided. An
alternative strategy is to use a function which damps the turbulent viscosity at the walls, for
example the Van Driest damping function. However, this approach does not necessary lead
to better predictions of flow quantities as the asymptotic behavior of the SGS viscosity in the
near wall regions 1s not well reproduced [9].

The numerical simulations were conducted with the commercial software FLUENT V.15.0.
The sliding mesh technique was applied to replicate the impeller movement. A full three
dimensional model of the ATR including the impeller and all 4 baffles were built using
tetrahedral cells with the ANSYS Meshing tool. Two meshes were built, the first one
composed of 3.26 M cells for the 4PBT test cases and the second one composed of 3.62 M
cells for the V-model. In order to capture the trailing vortices near the impellers which are

responsible for high turbulence levels in the discharge and the enhancement of mass and
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momentum transport, the rotational cell zone domains were refined; 1.88 M (58 %) cells and
1.92 M cells (52 %) were clustered in such regions for the 4PBT and V-model respectively.
The nodal cell distribution in the impeller blades was imposed to be uniform with a nodal
spacing in the range 0.25-0.35 mm, which is below the 0.4-0.5 mm range used by Yeoh et al.
[9]. For the current mesh, five nodes were disposed along the blade thickness, and a growth
ratio of 1.20 was imposed in the impeller blades. The highest skewness obtained for the grids
were of 0.76 and 0.8 for the 4PBT and V-model respectively, both below the 0.95 value

recommended by the grid generation guidelines from ANSYS [34].

The average normal nodal distance in wall units of the nearest impeller cells was estimated
around y*= 2.5 for both impeller model domains. The final generated mesh of the V-model
is shown in Fig. 4. It is noteworthy to mention that the recommended value of y*< 1 using
additional adaption refinements was not affordable as grid sizes, and therefore computational
times, increased substantially by a factor of 2 or 3. Although a grid independence analysis is
desirable in CFD modelling, this is not common practice when the LES method is applied as
it involves high computational costs, especially when statistical convergence solutions are
needed, see for instance the work of Jahoda et al. [35], Min and Gao [36] and Zadghaffari et

al. [37] where one grid only has been used.

In this work, the nodal spacing was based on the grid independence study performed
previously for the analysis of RANS based models (MF grid of 2.36 M cells in [38]), but with

additional refinements.
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Fig. 4 Isometric view of the cell arrangement disposed on the V-model impeller.
The pressure-velocity coupling was selected with the SIMPLE algorithm and the bounded
central differencing method was applied to the spatial discretization of the momentum
equation. A non-slip boundary condition (BC) was imposed with standard log-law wall
functions on all walls of the domain (impeller, shaft, tank walls and baffles), and the fluid

free surface was treated as a zero stress wall (symmetry boundary condition).

The temporal term was discretized by the second order implicit algorithm. Prior to running
the dynamic LES model and in order to accelerate statistical convergence, the flow solution
was initialized with the solution from the Realizable k-¢ based model run with the Multiple
Reference Frame approach (MRF). Finally, results were obtained from statistics collected
from 30 impeller rotations, taking 1° of blade angular displacement (4¢ = 3.333x10*s). Each
time step was obtained using 30 sub-iterations and a 10~ convergence criterion was set for
all equations. Note that the blade angular rotation applied between time steps (1°) is below

the 4° used in the work of Bakker and Oshinowo [13] and the 5° used by Li et al. [39]. In
addition, such temporal resolution is smaller than the Kolmogorov time scale tx = /v/ér

estimated as 2.16x107> s for the 4PBT impeller, and 2.24x103 s for the V-model.
2.3.2 LES calculation of the turbulence parameters, power and pumping number

The resolved non-filtered scale of TKE was obtained by:
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1 - 8
kRES == E(ulz + U'Z + W’Z) ( )
where u’, v’ and w’ are the fluctuating velocity components in the x, y and z directions.
The SGS modeled TKE was calculated with:
2
k — HUturp (9)
mop .OCdynA

where uu 1s the turbulence viscosity, Cay, 1s the SGS dynamic constant and 4 is the cubic

root of the cell volume.

