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Abstract - Stirred tanks with multiphase mixtures in turbulent flow have numerous applications in industry. In this regime, the 

dispersed phase introduces flow structures at different scales from those observed in a single-phase system, thus impacting the moment, 

energy and mass transfer phenomena within the equipment. In this context, the proper measurement of turbulent parameters becomes 

crucial for better understanding the flow and developing more accurate models. One way to assess the fluid dynamics in this system is 

the application of imaging techniques, such as Particle Image Velocimetry (PIV). In its classic configuration (PIV), one camera 

evaluates a two-dimensional plane and obtains two velocity components (radial and axial). In its stereoscopic arrangement (Stereo-

PIV), two cameras are positioned to assess the same two-dimensional plane, but they allow the reconstruction of the third velocity 

component (tangential). This work aims to investigate the application of these techniques to analyze the flow and turbulent kinetic 

energy (TKE) distribution in a tank stirred by a 45º pitched blade turbine (PBT). Three main criteria are considered: the experimental 

technique (PIV with two camera position settings and Stereo-PIV); the image plane, regarding the impeller blade angles of 0º and 45º; 

and the pseudo-isotropic assumption for TKE estimation. The results indicated that the best procedure for measuring turbulent 

parameters depends on all three criteria combined. In the case of the flow promoted by the PBT impeller, the PIV with the less tilted 

camera presented similar results to the Stereo-PIV using a simpler and more economical setup in terms of computational and 

experimental costs. The pseudo-isotropic assumption proved to be less suitable in the case of classic PIV with a greater camera tilt. In 

this case, due to the perspective error, the radial component seems to be overestimated, leading to higher estimates for TKE. 
 

Keywords: stirred tank, particle image velocimetry, pitched blade impeller, pseudo-isotropic assumption, flow pattern. 

 

 

1. Introduction 
Stirred tanks are widely used in the most diverse industrial processes and often involve mixing components in 

multiphase systems, such as gas dispersions, emulsions formation and mixtures of solids and liquids. The combination of 

phases leads to changes in the flow dynamics and the balance between inertial and viscous forces [1]. In a turbulent 

regime, the dispersed phase introduces flow structures at different scales from those observed in a single-phase system, 

impacting the moment, energy and mass transfer phenomena developed within the equipment [2]. These structures make 

the measurements of turbulent parameters quite challenging. At the same time, obtaining this information is significant as 

operations design and optimization still depend on holistic rules or trial and error type experiments. 

Particle Image Velocimetry (PIV) is a common non-intrusive technique applied to assess the flow in stirred tanks. Its 

operation is based on evaluating light scattering images caused by tracer particles and recorded in high-speed cameras. The 

acquisition of particle images at two different moments allows the determination of the flow field [3]. Other measurement 

systems can be considered when particle image velocimetry is applied. Among them, the classic PIV stands out, in which 

two velocity components are obtained from a two-dimensional plane. Similarly, the Stereoscopic PIV (Stereo-PIV) has 
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been widely applied. In this configuration, two cameras are used in an angular arrangement to obtain three velocity 

components in the same two-dimensional plane. 

One way to analyze the distribution of turbulent kinetic energy (TKE) is through the evaluation of velocity 

fluctuations in a cross-section of the flow [4]. A widely used hypothesis in the literature for this estimate is the pseudo-

isotropic flow assumption, which considers that the velocity components are independent of the measurement 

direction so that the tangential component can be computed as the arithmetic mean of the two measured velocities. The 

main problem with this assumption in the analysis of turbulent flow from stirred tanks is that the drag vortices 

generated by the impeller have a clearly defined orientation, making the approximation not very consistent with the 

reality of the phenomenon [5]. The Stereo-PIV technique can be considered a way to solve the issue of the lack of 

measurements of the tangential velocity component and the inconsistency of the pseudo-isotropic assumption in the 

acquisition of turbulent regime data [4]. However, it is a system that requires greater control over noise and may 

present difficulties in terms of the necessary optical access, in addition to higher costs related to the experimental 

apparatus, processing and data storage. 

