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Abstract. Stirred tanks agitated by impellers are used in a wide range of industries, e.g., chemical, food, pharmaceutical,
and petroleum. The tank design, the impellers, and the number and type of baffles are often associated with their
application. Thus, the experimental investigation of these parameters in the turbulent flow is crucial for the control and
optimization of this equipment. Particle Image Velocimetry (PIV) is a non-intrusive and quantitative technique that
allows determining the vector fields of the flow using tracers. The distribution obtained by this method can also assist in
the validation of CFD simulations. The objective of this work is to estimate the energy dissipation rate (EDR) of a stirred
tank from PIV 2C-2D measurements and its relation with the spatial resolution. The work was conducted in 0.38 m
diameter tank (T) with a pitch blade turbine (PBT) impeller of diameter D ( D/T = 1/3) in water. The angle-resolved
PIV enables a number of turbulent features to be identified. Hence, measurements were taken for three angles, 0°, 45°,
and 75°. The EDR was estimated using four methodologies: by the assumption of local axisymmetry (AS), by direct
estimation (DE), by modified direct estimation (MDE), and by large eddy simulation (LES). For the optimization and
reduction of possible errors, different processing strategies were used to decrease the noise level of the PIV
measurements. This study showed that values of EDR were found to vary by two orders of magnitude from near the
impeller to the circulation region of the tank. Herein, the effect of measuring angle on EDR was analyzed and provided
an insight into the anisotropy of the turbulence in the stirred tank. However, EDR estimation is exceptionally challenging
due to the lack of knowledge to distinguish its accuracy and the influence of spatial resolution.

Keywords: Turbulence flow, EDR, Spatial Resolution, Stirred tank, Impeller, PIV.
1. INTRODUCTION

Mechanically agitated mixing tanks are widely used in industrial operations such as in the food, pharmaceutical, oil,
chemical, and metallurgical areas. They are used for mixtures of liquids, solid-liquid, dispersion of gas in liquids, reactive
flows, and to improve the efficiency of mass and heat transfer (Guida et al., 2010). Impellers (or mechanical stirrers) and
baffles (or deflectors) are the essential elements of a mixing tank. Due to the application of the mixing tank in different
contexts, its geometry, the design of the impellers, and the number of deflectors are important variables in the optimization
of this equipment. Thus, these geometric properties and operating conditions can directly define the fluid dynamics inside
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the tank (Basavarajappa et al., 2015; Sossa-Echeverria and Taghipour, 2015). The flows generated in the agitated tanks
are predominantly turbulent due to the high rotor speeds used to achieve the necessary process conditions, such as the
mixing time (Basavarajappa et al., 2015). Research to investigate the characteristics of turbulent flow in processes is
essential for understanding the industrial operations mentioned above. The energy dissipation rate is widely studied to
determine the characteristics of the single-phase and multiphase mixing process (Joshi et al., 2011; Liu et al., 2016). In
the turbulent regime, fluid dynamics are characterized by a wide range of length scales, for example, the Kolmogorov
scale (Eq. 1) — n, where turbulent kinetic energy is dissipated by molecular viscosity (Escudié and Liné, 2003).
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Where v is the kinematic viscosity of the fluid.

Particle image velocimetry (P1V) is one of the most relevant experimental techniques in contributing to many advances
in understanding turbulent and complex flow (Westerweel et al., 2013). The PIV technique is a non-intrusive flow
measurement method that provides instantaneous velocity fields through tracer particles introduced into the flow
(Okamoto et al., 2000; Prasad, 2000). According to Hoque et al. (2014), it is possible to calculate important parameters
such as velocity gradient, integral length scale, structure functions, and spatial energy spectrum from PIV 2C-2D data.
However, there are certain conditions to estimate the energy dissipation rate from the velocity data, and each of them has
limitations depending on the theoretical assumptions, such as assuming isotropy.

1.1. ENERGY DISSIPATION RATE

In a mixing tank, the impeller transmits kinetic energy to the fluid, generating both the mean flow field and the
fluctuating velocities associated with it (Guida et al., 2010). The kinetic energy supplied to the fluid by the impeller is
eventually converted to heat by viscous dissipation. Shear stresses perform a deformation work that increases the internal
energy of the fluid at the expense of the kinetic energy of turbulence (Khan, 2005). Direct PIV experimental data are
unable to resolve the smallest length scale, resulting in underestimation of turbulent dissipation (Hlawitschka and Bart,
2012). In addition, for the PV 2C-2D technique, only the axial and radial components of the velocity can be measured in
the x — y plane (Unadkat, 2009). Thus, several estimation methods have been studied in the past years to decrease the
EDR underestimation, and the following methods were performed in this work.