To compare with the PIV profiles and maps, the total time averaged TKE defined by eq. (10)

was used to assess the LES predictions.

kiotar=kres+kmop (10)
At each time step, the total dissipated power in the vessel was derived from the numerical

volume integral given by eq. (11)

11
PLES = J(ll+llturb)52dV ( )

The contours of dissipation rate e es were obtained by creating a custom field function
accounting for the product of the sum of the molecular and SGS kinematic viscosities by the

squared strain rate S:

ergs = (U + Vpurp)S? (12)
The time-average values obtained from eq. (12) are used for the PIV comparisons using their
non-dimensional form &* = g;g5/&r. The LES based calculations of Np were obtained from
the time average values of torque monitors imposed at each impeller, and from the predicted

time average dissipated power Pres. Finally, the Q used for Np (implicit in #£) was obtained
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from the time average mass flux trough a circular surface of diameter D projected 2 mm

below the impeller blades.
2.4 Mixing time measurements and simulation

To assess the transient behavior of the mean flow produced by the impellers, mixing time
was evaluated. The results of the velocity field obtained with the dynamic LES simulation
were used as starting point to resolve the scalar field of the concentrations. To simulate the
tracer injection a sphere patch with a radius of 2 cm was defined in the mesh at 22 cm from
the bottom wall and 6 cm in the radial coordinate from the axis. The tracer was defined with
the same properties of the water and with a typical value for liquids of the molecular
diffusivity coefficient (10~ m?/s). The numerical schemes used to resolve the transport of
species was the same than the use in the dynamic LES simulation. Criteria convergence for
monitors were fixed at 10~ for all variables. For both models, six seconds were simulated
using a 4¢=0.01 s and 50 sub-iterations. The monitoring points were arranged at the same
positions that the probes in experimental tests. In experiments, mixing time was estimated
using the tracer technique with saturated solution of NaCl. Two conductivity probes were
fixed 22 cm high from the bottom of the tank and 6 cm far from the center. These probes
were positioned at a 45° angle from the point of injection. Both transient profiles,
conductivity from the experiments and mass fractions from the simulations, were used to

calculate the mixing time when the uniformity reached 95%.
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3. Results and discussion

3.1 Angle resolved velocity components and vorticity — (PIV vs CFD)

Fig. 5 shows the PIV results and the corresponding LES profiles of non-dimensional axial
velocity and vorticity at the representative angle resolved planes 0°, 40° and 60°. The
dimensionless vorticity @ * was obtained by dividing the z-vorticity by the blade passage
frequency (wr: = 33.3 Hz). At 0°, there is no important difference in the parabolic V, profile
measured by PIV, independently of the impeller design. However, the V-model enhanced o*
in most locations, reaching the maximum value w* =3.8 at x/D=0.8. This value is
considerable larger than the w* =0.4 value obtained with the 4PBT model. A plausible
explanation of this effect is provided by the streamlines shown in Fig. 6, where several highly
rotational regions present near the peaks and valleys of the V-model are not obtained for the
straight blade impeller case. Negative values of w* present in the 0<x/D<0.4 regions are
attributed to the secondary recirculation bubble formed inside the core region of the stream
which has been reported in axial impellers [1,4]. In the 40° plane, axial velocity profiles of
the V-model suffered attenuations in the interval 0.37<x/D<0.77 and a convex velocity region
is formed. For both impellers, the maximum peaks of velocity increase from V,./V;,=0.45 at
0° plane to V/V:ip =0.55 at 40°, indicating a dependence of the maximum magnitude with the
angle. Also, the parabolic profile collapsed along the radial positions. The increase of
maximum values is more visible in the vorticity profiles, where values reached about 9.0 and
7.5 for the 4PBT and V-model respectively, in comparison to the 0.5 and 3.8 present at 0°.
Near the hub and along the first third of the blade, vorticity profiles showed irregular shapes
and several negative peaks of @™ are visible, indicating the creation of new vortices. The

velocities of the concave region of the V-model on the 40° plane recovered at 60°, and
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velocity profiles were similar for both impellers. An attenuation in the magnitudes was

present for both V, and o *.
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Fig. 5 Axial velocity and vorticity profiles obtained from a line 3 mm below the impellers at
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LES results of V, were in good agreement with PIV measurements. In the near tip region
(0.6<x/D<1.2) where the trailing vortices are detached, the numerical model adequately
predicted the PIV w* profiles. Thus, the LES model was able to replicate mean velocities
and spatial derivatives reflected in the vorticity profiles, along with their angular evolution,

not only for the regular straight blade impeller, but also for the grooved surfaces blade

impeller.
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Fig. 6 Streamlines obtained at 0° plane: a) 4PBT model, b) V-model.

