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H I G H L I G H T S

• The performance of two new design turbines with grooved blades 45° was evaluated.• Dissipated power was reduced until 6% with new designs, compared with the 4PBT.• The trailing vortices induced by new impellers were modeled with the DES approach.• Validation of the modeling was carried out by PIV experimental tests.

A R T I C L E I N F O

Keywords:
Grooved blade impeller
PIV
DES
Energy dissipation rate
Agitated tank

A B S T R A C T

U or V shaped grooves have shown reduction in energy and power consumption in blunt bodies immersed in turbulent
streams. In this work, the performance of two new design turbines with four blades rotated 45°, one with U and the
other with V grooved shape blades, were evaluated in a baffled stirred tank reactor and they were compared with the
one of the regular 4PBT. The power consumption, mean velocities, turbulent kinetic energy production (TKE), energy
dissipation rate (ε) and trailing vortices induced by new design impellers with grooved walls and 4PBT were evaluated
experimentally and modeled by detached eddy simulation (DES) approach, which has not been tested in blade walls
with small perturbations. Validation of the results was carried out by PIV (Particle image velocimetry) experimental
tests. The evolution of new and distinctive trailing vortices located in the upper and lower faces of the grooved new
design impellers is presented. They were measured by angled resolved PIV technique, and visualized in three di-
mensions by the DES method. The V-grooves shaped impeller generated a larger region of influence of the turbulent
kinetic energy along the discharge region than the other impellers. Moreover, presented higher mean dissipation rate
levels for the most of the measured angles and induced higher number of trailing vortices in the blades vicinity than the
other turbines. It was found that in a wide range of the Reynolds number (Re) (40×103 < Re < 125×103) the
dissipated power measured experimentally from shaft, presented reductions of the order of 6% and 4% for the U and V
grooved new models, respectively, compared with that of the regular 4PBT impeller.

1. Introduction

Agitated tank reactors (ATRs) are devices commonly used in chemical,
mineral process engineering, food, and wastewater treatment industries with
the aim of increasing the reaction rate and chemical-physical homogeniza-
tion. While ATRs are easy to build and operate, the flow patterns induced by
impellers are composed of a wide spectrum of temporal and spatial scales. For
turbines with standard designs, a variety of work have been devoted to

describe the mean flow and turbulent characteristics of the flow inside ATRs
as function of variations in parameters as impeller diameter, clearance, ec-
centricity, number of baffles, blade angle and flow regime [1–4]. It is known
that the impeller blades are responsible for the conversion of mechanical
energy to momentum, defining hence the overall flow patterns and mixing
characteristics present in the vessel. Thus, an analysis of its influence is a
critical issue for designing purposes. In that sense, the mixing quality in an
ATR relies greatly on the nature of the vortices created by the blades, its

https://doi.org/10.1016/j.cej.2018.10.015
Received 22 May 2018; Received in revised form 26 July 2018; Accepted 2 October 2018

⁎ Corresponding author.
E-mail address: samd@correo.azc.uam.mx (S.A. Martínez-Delgadillo).

Chemical Engineering Journal 358 (2019) 225–235

Available online 04 October 2018
1385-8947/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2018.10.015
https://doi.org/10.1016/j.cej.2018.10.015
mailto:samd@correo.azc.uam.mx
https://doi.org/10.1016/j.cej.2018.10.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2018.10.015&domain=pdf


position, the turbulence kinetic energy (k) and dissipation rate (ε) and its
energy consumption. Works as those of Ge et al. [5] and Kumaresan and
Joshi [6] have reported valuable calculations of parameters as power number
(NP), pumping number (NQ), k and ε present in hydrofoil, Rushton or axial
turbines with plane or slightly twisted blades. Nevertheless, in such works,
the effect of small scale flow perturbations imposed on blades, which have
been proven to be beneficial from an energetic point of view has not been
addressed. Vasconselos et al. (1999) studied the turbulent flow induced under
gasified or un-gassed conditions using a Rushton turbine with streamlined or
perforated blades [7]. Depending among the design, the NP is capable to
decrease at expense of an increase in mixing time, at the same rotational
speed. Also, diverse correlations between the inter-stage exchange number,
NP and mixing time were stablished. Ankamma Rao and Sivashanmugam
(2010) reported power consumption reductions in a Rushton turbine when
small triangular or rectangular slices are made in the blade tips, for a range
Re from 50×103 to 200×103 [8]. According to the authors, such reduc-
tions are related to decreases in the shear forces that occur in the blade tips.
More recently, Steiros et al. [9] and Başbuğ et al. [10], implemented direct
numerical simulation (DNS) to analyze the effect of squared fractal shaped
blades in a Rushton turbine. Authors obtained reductions in NP, which in
turn, were explained as function of changes in the recirculation wake formed
behind the blades. So, it is recognized that with small scale wall modifications
NP can be reduced. Also, most of works have focused on wheel turbines.
Another alternative not explored yet in order to reduce the drag forces and
hence NP in bodies influenced by an adverse gradient pressure is based on
grooved surfaces. From an hydrodynamic point of view, grooved surfaces has
proven to be capable of reducing shear forces and promote delay in the se-
paration point on blunt bodies. For example, Lim and Lee [11], obtained a
drag reduction of 19% in the subcritical flow over a circular cylinder, emu-
lating the effect of the small scale riblets with sharp edges, which reduced
drag in flat plates [12]. Thus, as the aerodynamic features of a circular cy-
linder (blunt body) found a large similitude with those of a rotating blade,
and considering that the U and V grooves have been successful used as
passive devices to obtain drag benefits [12,13], in this work, the perfor-
mances of two new design axial impellers namely, U-grooved and V-grooved
are evaluated. Both designs composed of four blades rotated 45° with
grooves; one with U-shaped grooves and the other with V-shaped grooves. To
gain insight about the velocity components, turbulent parameters and trailing
vortices, produced by these new impellers, the angle resolved PIV technique
was applied. In addition, NP estimations based on torque measurements over
the range (40×103 < Re < 125×103) were made. The results were
compared with those of the regular 4PBT impeller. To understand the in-
fluence of grooved blades on the trailing vortices, the detached eddy simu-
lation technique (DES) was applied. The main objective of this work is based
upon the actual necessity of designing new type of turbines of simple man-
ufacture capable of optimize mixing and decrease power consumption in long
time operation mixing devices. Also, the angle resolved maps of velocities,
turbulent variables, vorticity and trailing vortices could be used to validate
the application of other turbulence models applied to walls with small scale
perturbations.