1.1.1. DIRECT ESTIMATION (DE)
Gabriele et al. (2009) determined the EDR using direct estimation. For this method, it is necessary to provide an

estimate for the third component (w), in this case, using the statistical isotropy hypothesis (Delafosse et al., 2011; Gabriele
et al., 2009; Hoque et al., 2015; Khan, 2005; Liu et al., 2016; Sharp and Adrian, 2001).

o =v[2(3) +2(5) +3(2) +3 () 255 @

1.1.2. MODIFIED DIRECT ESTIMATION (MDE)

According to Alekseenko et al. (2007), another method to estimate the EDR is using a correction factor. The proposed
correction factor, f, based on Pao (1965) spectrum for PIV resolutions below the Kolmogorov length scale, as follow:

3 (m 4-/3
fo1—el3Gm] ®
me = (22) " 4)
empe = Epg/fe (5)

Where « is a constant equal to 1.6, n,, is the modified Kolmogorov length scale and &), Was computed iteratively
as follows: in the first cycle, f, was taken as unity, and the value of n,, was estimated from the hypothetical value of &,
where e = max(eypg)- In the second cycle, f, was calculated from Eqg. (3), and n,, was recalculated.
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1.1.3. LARGE EDDY SIMULATION (LES)

The energy dissipation rate can be estimated by the large eddy simulation. Sheng et al. (2000) proposed this method
that estimates the EDR by multiplying the sum of terms known by 9 / 5. Consequently, velocity gradients should be
replaced by the sum of the known terms multiplied by 12 / 6. Thus, the estimation of EDR by the LES method is given

by:

3
cues = 20 [ (2) 5 2 (2) w2 (2) w2 (2] ©
LES s dx ay dax ay

Where A is the filtered scale corresponding to the size of the interrogation window used in the PIV and C; is the
Smagorinsky constant, which can be assigned a value equal to 0.21 (Meyers and Sagaut, 2007).

1.1.4. ASSUMPTION OF LOCAL AXISYMMETRY (AS)
This method to estimate the EDR is an alternative way, depending only on the measurements in the x —y plane. Once
the asymmetric axis is identified, this hypothesis leads to an estimate of the EDR using the four velocity gradients solved

in the 2D Classic PIV (George and Hussein, 1991; Xu and Chen, 2013). Thus, EDR can then be estimated from the
velocity gradients of the measured planes using the Eq. 2.

s =v[-(3) +8 () +2(2) +2(3)] g

2. METHODOLOGY

Experiments were conducted in an acrylic tank with ASME 10% torispherical bottom (width T = 380 mm, height
H =760 mm (50 L)) equipped with a four pitched-blade impeller (diameter D = T /3 and inclination angle 45°) and
four equally spaced baffles (B = 0,1 T), as shown in Fig. 1. The chosen fluid for the experiments was water with the
following physical properties density p = 998.2 kg - m™~3, and viscosity 4 = 1.003 mPa - s. The impeller was placed,
and its rotation speed was maintained at N = 660 rpm, providing a Reynolds number Re = pND?/u (230,000). As
shown in Fig. 1(a), the PIV 2C-2D system consists of a Nd:YAG laser (emission wavelength 532 nm), a FlowSense EO
8M-21 CCD camera with a resolution of 3312 x 2488 pixels. The seeding particles used were silver coated hollow glass
spheres with a mean particle diameter of 10 um provided by Dantec Dynamics. A shaft encoder was employed to control
the camera and laser by impeller position. In the present work, the angle between the impeller blade and the measuring
plane was set to 0°, 45°, and 75° to demonstrate the anisotropy of flow in the stirred tank. The angle-resolved (AR)
measurements were performed considering a fixed position between two consecutive baffles, and varying the plane
relative to the position of the impeller, considering the 0° starting point in this plane. In other words, the tip of the impeller
was aligned at 0° relative to the 45° plane between two baffles.