3.2 Angle resolved turbulence production and dissipation rate

The non-dimensional profiles of TKE in Fig. 7 shows the trends observed of V, and o * for
both impellers. For each angular position, values of TKE are similar for both impellers. In
the 40° plane, the most significant gradients are present in the near hub locations. Depending
on the impeller model, the radial locations of maximum TKE are however shifted. This is
clearly visible on the 0° and 40° planes, where the maximum TKE is seen at x/D=0.75 for
the V-model, whereas the location of the peak for the 4PBT model is obtained at x/D=0.9.

Again, the LES predictions are fairly close to the experimental values in most of the positions.
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Fig. 7 Non dimensional TKE and dissipation rate profiles from a line 3 mm below the
impellers at three angle resolved planes.

The validity of the pseudoisotropic assumption was checked by plotting the profiles of

w2z = [(u’)2 + (v')z] /2 from PIV vs the numerical value, on a line located 10 mm below

the V-model impeller at 6=0°, as shown in Fig. 8. A good agreement is observed for
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0.45<x/D< 1, but differences larger than 100 % were present near the hub at 0<x/D<0.2.
These discrepancies highlight the fact that any deeper analysis will require the assessment of
other angular positions, the mid and tip z-y planes and the two impeller models; this is

however outside the scope of this work.
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Fig. 8 Normal plane fluctuating velocity component profiles obtained at a line 10 mm
below the V model impeller.

The e* profiles of the V-model impeller show larger magnitudes on the 0° plane in most x/D
locations compared to the 4PBT model. On the 40° plane, the £* values increase for both
impellers, reaching ¢*=67 for the 4PBT model and £*=53 for the grooved one. In contrast to
the 0° plane, the 4PBT model presents larger ¢* magnitudes for most locations, except for
the region between 0.45<x/D<0.8. The peak value of the 4PBT impeller is slightly attenuated
on the 60° plane and the only difference between impeller profiles is the location of the peaks,
which are closer to the hub, similarly to the TKE profiles on the 0° and 40° planes. The LES
predictions of e* follow qualitatively the trends captured by the PIV measurements.

Magnitudes which increased in the 40° plane, are slightly attenuated in the 60° plane, and the

21



shape of the profiles are similar. Also the LES predictions with the V-model show larger
values than those obtained with the 4PBT model. This suggests that there is an increase of ¢
near the V-model impeller stream, which is related to the formation of new recirculation
zones in the vicinity of the impeller walls, as discussed in the previous section. From a
quantitative point of view, all LES values were drastically sub-predicted. As shown in Table
1, when comparing the N, from ¢ with the corresponding value derived from torque-meter,
23 % and 24 % only of the real dissipated power were captured by the LES model for the
4PBT and the V-model, respectively. A possible cause for such low levels is the number of
cells of the grids, as a dependence of cell number and ¢ levels has been recognized for most
turbulence models [3,4]. For example, G. Lane [4] modeled 1/3 of a tank using the DES
model in a domain composed of 13.1 M cells, and reported that with such grid refinement,
69 % only of the real dissipation was predicted [40]. The DES model works similarly to LES
except in the vicinity of solid walls, where the boundary layer is solved with a RANS based
model. Under-predicted values were therefore expected in the CFD results, as reported here.
The comparison of the maximum values of ¢* as function of the angle is shown in Fig. 9.
From the PIV, the V-model caused larger values in comparison to the regular 4PBT in the
range of 30°-50°, where values were around 55-65 in comparison to those of 38-55 for the
4PBT. Between 0° and 20° a slight increase of ¢* was present for the V-model. On the other
hand, the results were opposite in the range 60°-75°. The difference between the angular
locations of maximum e*1is related to differences in vortex dynamics caused by modifications
of the boundary layers induced by the grooves. Although showing lower levels than those
experimentally present, the intensification of e * caused by the grooved walls was also present
in the LES predictions. In this case, the e* values obtained with the V-model were larger at

all positions, except on the 55° plane. Thus, the LES model followed the experimental trends,
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though qualitatively. One possible reason of the differences in magnitude between PIV

measurements and LES, could be due to the LES-PIV approach, which captures more

dissipation in comparison to the Direct Evaluation Method [27], which has been used in other

studies to validate numerical predictions, see for instance Yeoh et al. [9], and Baldi et al.,

[41]. Looking further into the work of Baldi et al., the spatial resolution of their correlation

windows was 5.8 times the Ak, and therefore, under-predicted values were expected from

in the angular evolution of maximum ¢, are

their measurements [42]. Finally, the deviations

believed to be a consequence of a different spatial distribution of vortical regions predicted

numerically in comparison to that of PIV. This could again be a consequence of the grid

or a problem inherent to

refinement, especially in the rotational region, the SGS behavior,

the y+. Additional work would however be required to explain this in detail.