This work aims to investigate the best configuration of particle image velocimetry technique for analyzing the 

flow and turbulent kinetic energy distribution of a tank agitated by a 45º pitched blade turbine (PBT). The 

investigation considered three main criteria: the experimental technique (PIV with two camera position settings and 

Stereo-PIV); the plane of analysis regarding the angles in relation to the impeller blade (0º and 45º); and the pseudo-

isotropic condition on the TKE estimation. 

 

2. Experimental Setup 
The system used in this study consisted of a cylindrical acrylic tank with a standard ASME torispherical bottom 

equipped with a 45º pitched blade turbine (PBT) with four blades angled at 45º and four metallic baffles equally spaced. 

The vessel diameter was T = 0.38 m, the impeller diameter T/3 and the baffle width T/12. The turbine was positioned at a 

clearance of T/3. The impeller rotational speed used was 660 rpm (11 rev/s) and the experiments were carried out with 

water as the working fluid (density ρ = 998.2 kg/m³ and viscosity μ = 1.003 x 10
-3

 Pa. s) in a turbulent flow regime with 

Reynolds number of 1.76 x 10
5
. The liquid height was equal to the tank diameter (H = T). 

The data acquisition was carried out using the experimental setup described in Figure 1 and it is composed of two 

identical FlowSense EO 8M-21 cameras (3312 x 2488 pixels, 5Hz) and one Nd:YAG laser (532 nm, 200 mJ), which 

generated a light sheet with 2 mm thickness. The lens axes of both cameras were arranged so that Camera 1 was placed at 

an angle of σ + β = 40º relative to the normal vector of the object plane and Camera 2 was set at σ = 10º. Despite the non-

usual configuration, the Scheinmpflug principle was respected [6]. These positions were selected to decrease the image 

distortion caused by the curvature of the tank. Silver-coated glass spheres (dp = 10 μm) were used as tracer particles. 

Angle-resolved (AR) measurements were made at two fixed blade positions, AR 0º and AR 45º. An encoder enabled the 

synchronization between the laser pulse, impeller movement and the camera trigger. For each blade position, 1000 pairs of 

images were recorded in both cameras in double-frame mode with an interframe time of 100 μs. 

 

 
Fig. 1: Experimental setup with 1. Mixing system, 2. Laser sheet light, 3. Camera 1 and 4. Camera 2 (Adapted from [7])  
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The system was calibrated based on the method developed by Soloff et al. [8] for distortion compensation through a 

third-order polynomial function. A polymer plate was used as a target, containing 0.5 mm diameter points equally spaced 

by 1.5 mm. The cameras obtained the target images in the positions described in Figure 1. The data acquisition and 

calibration were performed by Dantec Dynamic Studio software. After the image acquisition, PIV and Stereo-PIV 

measurements were computed considering three distinct stages: pre-processing, processing and post-processing. In pre-

processing, filters (Gaussian, subtraction by local minimum and intensity capping) were applied to optimize particle image 

format and eliminate background noise with MATLAB (MathWorks Inc, version 2018a) software. In the processing stage, 

standard cross-correlation (SCC) was implemented and optimized by an iterative multigrid strategy with variations of the 

interrogation window [9], [10]. In this strategy, the processing was made in four steps. In each step, the interrogation 

window size was progressively reduced with a percentage of overlap between the neighboring windows. The four steps 

considered interrogation windows with 64 x 64 pixels, 48 x 48 pixels, 32 x 32 pixels and 24 x 24 pixels, respectively. The 

overlap between interrogation windows was 25%, resulting in a final area of 18 x 18 pixels. This stage was performed 

using the PRANA toolbox [11] with MATLAB. After each step, simple post-processing based on the work of Westerweel 

and Scarano [12] was performed to eliminate outliers. In addition, complete post-processing considering the mean absolute 

deviation method (MAD) was applied based on the method developed by Barbutti et al. [13]. 