Figure 1: Experimental set-up for PIV investigation: 1. Motor; 2. Shaft for adjusting the impeller height; 3.
Torquemeter; 4. Acrylic tank; 5. Camera; 6. Baffles; 7. Shaft; 8. PBT 45° impeller.



L. F. de L. e Freitas, H. L. de Moura, R. de L. Amaral, P. T. da Silva, J. R. Nunhez and G. J. de Castilho
Estimation of the Energy Dissipation Rate in a Stirred Tank by 2D PIV Measurements

For each experiment, 1,000 pairs of images were recorded in double-frame mode and 100 us interframe time. The
initial spatial resolution was defined as 36 x 36 px with a value of the size of the interrogation window (A) equal to 1.08
mm and with a final resolution of 5 x 5 px with a window size corresponding to 0.15 mm. In the image processing, the
multigrid iterative interrogation window deformation strategy was applied, which was carried out from the adaptation of
the spatial resolution (Kim and Sung, 2006). In this way, the size of the interrogation window was reduced progressively
in 5 steps, making it possible to obtain 6 different spatial resolutions to analyze the EDR distribution: 36 x 36 px (1.08
mm), 27 x 27 px (0.810 mm), 20 x 20 px (0.6 mm), 15 x 15 px (0.45 mm), 10 x 10 px (0.3 mm) and 5 x 5 px (0.15 mm).
Images were processed with standard cross-correlation (SCC) technique and optimized using the signal-to-noise ratio
(SNR) metrics. The experiments were carried out with the camera focused on a limited image area to obtain high spatial
resolution levels. Thus, the main objective of this study was to analyze the effect of estimating the EDR values from the
variation of the spatial resolution for different fixed positions of the impeller in the image plane (0°, 45°, and 75°) in
angle-resolved measurements. To observe this effect, 4 methods of estimating EDR, described above, were studied,
namely: local axisymmetry (AS), direct estimation (DE), modified direct estimation (MDE), and large eddy simulation
method (LES).

3. RESULTS AND DISCUSSION

Figure 2 shows the results of the EDR distribution obtained at AR 0 ® measurements in two spatial resolutions: 36 x
36 px (1.08 mm) and 10 x 10 px (0.3 mm). The EDR distribution was estimated by the four methods described in the
introduction, considering the EDR normalized by the rotation speed (N) and tank diameter (D), in the relation: €/N3D?2.
The results for the 36 x 36 px resolution showed that the normalized EDR values varied in a range from 0 to 0.15 for the
AS, DE, and MDE methods, whereas for the LES method, the maximum normalized EDR value was equal to 4. For the
EDR distribution obtained for the 10 x 10 px of spatial resolution, the values of the maximum £/N3D? increased by 85%
for the first 3 methods, with a value equal to €/N3D? = 1, while for the LES method, the increase in e/N3D? between
the two spatial resolutions was smaller — with 20% variation compared to 36 x 36 px. It is evident the increase of the
spatial coherence in the £/N3D? distributions by varying the spatial resolution from 1.08 mm to 0.3 mm. Also, the
turbulent kinetic energy dissipation initialized just above the impeller tip and concentrated in that region for both spatial
resolutions at AR 0°. While far from this region, little variation in energy dissipation was observed. This behavior is
related to the formation and dissipation of the trailing vortex behind the reference blade, which occurred from this angle
in a circulatory movement through the interaction of the impeller blades with the baffles, as described by Schafer et al.
(1998). In other words, a significant change in velocity caused by the movement of the blades occurred in this region
close to the impeller, which generated considerable energy dissipation just behind and above the lead blade at AR 0°.
Besides, the turbulence treatment was performed using an angle-resolved approach; thus, the periodicity induced by the
crossing of the blades was attenuated, so that the dissipation values found have a main random contribution, in other
words, the intrinsic turbulence to the flow (Yianneskis, 2000).

Figures 3 and 4 show the distribution of £/N3D? estimated by the same methods and spatial resolutions, at AR
measurements 45° and 75°, respectively. Analyzing Fig. 3 for the 45° AR, it was possible to observe deviations from the
maximum values of £/N3D? related to the effect of increasing the spatial resolution for the AS, DE and MDE method,
whose value was increased in 87.5%, with local maximum equal to £/N3D? = 0.4. While for the LES method, the
increase in spatial resolution to 0.3 mm implied an increase of 46.67% in the maximum of £/N3D?, with a value equal
to /N3D? = 1.5. Applying the same analysis to Fig. 4, the deviations from the maximum of &/N3D? for the three
methods were around 90%, with a final value e/N3D? = 0.25 for AS and DE, while for the MDE method, the final value
was equal to e/N3D? = 0.3. The variation at AR 75° for LES was 50%, with a final value equal to e/N3D? = 0.6.