90
Fig. 9 Maximum dissipation rate magnitudes for different angles: a) PIV measurements, b)

Predicted by LES.
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3.3 Aerodynamic analysis in the mid-blade and tip-blade planes

Figs. 10 and 11 show the non-dimensional V., and ®* maps obtained by PIV and LES
simulations at the mid and tip planes of the blade. In this section, w * refers to the x-vorticity
component divided by the blade passage frequency. A good match between the PIV blocks
used to create the contour maps is obtained for all parameters. Fig. 10a shows the non-
dimensional axial velocity contours obtained at the mid-blade plane. Here, the 4PBT model
shows larger V, gradients compared to the V-model in the front and rear regions of the
impeller. Two elongated high V. spots are formed in the axial direction for the V-model. Both
impellers show two peculiar lateral spots of low velocity aside the high V, regions. In the tip-
blade plane, the effect is the opposite, and the V-model impeller presents a larger region of
high V. below the impeller. In both cases, the low velocity lateral spots are located near the

blade.

v/, N T

0 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 045 0.5

Fig. 10 Axial velocity maps obtained from PIV and CFD: a) Mid-blade plane, b) Tip-blade
plane.
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Fig. 11a shows additional high w* regions visible in the front and rear regions of the mid-
plane for the V model when compared to the 4PBT. In the tip-plane, w* values are smaller
than those of the mid-plane, and the number of vortices decreases for both impellers. Here,
slightly larger o * values are present for the V-model than for the 4PBT model (see vortices
2 and 3 in Fig. 11b). Also, the recirculation extent of the 4PBT model is larger than that of
the V-grooved model, causing a larger pressure drop behind the blade tip which is reflected
by an increase of drag. Although slightly distorted, the LES model was also able to reproduce
most of the vortical regions measured by PIV in the front regions (see vortices 1-4 in Fig.
11a, and 1-3 in Fig. 11b). However, in the rear regions of both impeller models, some vortices

were not fully detached or were much smaller than those measured.
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Fig. 11 Non-dimensional x-vorticity component maps from PIV and LES: a) Mid-blade
plane, b) Tip-blade plane.
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The non-dimensional mid-plane axial and tangential velocities as well as TKE and e* profiles

plotted along a horizontal line located 3 mm below the impeller at y/7=0.14 are shown in

Figs. 12a-d. Larger V, values are present for the 4PBT than in the V-model impeller in most

locations. As can be seen, the profile is broaden in the z-direction for the V-model. Several

Vo peaks are present for both impellers, and the 4PBT model presents larger magnitudes.
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Fig. 12 Mean axial and tangential velocities and turbulent profiles obtained at the mid-blade
plane of the impeller blade for both, PIV and LES technique.

Good prediction capabilities were noticed for the LES model, mainly for V.. However, the

peak of high velocity for Vs, was over-predicted for the V-model in the 0.34 < z/T < 0.45

range, and deviations were present in the numerical profile of the 4PBT when compared to
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the PIV measurements. Values of TKE for both impellers show two characteristic peaks,
which are related to high TKE spots; one at the front and one at the rear impeller region. In
most locations, values measured by the regular 4PBT model were larger than those obtained
with the V-model. LES-based TKE values of the 4PBT are slightly under-predicted while
LES-based values of the V-model exhibit good agreement with the PIV. Finally, the £* curve
derived from PIV for the 4PBT model shows three peaks, one at the front of the impeller
located at z/T=0.15 with £*=63, and two more at the rear at z/7=0.35 and z/7=0.40 with £*=65
and *=80 respectively. In the front of the impeller region, the V-model shows a similar
profile, although slightly shifted. In this case, the peak is located at z/7=0.14 with £*=70. A
second peak is located at the rear of the impeller, matching the location of the rear peak of
the 4PBT model, however highly attenuated. This secondary high dissipation spot reaches
e*=25 while £*=635 is obtained for the 4PBT model. The magnitude of ¢* recovers at the third
peak, and reaches e*=73, at an identical location than for the 4PBT model. Although under-
predicted, the LES simulations capture all three high e* peaks and their corresponding
locations for both impeller. However, the V-model presents larger values than for the 4PBT

model.

