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--------------------------------------------------------ABSTRACT----------------------------------------------------------- 

The present study investigates the flow patterns and turbulence characteristics in a baffled reactor stirred by 

six-bladed Rushton Turbine (RT) placed at 1/3
rd

 and 1/9
th

 height of the tank above its bottom surface using the 

Computational Fluid Dynamics (CFD) approach. The well-known double loop to single loop flow pattern 

transition and the associated reduction in the power number were accurately predicted using the steady state 

Multiple Reference Frame (MRF) impeller modelling scheme along with the standard 𝑘 − 𝜀 turbulence model 

closure. The substantial reduction in the characteristics of trailing vortices (size, strength and coherency) with 

the decrease in the impeller clearance leads to the formation of weaker wake region behind the blades. The 

weak entrainment of the wake reduces the pressure drag and torque associated with the rotating impeller which 

in turn decreases the impeller power number. Although, the RT located close to the tank bottom develops 

weaker discharge stream, the additional strong vortices generated below the impeller centre-plane increases the 

turbulent action near the bottom surface of the tank. The differences in the flow instabilities may be the likely 

reason for the observed flow pattern transition and this aspect needs detailed investigations using the advanced 

experimental and CFD methods in the near future. 
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I. INTRODUCTION 

The stirred reactors with RT impeller placed near the bottom surface develop single re-circulation 

pattern suitable for the solid-liquid suspension processes and pump-mix mixers present in the nuclear industry at 

a lesser power consumption [1]. The critical ranges of impeller clearance (height of the impeller above the 

bottom surface of the tank) have been determined by several researchers [2-5] using the experimental as well as 

computational approaches below which the standard double loop pattern changes into single loop pattern with 

abrupt decrease in the power number. Further studies have been conducted to analyze the sensitivity of the 

critical ranges of impeller clearance towards the various reactors parameters. The rotational speed of the 

impeller [6], diameter of the vessel, physical properties of the fluid as well as the particle have insignificant 

influence on the critical ranges of impeller clearance under turbulent conditions [4] while the larger diameter of 

the impeller reduces the same for the effective flow pattern transition [1]. Unfortunately, less interest has been 

attributed till date in explaining the reasons behind these flow field variations as the impeller position is shifted 

near the bottom of the vessel. Thus the present study investigates the mechanism behind the reduction in the 

power number as the impeller clearance is reduced towards the bottom of the tank using the steady state CFD 

modelling approach. The steady state CFD approach was found to be suitable for modelling the complex flow 

pattern transitions and the allied flow field variables at a lower computational cost as compared to the unsteady 

approaches [7]. 

 

II. STIRRED TANK CONFIGURATIONS AND COMPUTATIONAL METHODOLOGY 
The baffled vessel agitated by RT impeller placed at one-third height of the tank (H/3) as well as one-

ninth height of the tank (H/9) from the bottom surface were numerically simulated. The former standard 

configuration of the vessel is denoted as Std-C and the latter configuration is represented as Low-C respectively 

hereafter. The various dimensions of the tank, baffles and the impeller were same as that used by Wu and 

Patterson, 1989 [8]. The water was used as the working fluid and the impeller was rotated at a speed (N) of 200 

rpm to generate the turbulent flow conditions corresponding to a Reynolds number of 29,000. The hybrid grids 

were developed for both the configurations by providing tetrahedral elements near the impeller region and 

hexahedral elements in the rest of the regions using the ANSYS Meshing tool. The steady state three 

dimensional Reynolds Averaged Navier Stokes (RANS) equations with standard k-ε turbulence model closure 

[9] were solved using the commercial ANSYS 17.0 software founded on the finite volume approach. The 

impeller rotation was modelled using the Multiple Reference Frame (MRF) technique [10] by properly coupling 

the flow fields solved in a rotating reference frame near the impeller region and in a stationary reference frame 
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in the other regions at the interface separating both the regions. The tank walls, baffle walls and the impeller 

parts were considered as no-slip boundaries along with the standard wall function for modelling the viscous 

flow [9] close to the boundaries. The tank top was treated using the symmetry boundary condition. The SIMPLE 

pressure-velocity coupling scheme was used to couple the Reynolds continuity and momentum equations and 

the second order upwind scheme was used to discretize the resulting equations. The simulations were considered 

as converged when the residuals of the flow variables and the volume integrated turbulent dissipation rate were 

dropped below 10
-6

. The simulations were conducted in a workstation having double precision 64 bit Intel (R) 

Xeon (R) E5-1620 3.6 GHz processor.  