It was observed the increase of AR leads to a high deviation between the local maximums of EDR. This may be
related to a higher degree of anisotropy for greater angles associated with the effect of magnifying the spatial resolution.
Higher spatial resolutions imply a more significant number of velocity vectors computed in the plane optimizing the
representativeness of €/N3D? — predominantly anisotropic regions that present different turbulence scales (Micheletti et
al., 2004; Liu et al., 2016). This can be evidenced by the points with intense magnitude (in red) of £/N3D?, possibly
inadequate in terms of representativeness of the phenomenon, for the 36 x 36 px resolution in the impeller discharge
region. These inappropriate points occurred for both 45° and 75° angles in the vortex region of the PBT 45° impeller.
This region is characterized by a non-stationary flow, with recirculation, vortices, eddies and pseudo turbulence
(periodicity) that can be related to different macro instability phenomena (Hasal et al., 2008).

Still comparing the dissipation phenomenon for different angles, from a global perspective, it was possible to observe
for all ARs, a region of high energy dissipation presented itself close to the impeller tip. Also, it was clear that the
maximum point shifted in the measurement plane, as the impeller blade changed its angle, indicating the movement and
dissipation of the trailing vortices in the discharge region, suggesting a helical circular shape (Schéfer et al., 1998; Roy
etal., 2010). Comparing the 0°, 45° and 75° angles, the maximum points £/N3D? reduced proportionally with the increase
of the blade angle. This indicated that the dissipation of the vortices occurred in a small region and gradually with the
movement of the impeller relative to the baffle. It was also possible to observe that at AR 45°, the maximum point occurred
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farther from the tip of the impeller, indicating that for this angle, significant axial extension of the dissipated trailing
vortices occurred.
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Figure 2: Angle-resolved EDR distribution of 0° using different estimation methods with 36 x 36 px or 10 x 10 px (a)
AS; (b) DE; (c) MDE and (d) LES.

At AR 75°, however, it was possible to observe a greater spread of the dissipation in the impeller discharge region,
because, at this angle, there was greater interaction between the trailing vortex formed with the bulk flow, with a mixture
between high and low /N3D?2. This phenomenon described the dispersion, in which the vortices produced near the
impeller blade broke as these structures move from the tip to the region of strong turbulence, where friction with the fluid
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dissipated most of the energy (Yianneskis, 2000; Ducci and Yianneskis, 2007). The understanding of this mixing process
and the characterization of these macro instabilities defined by trailing vortices and their effect on the efficiency of the
agitation processes are complex and still presents study opportunities, as mentioned by Nikiforaki et al. (2003).
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Figure 3: Angle-resolved EDR distribution of 45° using different estimation methods with 36 x 36 px or 10 x 10 px: (a)
AS; (b) DE; (c) MDE and (d) LES.
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Figure 4: Angle-resolved EDR distribution of 75° using different estimation methods with 36 x 36 px or 10 x 10 px: (a)
AS; (b) DE; (c) MDE and (d) LES.

According to Saarenrinne et al. (2001), it is possible to obtain 90% accuracy in determining the EDR for A = 25 and

65% accuracy for 4 = 97. In this work, n = 0.029 mm determined by n = (v3/e'T)1/4. The average rate of energy
dissipation in the tank was obtained by € = &, = P/pV. In this case, P (P = 2rMN) is the power, M being the torque
(0.98952 N - m), obtained experimentally for 660 rpm, and V the tank volume (0.05 m?). Thus, for the spatial resolution
of 36 x 36 px, we obtained 4 ~ 375, which was equivalent to an accuracy of 8% for EDR. And for the spatial resolution
of 10 x 10 px, the calculated value was 4 = 10n, which was a representation close to 50% for the EDR distribution.
Figure 5 shows the results for the mean spatial dissipation obtained as a function of the interrogation window for the 0°,
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45°, and 75° plane. The results showed an exponential effect of the EDR values with the decrease in A that confirms
which was already reported in the literature. As shown in Fig. 6, decreasing to a resolution of 5 x 5 px (A =0.15 mm) for
AR 45°, the noise interference became predominant due to several factors in PIV measurements. Some of them can be
the possible insufficiency of pairs of images of correlated particles, reflections of the laser light, particle diameter very