The profiles of the same flow parameters obtained with PIV and LES, but extracted from the
tip plane, are shown in Fig. 13. Now, the V, values of the V-model show larger magnitudes
in comparison to those reached with the 4PBT model in most locations. The peak value of
the V-model (V/V;i,=0.43) is about 40% larger than the value attained with the regular 4PBT
model. Both impellers exhibit a parabolic behavior, consequence of flow pumping, which is
different to that obtained in the mid-plane. As can be seen, LES simulations could capture

such phenomenon well. No important differences of Vjy values are present in the tip-plane at
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7/T<0.24, although an increase of the V values was observed at z/7>0.24 for the 4PBT model.
One well defined peak and a second and smaller one are present in the TKE profiles, (see

Fig. 13c¢).
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Fig. 13 Mean axial and tangential velocities and turbulent parameters obtained at the tip-
blade plane. The profiles were extracted from a line 3 mm below the impeller blade.

For the V-model, the maximum value k/ Vtzip = 0.041 is present at z/7=0.18, whereas for the

4PBT model k/ Vtzip = 0.036 is obtained at z/7=0.23. The secondary high TKE region of the

4PBT reaches k/V, = 0.024, which is larger than k/V7, = 0.016 obtained for the V-

model. The LES simulations profiles of the two impeller models followed fairly the first
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peaks of TKE, and although sub-predicted, the secondary peaks were also obtained. The
experimental ¢* profiles of the 4PBT and the V-model are defined clearly by two high
dissipation regions in the front and rear part of the impellers, forming well defined bell
shaped regions. The V-model magnitudes were larger than those of the 4PBT model in both
zones. For the LES simulations, this dominance in magnitudes of the V-model is also visible.
However, the shape of the profiles are different from those obtained numerically, especially
for the 4PBT model. In order to extend the assessment, Fig. 14 shows the contour maps
obtained by PIV and numerically in the tip plane. It is clear that the intensification of ¢* in

the discharge region is caused by the grooved surface.
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Fig. 14 Turbulence dissipation rate maps derived experimentally and numerically at the tip-

blade plane region.
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For the 4PBT model, the high e* gradient present in front of the blade have lower levels than
the rear one. This is reflected in the profile shown in Fig. 13d as one distinct peak around
z/T=0.33 is visible. Accordingly, Va, Vs, o* and TKE are fairly predicted by the LES model
in all measured planes. Apart from the magnitudes, the trends and gradients of &* follow
those present in the experimental measurements. The latter supports the idea of G. Lane [4]
who suggested that spatially dependent correction factors as function of the mesh resolution

could be applied to adjust the dissipation rate in ATRs.

To analyse the performance of the dynamic LES model, a power spectral analysis was applied
to the signal of instantaneous radial velocity obtained from 56 impeller passages shown in
Fig. 15a. For this purpose, a monitor point located 4 mm below the impeller and near the tip
at r/R=0.95 was created. According to Fig. 15b, both simulations reproduce the -5/3 slope in

the inertial subrange calculated as f/w .= 1-20, which has been related to good predictions of

TKE [40].
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Fig. 15 Turbulence spectrum obtained from a point monitor below the impeller: a) radial
velocity from 14 impeller revolutions, b) Kinetic energy spectrum.
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Furthermore, the frequency blade passages of 33 Hz, 65 Hz and 95 Hz are visible for both
impellers; they are presumably induced by the trailing vortices formed at the tips. However,
the V-model clearly indicates the presence of at least three additional frequencies, 167 Hz,
200 Hz and 233 Hz, which are related to secondary vortices near the tip; these are desirable

for mixing purposes.

To assess the overall performance of the impellers in the ATR, the Np and 7 obtained
experimentally and through LES, were calculated, see Table 1. The Np derived from torque-
meter measurements indicates that by using the V-model, a reduction of 5 % in power
consumption of the drive could be achieved. This was also present in the LES results,
although the Np values were slightly larger than measured experimentally. Similarly, the
pumping effectiveness obtained experimentally is slightly better for the V-model. This
confirms that the use of grooved walls is beneficial to axial pumping purposes, especially for
equipment designed for long time operations. Further geometrical optimization could be even

more profitable.

Table 1. Power and pumping effectiveness obtained experimentally and by LES.