 

III. GRID INDEPENDENCE STUDY  
The grid independence study of the critical flow variables such as power number from impeller torque 

(Npt) and power number from turbulent dissipation rate (Npe) associated with both the clearances were 

conducted by successively refining the tetrahedral elements enclosing the impeller so as to generate three 

computational grids viz. coarse, medium and fine respectively. The grid refinement factor between the coarse, 

medium and fine grids of both the impeller clearances were more than 1.311 and the respective fine grids have 

83×66 tetrahedral elements in the horizontal as well as vertical directions of the blades leading to 6.7×10
6
 

elements in the entire tank volume. The variation of Npt and Npe with the grid resolution for the Std-C as well as 

Low-C are shown in the Figures 1(a) and 1(b) respectively. The predictions of Npt were properly converged at 

the fine grids of both the impeller clearances as the relative deviations of the same between the medium and fine 

grids were less than 1%. Also, the relative variations of Npe between the medium and fine grids of Std-C and 

Low-C were less than 8% indicating adequate convergence of the same with the respective fine grids. Further, 

the smaller relative difference (<8%) between Npt and Npe related with the fine grids of both the impeller 

clearances represent the consistency of standard k-ε turbulence model in predicting the turbulent quantities [12]. 

Due to the appropriate convergence of Npt and Npe with the fine grids of both the geometries, the respective 

results were validated with the classic experimental results obtained by the various researchers as shown in the 

Figures 1(a) and 1(b) respectively. The accurate predictions of Npt were obtained for both the impeller 

clearances as the relative deviations of the same with the standard results of Bates et al., 1963 [13] and Zhu et 

al., 2019 [1] were around 5.5%. The double re-circulation loop pattern related with the Std-C as well as the 

single re-circulation loop pattern linked with the Low-C were properly developed as shown in the Fig. 2. Also, 

weaker secondary circulation loops were generated near the top of the tank for the Low-C as indicated by 

Montante et al., 2001 [7]. Further, the drop in the Npt from Std-C to Low-C is 35.5% which is close to that 

obtained by Zhu et al., 2019 [1]. The Std-C and Low-C under predict the Npe by 15% as well as 11% may be due 

to the limitations of the standard k-ε turbulence model in predicting the turbulent quantities [14].  

  
(a) (b) 

Fig. 1. Variation of Npt and Npe with grid resolution for (a) Std-C and (b) Low-C 

: Npt, :Npe,  : Bates et al., 1963 [13],  : Zhu et al., 2019 [1] 
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(m/s)                      (a)                                                                      (b)  

 Fig. 2. Re-circulation patterns of (a) Std-C and (b) Low-C in the mid-baffle plane 

 

IV. RESULTS AND DISCUSSION 
The characteristics of trailing vortices were studied using the contours of Q-criterion [15] as well as the 

axial profiles of normalized turbulence intensity (Uti/Utip) and turbulent dissipation rate (e/N
3
D

2
) at various 

angular distances behind the blades since the discharge stream is mainly composed of these periodic motions 

[16]. The Utip indicates the impeller tip velocity, D is the diameter of the impeller and w is the height of the 

blades. The axial profiles of turbulence parameters were plotted along a line connecting the vortex cores which 

were determined using the „maximum vorticity magnitude‟ method [16]. The axial distance (z) is positive above 

the impeller centre-plane and negative below the impeller centre-plane. 

Based on the contours of Q-criterion at various horizontal planes above and below the impeller centre-

plane as exhibited in the Figures 3 and 4, the following inferences were derived. The trailing vortices associated 

with the Std-C are large and spread radially as well as azimuthally behind the impeller blades to larger extents. 