close to the value of A, among others (Tanaka e Eaton, 2007). In this way, the values of the EDR distribution were
overestimated at this resolution.
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Figure 5: Turbulence energy dissipation, averaged over the impeller stream region, plotted against spatial resolution of
the PIV measurements (a) AR 0°, (b) AR 45°, (¢c) AR 75°.
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Direct estimation of EDR using velocity gradients with the assumption of isotropy (DE), local axisymmetry (AS), or
local isotropy (MDE) resulted in a significant underestimation of EDR with the growth of A. However, the indirect
estimate (LES) showed higher values of EDR compared to the other methods, although it showed the same variation with
the increase in A. The DE and AS methods showed subtle differences for EDR (Fig. 5), but the values were underestimated
due to the hypotheses followed by the methods. For example, the assumption of the isotropy that approximates seven
components of the velocity gradient tensor making the precision of the DE method difficult, since the small-scale flow is
anisotropic, not only near the impeller tip but throughout the all investigated region (Sharp and Adrian, 2001). In addition
to the isotropy assumption, the numerical error in the estimation of the velocity gradient from the PIV data increases the
susceptibility of the presence of noisy data (Hoque et al., 2015). To apply the AS method, the axisymmetric axis must be
predetermined, and different selections result in differences in the EDR, and as the DE method, it provides significant
underestimated values as the size of the interrogation window increases (Xu and Chen, 2013).

Regarding the MDE method, the Pao (1965) model was used to evaluate the results obtained. Figure 7 (a) shows, for
example, for AR 45°, that the data obtained from the spatial resolution of 36 x 36 px not fitted the model presented, unlike
the data obtained from the spatial resolution of 10 x 10 px (Fig. 7 (b)) that converged reasonably — see region 30 < A/m <
250. Thus, it is possible to assume that the MDE model has little influence to correct the underestimation of EDR.
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Figure 7: The underestimation coefficients (f,) for EDR using MDE with (a) 36 x 36 px (1.08 mm) and (b) 10 x 10 px
(0.3 mm).

Based on an LES approach, the EDR captures at least 70% of the real value of the kinetic energy dissipation in the
flow using PIV (Sharp and Adrian, 2001). The LES method estimates the dissipation rates using a simple turbulent
viscosity hypothesis model. As shown in Fig. 2, the values obtained for EDR by the LES method are higher than the DE,
MDE, and AS methods. Since the current PIV measurements were not resolved to the Kolmogorov scale, the Smagorinsky
model was used to estimate the amount of dissipation contained in the unresolved scales. Thus, this method is dependent
on the Smagorinsky constant, and according to Meyers and Sagaut (2007) the theoretical behavior of C in many practical
simulations is far from being constant. In this work, C; = 0.21 was adopted as previously presented. In the literature, the
value of the Smagorinsky constant generally varies between 0.13 (Gabriele et al., 2009), 0.17 (Sheng et al., 2000; Pope,
2000), and 0.21 (Meyers and Sagaut, 2007; Sharp and Adrian, 2001). The implementation of other values for C,; will be
discussed in future work.

4. CONCLUSION

Measurements of energy dissipation rate (EDR) were obtained in a tank mechanically agitated with water by a PBT
45° impeller in downward pumping equipped with baffles using PIV (2C-2D) technique. Measurements at angle-resolved
were evaluated regarding the respective impeller angles at 0°, 45°, and 75°. Four different methods for calculating the
EDR were used: local axisymmetry (AS), direct estimation (DE), modified direct estimation (MDE), and large eddy
simulation method (LES). Results of normalized EDR distribution showed a strong influence on the effect of spatial
resolution. For the finer spatial resolution, 5 x 5 px, it was observed an overestimation of EDR levels causing loss of
coherence of the dissipation phenomenon. For all angle-resolved, the deviations from the maximum values found for
normalized EDR were above 80% for the AS, DE, and MDE methods. Only for the LES method, a deviation of less than
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50% for the angles of 0°, 45°, and 75° was obtained.
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