Np HE
Impeller | Exp. | CED-torque | CFD-¢ | Exp. | CFD
4PBT 1.26 | 1.31 0.30 0.62 | 0.56
V-model | 1.20 | 1.24 0.28 0.64 | 0.59

3.4 Mixing time

Fig. 16 shows the profiles of normalized concentration obtained experimentally and trough
dynamic LES simulation for the two impellers. The experimental results show that the tracer

concentration in the case of the V-model begins to stabilize when the time reaches about 3s,
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while in the case of 4PBT, it happens after 4 s. In addition, when the V-model is used, the

mixing time is about 11 % lower (see Table 2) than for 4PBT.
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Fig. 16 Profiles of mean normalized concentrations generated by LES simulation and
experimental measurements: a) Regular impeller, b) V-grooved model.

This can be due to the larger dissipation energy zones and the increase of the vortical regions
induced by the grooves. LES results showed good agreement with experiments from 4s in

the 4PBT case, and from 3s for the V-model, i.e. when the flow shows a steady behavior.

To gain an insight into the quick decay of the tracer distribution induced experimentally by
the V-grooved model, Fig. 17 shows the blending of the tracer obtained 1 s, 2 s and 3 s after
the injection. As can be seen, the tracer is distributed faster for the V-model than for the
4PBT. At Is, the high concentration zone appears more quickly in the central zone, around
the shaft, for the V-model than for the PBT case. At 2s, the enhanced suction effect causes
the tracer to reach the V-model impeller faster than in the 4PBT case, showing a faster
dispersion (3s). This effect can explain why the mixing time is lower with the V-grooved
impeller. The mixing time agreement between the experiment and dynamic LES is thought

to be related to the formulation of LES, which resolves directly the larger eddies that contain
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most of the flow kinetic energy and are convected by the main recirculation loops formed
inside the vessel. In this sense, the overall mixing does not relies only in the dissipative scales
related to ¢ predictions. The sizes of such larger eddies are estimated to range between 1 to 6
mm (proportionally to the grid sizes), being their maximum frequencies estimated of about
100 Hz (related to the adjusted time step for mixing time simulations). According to our
results, with such temporal and grid resolutions it was possible to follow the overall

experimental tendency.

Table 2. Mixing time predicted by dynamic LES simulation and experimental

measurements.
Impeller Experimental Q959 (s) CFD 6959, (S)
V-Grooved 4.0x£0.25 4.74
PBT 4.5+0.25 4.77
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3s (E) (F)

Fig. 17 Contours of the distribution of the tracer at different times after injection. A, C and
E is the field of concentration induced by 4PBT. B, D and F are the field induced by V-
model.

4. Conclusions

The turbulent flow and mixing characteristics of two axial agitators, one with V-grooves and
the other with straight blades, were analyzed i) experimentally by angle resolved PIV with
5° angular intervals and ii), numerically via the dynamic LES model applied to grids of more
than three million cells. Velocities and turbulent parameters at the mid and tip blade planes
were presented and results compared with LES predictions generated on straight and folded

bladed impellers. A dependence of magnitudes for Vi, @, TKE and ¢ with the resolved angle
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was found for both impeller models, indicating a pulsatile behavior of the mean and turbulent

flow.

The levels of ¢ were higher in the angle resolved range 30°<#<50° with the PIV
measurements. Although under-predicted magnitudes of ¢ were predicted by the LES model,
the overall gradients were well reproduced; Vi, w* and TKE appeared in good agreement

with measurements.

In the mid-blade aerodynamic plane, the 4PBT impeller presented higher velocities in
comparison to the V-model, whereas in the tip plane, the effect was opposite. It was noticed
that vortical interactions were present in the mid-blade plane for both models, with a higher
number of zones for the V-model. The latter showed that the flow is tridimensional and
complex, and that not only the tip trailing vortices should be investigated when dealing with
impeller-based research work. For both planes investigated, all flow parameters, except ¢,

were adequately reproduced by the LES model.

From the experimental torque measurements, a drag reduction of about 5 % was reported,
due to the walls modifications of the V-model (in comparison with a straight blade model),
which in turns, showed an increase of pumping effectiveness. Fair N, values were predicted
numerically, but deviations were found when the dissipated numerical power from the

volume integral method was applied.

Finally, the mixing time, which is another important parameter to assess the impellers
performance, showed a decrease of about 11 % for the V-grooves based impeller. This was
a consequence of a better suction that the grooved impeller exerted on the tracer, especially

in the first stages of the mixing process.
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Further blade optimization could be performed to enhance mixing and improve the results.

However, this study has demonstrated that a grooved-blades impeller presents a higher

performance than a standard straight blades impeller as it enhances and produces faster

mixing.
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