 

 

2.1. Turbulent Kinect Energy 
The turbulent kinetic energy (k3C) for the Stereo-PIV measurements was estimated from Eq. (1): 
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where    ̅̅ ̅̅ ,    ̅̅ ̅̅  e    ̅̅ ̅̅ ̅ are the root mean square velocities in radial, axial and tangential directions, respectively. These 

components are calculated according to Eq. (2) for the radial direction, for example (the other directions follow the same 

model): 

 

   ̅̅ ̅̅  (   ̅) ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (2) 

 

where u and  ̅ are instantaneous and time-averaged axial velocities, respectively. Two different assumptions were made for 

PIV measurements, in which the third velocity component (in the z direction) is not known. First, it is assumed that this 

component is pseudo-isotropic, then the turbulent kinetic energy is calculated according to Eq. (3): 
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Second, it is assumed that the flow is non-isotropic and the out-of-plane component is zero on the image plane of 

analysis; therefore, the turbulent kinetic energy is estimated by the Eq. (4): 
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3. Results and Discussion 
3.1 Time-Averaged Velocity Fields 

Fig. 2 and 3 show the time-averaged velocity fields of the radial ( ̅) and axial ( ̅) components, respectively, measured 

by (a) PIV-Camera 1, (b) PIV-Camera 2 and (c) Stereo-PIV for the blade angles AR 0º and AR 45º. Fig. 4 presents the 

time-averaged velocity fields of the tangential component obtained by the Stereo-PIV method. All the components were 

normalized by Utip (impeller tip velocity,                    ). Regardless of the impeller position, it can be verified 

that the radial component fields (Fig. 2) obtained by the PIV-Camera 1 have higher values than those obtained by the PIV-

Camera 2 and Stereo-PIV fields. In fact, the maximum value for AR 0º was 0.54Utip in the first case, while the other 

techniques presented a maximum of 0.42Utip for the same blade position. In the case of AR 45º, the maximum  ̅ value for 

PIV-Camera 1 was 0.55Utip, while PIV-Camera 2 and Stereo-PIV identified the highest values as 0.34Utip and 0.40Utip, 

respectively. However, the axial component fields (Fig. 3) obtained by all techniques presented similar values, with an 

absolute maximum of 0.62Utip for all approaches. The higher value of the radial component for the PIV - Camera 1 

technique can be associated with the perspective error due to the more tilted positioning of the camera so that this 

component has its values overestimated and influenced by the tangential component (out-of-plane velocity). 

The flow presented a strongly downward axial pattern due to the movement induced by the down-pumping pitched-

blade turbine. As a result, the axial velocity component predominates in the flow, influenced by the radial and tangential 

components in the discharge zone below the impeller. In this region, more expressive values of the radial and tangential 

components were observed, which can be attributed to the blade movement. The comparison between the angle-resolved 

measurements allows verifying that the highest absolute values of the velocity components followed trailing vortices 

induced by the impeller. It can be observed the movement of the vortices from the suction region at AR 0º to the discharge 

region at AR 45º, which presented a slight deviation due to the pitched blade. The velocity components fields agreed with 

the results of Khan et al. [14], who observed the trailing vortices detachment between AR 0º and AR 45º when analyzing 

the flow promoted by the same type of impeller used in this work. 
 

  
Fig. 2: Time-averaged radial component velocity ( ̅)  fields considering (a) PIV-Camera 1, (b) PIV-Camera 2 and (c) Stereo-PIV at 

AR 0º and AR 45º. 
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Fig. 3: Time-averaged axial component velocity ( ̅) fields considering (a) PIV-Camera 1, (b) PIV-Camera 2 and (c) Stereo-PIV  

 at AR 0º and AR 45º. 