2. Materials and methods

2.1. Impeller models

Two new different blade designs were tested and it performance was
compared with a regular 4PBT impeller with plane blades. The new designs
have groove blades, one with curved blades, resembling U-grooves, and the
other with triangular V-grooves as shown in Fig. 1. For simplicity, during
the rest of the document, the U and V grooved impellers will be named as U
and V model respectively. The new design impellers dimensions are defined
based on the blades width w=14.3mm.

2.2. Experimental arrangement and operational conditions

The experimental outline consisted of an acrylic SRT (T=250mm),

four equally spaced baffles (B= 0.1 T) and an impellers (D=T/3,
w=14.3mm and C=T/3). This is depicted in Fig. 2a. The working
fluid used was water (ρ= 998.2 kg/m3 and µ=1.003mPa·s). As a
consequence of the refractive index effects the SRT was placed inside a
cubic tank filled with the same level of water (H=T). The angular
velocity was set to N=500 rpm, at such conditions the flow was fully
turbulent (Re= ρND2/µ≈ 52,000).
The velocity fields measured were acquired from a 2D PIV system (TSI

Incorporated), integrated for a double-pulse Nd:YAG laser, that generates a
beam with a wavelength of 532 nm and energy of 75mJ per pulse. An
optical array converts the round laser beam into a laser sheet of approxi-
mately 1mm thick. 400 pairs of photos with a capture rate of 14 frames/s
were taken with a high-resolution cross-correlation camera (2360×1776
pixels) with a time difference of 100 µs. The test section covered an area of
≈0.101m×0.075m situated half way between two baffles, achieving a
spatial resolution of ≈43 µm/px being the vector displacement of 0.69mm.
A shaft encoder was adapted to provide the trigger signal to the camera. In
order to assess the angled resolved measurements, 18 planes located at
different blade angles were measured (Δθ=5°). The blade angle θ=0°
correspond to the mid-plane of a blade, Fig. 2b. TSI Insight 4G software was
applied to analyze images via the Nyquist recursive grid algorithm, with an
interrogation window of 32 by 32 pixels and 50% overlap between them.
Torque measurements were acquired by a Futek FSH1980 rotary torque
sensor with a maximum torque capacity of 1.41N·m at a rate of 50Hz,
precision of 0.5%, with temperature control. The value used for calculations
was the mean of 900 measurements.

2.3. Turbulent kinetic energy and dissipation rate calculations

In order to obtain turbulent data free from the periodic waves induced
by blade motions, the triple decomposition procedure shown in the work of
Sharp and Adrian [14] is applied by using Eq. (1). Here, u″ represents a
fluctuating velocity component, U the instantaneous velocity being u |
the average velocity obtained at a fixed blade position.

=u U u | (1)

Because of the 2D PIV is not capable to measure the third velocity
component and according with the pseudo-isotropic assumption of the
turbulence, the k is calculated as function of the two measured fluc-
tuating velocity components as shown in Eq. (2). Khan et al. (2006)
verified negligible deviations between 2D and 3D PIV maps, for both,
magnitudes and locations [15].
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The turbulence dissipation rate ε is composed of 12 terms, however
from the 2 velocity components measured, just 4 terms could be ob-
tained. In order to estimate the contribution of the non-measured ve-
locity the turbulence is considered statistically isotropic. An interesting
approach to calculate ε from 2D-PIV with spatial resolutions (Δ) larger
than the Kolmogorov length scale = v( / )K T

3 1/4 is the large eddy ap-
proach [16]. In this method, the contribution of the scales smaller than
the interrogation window of PIV is modeled by a sub-grid scale model
which compensates ε values. In this work, the Eq. (3) as defined by
Khan (2005) was implemented [17].
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The Smagorinsky constant Cs was adjusted for each impeller de-
pending on the radio Δ/λk, according to Meyers and Sagaut [18]. From
the experiments Cs≈ 0.16 for the three impeller models, so the 0.16
value was used as a constant. In the discussion of the results, the maps
will be normalized with the tank averaged specific dissipation rate as
ε*= ε/εT. Here, εT (W/kg) was calculated for each impeller from the
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