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Abstract: In this paper the results of experimental research of flow pattern identification during mixing 
process using a stirrer in an off-center orientation in a rectangular tank were presented. The research 
applied Digital Particle Image Velocimetry (DPIV) technique. The velocity vector fields with regard to the 
stirrer orientation and rotational speed of the mixing process were determined and they were subsequently 
applied for identification and assessment of liquid flow pattern in a tank. Also the assessment of flow pattern 
by statistical non-uniform coefficient was introduced.  The relation between the rotational speed of the stirrer 
and stirrer orientation for mixing performance were determined. The study demonstrated some lack of 
analogy in certain areas of liquid behavior during the mixing process in the tank with rectangular cross-
section and circular cross-section. 
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1. Introduction 

Liquid mixing are widely used processes in the majority of industry. On that account an assessment of 
flow behaviour in a stirred tank is the subject of numerous experimental and numerical studies (Virdung 
et al., 2008; Blais et al., 2016; Sharp et al., 2001; Long and Nong, 2017; Malik and Pakzad, 2018; Wang 
et al., 2016; Lamotte et al., 2018). The change in the quality of the mixing process can be achieved by 
changing many parameters for example: type and number of stirrer, rotation speed of stirrer, geometry of 
the tank or an orientation of the stirrer in the tank (Kresta et al., 2016). In the aspect of modifying the 
spatial orientation of the stirrer, two types of solutions are practiced. Change of the angle of stirrer 
rotation and change of the stirrer orientation relative to the center of the tank (Moss, 2004). It should be 
pointed out that the flow patterns of liquid mixing in a such modified geometry are complex in 
description. In this situation, the visualization techniques could be very helpful. One of the possible ways 
to reach information basis on the visualization is Digital Particles Image Velocimetry (DPIV) method. 
The first scientists who introduced DPIV method to the investigation of nature of the mixing process in 
stirred tanks were Ward (Ward, 1995). Due to the wide range of applications, the DPIV method has 
gained importance in the study of the mixing process. The aim of presented research is an attempt to 
assessment of liquid flow patterns in a rectangular tank comprising stirrer in an off-center orientation and 
compared with the flow patterns obtained with the stirrer in the central orientation. To achieve this aim, 
the paper contains correlation of visual identification of flow pattern with statistical analysis of non-
uniform coefficient of mixing process.  

2. Methods 

Experimental research were carried out in a rectangular tank with the dimensions of 0.23 × 0.23 × 0.23 m. 
Three stirrer orientations were adopted: two off-central orientations and central orientation for 
comparative analysis. Application of DPIV method for liquid flow pattern identification required use of 
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Nd:YAG laser synchronized with a CCD camera. Laser sheet generated by optic elements illuminated the 
tank in horizontal plane in half of the height of the liquid level. The tank was filled with water and 
contained seeding particles (PSP20) made of polyamide material. Mixture of water with seeding particles 
occupied the tank part of up to 0.15 m in height. The parameters of the seeding particles (particle 
diameter at the level of 20 µm and density equal to 1.03 g/cm3) make them almost perfectly neutrally 
buoyant in water (Ardian and Westerweel, 2011). The experiment used a magnetic stirring technique. 
Inside the tank, there is a cylindrical magnetic stir bar with the length of 0.045 m and the diameter of 0.01 
m. The ends of the cylindrical bar are rounded. The experiment was performed for four rotational speeds, 
equal to  250, 500, 750 and 1000 rpm. The diagram of the measurement setup and stirrer orientation in the 
tank are presented in Fig. 1.  

 
Fig. 1: Experimental stand with measurement area description (A, B, C – stirrer orientation, 

1-9 measurement points of velocity variability analysis on the laser sheet). 