 

 

 
Fig. 4: Time-averaged tangential component velocity ( ̅) fields measured by Stereo-PIV at AR 0º and AR 45º. 
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3.2 Turbulent Kinect Energy Fields 
Fig. 5 and 6 show the turbulent kinetic energy fields estimated by PIV-Camera 1 and PIV-Camera 2, respectively, 

considering (a) the pseudo-isotropic assumption and (b) the non-isotropic approximation. Fig. 7 presents the TKE fields 

computed by Stereo-PIV measurements, taking all three velocity components into account. In all cases, the parameters 

were normalized by the square of the tip velocity (Utip²). The three techniques showed that the turbulent kinetic energy is 

concentrated in the region of the trailing vortices formation and followed its movement from the suction region (above the 

turbine), at AR 0º, to the discharge region (below the turbine), at AR 45º. However, because of the differences observed on 

the radial velocity component measurement, the TKE fields for the PIV-Camera 1 technique display higher values on the 

trailing vortices region, especially when the pseudo-isotropic assumption is considered and at AR 45º. In this situation, the 

maximum value for TKE was 0.11Utip² (at r/R = 0.27 and z/H = 0.33) for PIV-Camera 1 (Fig. 5a), while for PIV-Camera 2, 

the higher value was 0.09Utip², at the same region, as shown in Fig. 6a. 

The comparison among the different approaches on the TKE estimation by PIV-Camera 2 and Stereo-PIV has shown 

that the pseudo-isotropic assumption tends to overestimate the TKE values (Fig. 6a). At the same time, the non-isotropic 

approximation (Fig. 6b) led to similar results with those obtained by the Stereo-PIV method, which considers all three 

velocity components (Fig. 7). This result can suggest that the PIV-Camera 2 technique is the more suitable arrangement 

because it shows similar information related to the Stereo-PIV setup. The classic PIV system is simpler, more economical, 

needs only one acquisition equipment, has better optical access and reduces the demand for noise control, processing and 

storage capacity. 

 

 
Fig. 5: Turbulent kinetic energy fields estimated by PIV-Camera 1 measurements considering (a) isotropic assumption and (b) only 

radial and axial velocity fluctuations at AR 0º and AR 45º. 
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Fig. 6: Turbulent kinetic energy fields estimated by PIV-Camera 2 measurements considering (a) isotropic assumption and (b) only 

radial and axial velocity fluctuations at AR 0º and AR 45º. 

 

 
Fig. 7: Turbulent kinetic energy fields estimated by Stereo-PIV measurements considering all three velocity fluctuations at AR 0º and 

AR 45º. 

 

4. Conclusion 
In this work, three different PIV techniques (PIV-Camera 1, PIV-Camera 2 and Stereo-PIV) were applied to perform 

angle-resolved measurements in two different blade angle positions of 0º and 45º. Additionally, the turbulent kinetic 

energy estimation was computed considering three distinct approaches: the isotropic approximation, the non-isotropic 

assumption and the computation with all three velocity fluctuations. The results allowed to investigate the influence of 

these criteria (technique, blade angle and TKE estimation approach) on the analysis of the flow promoted by a pitched-

blade turbine in a stirred tank. Regarding the flow pattern, it was verified that the radial component fields obtained by the 

PIV-Camera 1 have higher values than those obtained by the PIV-Camera 2 and Stereo-PIV. This can be associated with 

the perspective error due to the more tilted positioning of the camera so that the radial component has its values 
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overestimated and influenced by the tangential component (out-of-plane velocity). The flow presented a strongly 

downward axial pattern due to the movement induced by the down-pumping pitched-blade turbine and it was possible to 

observe the motion of the trailing vortices from the suction region at AR 0º to the discharge region at AR 45º, suffering a 

slight deviation due to the pitched blade. 

The TKE fields for all the techniques showed that the turbulent kinetic energy is concentrated in the region of the 

trailing vortices formation, following its movement from the suction region (above the turbine), at AR 0º, to the discharge 

region (below the turbine), at AR 45º. For the PIV-Camera 1 technique, the pseudo-isotropic assumption tends to 

overestimate the TKE values as a consequence of the higher values obtained for the radial component. The TKE fields 

obtained by PIV-Camera 2 with non-isotropic approximation and by Stereo-PIV present similar results. This can suggest 

that the PIV-Camera 2 technique is a more suitable arrangement because it shows similar information comparing to the 

Stereo-PIV setup with a simpler and more economical system. The following steps of the work involve the analysis of 

these parameters in other flow patterns promoted by different impeller types as well as evaluating multiphase systems. 
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