On the other hand, the trailing vortices linked with the Low-C are small and extend only to a small region 

behind the blades. Thus, the trailing vortices linked with the Std-C are more strong and coherent as compared to 

the Low-C. Although, the upper and lower trailing vortices disappear after certain angular distance behind the 

blades for Low-C, additional strong vortices which aren‟t attached to the impeller blades can be seen below the 

impeller centre-plane (Fig. 4(b)). A striking increase in the turbulence intensity as well as turbulent dissipation 

rate is also noticeable with the Std-C at various angular distances behind the blades in comparison with the 

Low-C as shown in the Fig. 5. Both the clearances developed highest magnitudes of turbulence parameters in an 

axial plane 10º behind the blades (Figures 5(a) & 5(d)) which reduces with further increase in the angular 

distance behind the blades. But the rate of decrease of turbulence parameters with the angular distance behind 

the blades is much higher for the Low-C as compared to the Std-C (Fig. 5). These flow features indicate that the 

Std-C develops larger, stronger and coherent trailing vortex structures as compared to the Low-C resulting in the 

formation of stronger and energetic flow separation region behind the blades. This in turn reduces the base 

pressure behind the blades and increases the pressure drag around the impeller [17]. The rise in the pressure drag 

increases the torque of the rotating impeller leading to higher Npt associated with the Std-C as compared to the 

Low-C.  

 
    s

-2
(a)                                                                    (b) 

Fig. 3. Contours of Q-criterion along a horizontal plane at 2z/w=0.97 for (a) Std-C and (b) Low-C  
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(a)                                                                     (b) 

Fig. 4. Contours of Q-criterion along a horizontal plane at 2z/w=-1 for (a) Std-C and (b) Low-C 

 

The intense turbulent action near the bottom surface of the tank associated with the Low-C is due to the 

generation of additional strong vortices (Fig. 4(b)) since the turbulent characteristics and trailing vortices are 

weaker below the impeller centre-plane (Fig. 5). These vortices grow in size and angular extents below the 

impeller centre-plane. The main reason behind the double loop to single loop flow pattern transition from the 

Std-C to Low-C may be connected to the differences in the flow instabilities linked with the respective 

configurations [18]. The radial discharge stream from the Std-C is characterized by Kelvin-Helmholtz instability 

which directs the same towards the tank wall with a small upward inclination from the impeller centre-plane 

[19]. Whereas, the Low-C might be developing different instabilities which weakens the discharge stream as 

well as generates additional strong vortices below the impeller which deflects the impeller stream towards the 

tank bottom. This aspect needs further studies using the advanced experimental and CFD methods. 

  

  

  

  
Fig. 5. Axial profiles of Uti/Utip ((a)-(c)) and e/N

3
D

2
 ((d)-(e)) along the vortex cores at 10º, 30º and 50º behind 

the blades of Std-C and Low-C. : Std-C, : Low-C 
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V. CONCLUSIONS 
The steady state CFD approach can be reliably used for modelling the complex flow pattern transition 

as well as the associated reduction in the power number of the baffled vessels agitated by the RT impeller at 

Std-C and Low-C respectively. The characteristics of the trailing vortices (such as size, strength and coherency) 

were drastically diminished from the Std-C to Low-C leading to the reduction in the entrainment of the wake 

region and strength of the discharge stream behind the impeller blades. The weaker entrainment of the wake 

results in the reduction of pressure drag and impeller torque which in turn decreases the impeller power number. 

The significant turbulent action near the bottom of the tank associated with the Low-C is mainly due to the 

presence of additional strong vortices rather than that contributed by the respective weaker trailing vortices. The 

weaker discharge stream as well as the additional strong vortices related with the Low-C may be attributed due 

to the development of new flow instabilities which are different from the Std-C leading to the transition of 

double loop to single loop re-circulation pattern. This aspect needs detailed exploration in the future using the 

advanced experimental as well as unsteady RANS and LES methods respectively. 
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