The adaptive correlation method calculates velocity vectors with an initial interrogation area (IA) of the 
size N in the size of the final IA. Applied calculation algorithm uses the intermediary results as 
information for the next IA of smaller size, until the final IA size is reached. Velocity vectors are 
estimated from mean particle displacement inside interrogation areas (IA) according to the following 
equations:  

 𝐷��⃗�; 𝑡0, 𝑡+1� ≈ ∫ 𝑢��⃗�(𝑡), 𝑡�𝑑𝑡𝑡+1
𝑡0

  (1) 

where D is the displacement and 'u' is the velocity, is the main formula used to calculate velocity vectors. 
For detection and substituting false vector the Universal Outlier Detection (UOD) was applied. UOD 
based on a normalized median test using the surrounding vectors (Westerweel and Scarano, 2005).  
The normalized vector residuals can be calculated as: 

𝑟0 = |𝑈0−𝑈𝑚|
𝑟𝑚+𝜀

                                                             (2) 

where U0 is the displacement vector, Um is the median vector calculated using the neighbourhood vectors 
{U1, U2, …, UM x N–1], rm is the median residual calculated using the neighbourhood residuals 
{r1, r2, …, rm x N–1} where ri = |Ui – Um| for {i = 1, …, M x N–1} and ε is the minimum normalization 
level. If the normalized vector residual is above the detection threshold, the displacement vector can be 
substituted by its median vector, otherwise the vector is left unchanged (Dantec Dynamics, 2015). For 
assesement of velocity varability non-uniform coefficient of mixing kv was introduced. It was assumed 
that the local decrease in liquid flow velocity is caused by the influence of neighbouring liquid streams 
with other component velocities U and V. Therefore, the calculation of the local velocity variation allows 
to determine the intensity of mixing. For this purpose, from all 200 pairs of images at all measurement 
points extraction of instantaneous local velocity were made and subjected to statistical evaluation 
according to equation (3). A similar procedure was used in (Li at al., 2018). The higher kv coefficient, the 
more non-uniform flow of liquid at the measuring point. As a consequence, high mixing efficiency should 
be characterized by high kv coefficients. 

𝑘𝑉 =
�∑ �𝑉𝑖−𝑉��
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𝑛
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                                                     (3) 

where: Vi – instantaneous velocity, 𝑉�  – mean velocity, n – number of measurements.  
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3.  Results 

The identification of the flow pattern using non-uniform coefficient of mixing kv based an analysis of the 
velocity vector field (Fig. 2.). For all series of presented research, velocity vector fields were determined 
with histograms of velocity and extracted local velocities at all measurement points. Each designated 
velocity vector is the resultant of two components in direction U and V. For the case shown in Fig. 2, 
three vortex patterns were identified. The main vortex, which is the direct effect of the rotary motion of 
the stirrer at point A, and two derivative vortices located on the symmetry axis of the tank crossing points 
A and C. The number of border areas between vortices with opposite directions of rotation due to the 
liquid streams intersecting in them, may constitute a parameter describing the mixing process 
qualitatively. The number of this border areas is connected with global number of the vortices and also 
with the size of the vortices. This two parameters vary both due to changes of rotational speed and 
orientation of the stirrer. Quantity and size of the vortex patterns increases with the rotational speed. 
However, it was noticed that the mixing process performed in both off-center stirrer orientations, 
generates flow patterns with a more uniform distribution compared to the central orientation. In view of 
the above, it was found that for rectangular tanks the displacement of the stirrer to the off-center 
orientation does not give the effect in the form of an increase in mixing performance. This regularity is 
clearly represented in the values of the kv coefficient shown in Fig. 3. Regardless of the rotational speed, 
the highest non-uniform coefficients have been achieved for the central orientation of the stirrer. In the 
aspect of the stirrer orientation, there is no analogy in flow patterns of the mixing process occurring in 
tanks with a rectangular cross-section and circular cross-section.  

     
 

 

 

 
Fig. 2: Exemplary results for stirrer orientation at point A and rotational speed equal to 500 rpm: 

a) velocity vector field (value of velocity in m/s), b) global histogram of velocity with 
decomposition on components U and V, c) extracted instantaneous velocity at point 4.  

a) b) 

c) 
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Fig. 3: Global non-uniform coefficient of mixing kv in rectangular tank (A, B, C - stirrer orientation) 

4. Conclusions  

On the basis of the measurements and analysis the following conclusions were formulated: 
− DPIV method is a useful tool for flow pattern identification during mixing processes and makes 

possible to describe flow patterns by non-uniform coefficients of mixing, 
− The number and size of the vortex patterns increases with the rotational speed, 
− Shaping the flow patterns under influence of stirrer displacement to off-center orientation does not 

occur in the same way in a tank with rectangular cross-section and tank with circular cross-section, 
− In a rectangular tank comprising stirrer in a both tested off-center orientations, compared to the 

central orientation, no increase in the mixing performance has been observed. 
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