
1 

 

Cite this article as: 

Tamburini A., Brucato A., Ciofalo M., Gagliano G., Micale G., Scargiali F., 2021, CFD simulations of 

early-to fully-turbulent conditions in unbaffled and baffled vessels stirred by a Rushton turbine, 

Chemical Engineering Research and Design, 171,  36-47. [10.1016/j.cherd.2021.04.021] 

 
 

CFD SIMULATIONS OF EARLY- TO FULLY-TURBULENT CONDITIONS 

IN UNBAFFLED AND BAFFLED VESSELS STIRRED BY A RUSHTON 

TURBINE 

 

Alessandro Tamburini, Alberto Brucato, Michele Ciofalo,  

Gaetano Gagliano, Giorgio Micale, Francesca Scargiali* 

 

Dipartimento di Ingegneria, Università di Palermo, Viale delle Scienze Ed. 6, 90128 Palermo (ITALY) 

* Corresponding author: francesca.scargiali @unipa.it 

 

Abstract. Laboratory scale unbaffled tanks provided with a top cover and a baffled tank both stirred 

by a Rushton turbine were simulated by carrying out RANS simulations. Three different turbulence 

models were adopted (k- SST, k- and the SSG Reynolds stress model) to predict the flow field and the 

relevant performance parameters (power and pumping numbers) of the tank operated from early to fully 

turbulent conditions. CFD results were compared with literature experimental data and DNS simulation 

results to validate and properly compare the models. In the range of Reynolds numbers investigated, 

results showed that, for the unbaffled tank, the SSG model based on Reynolds stresses is a better choice 

at larger Re, while the k- SST model better reproduces the experiments at lower values. Conversely, 

no significant differences between the predictions of the three models were found in the baffled vessel.  

 

Keywords: stirred tank, unbaffled vessel, CFD, turbulence model, SSG. 

  



2 

 

 

1. INTRODUCTION 

Mixing liquids in tanks provided with mechanical agitators is a common practice in process 

industry (Oldshue, 1983). Traditionally, most mixing operations have been carried out in 

baffled stirred vessels, thus leading to a large number of studies on this geometrical 

configuration (Bliatsiou et al., 2019; Carletti et al., 2018; De Lamotte et al., 2018; Fan et al., 

2018; He et al., 2019; Ljungqvist et al., 1998; Mousavi et al., 2019; Tamburini et al., 2009, 

2012a). Conversely, the knowledge of unbaffled stirred tanks has been limited to the few 

applications in which the absence of baffles is compulsory or, at least, strongly recommended. 

Baffles are an intrinsic source of attrition and this could be a dramatic issue when delicate 

species such as living cells are to be mixed (Aloi and Cherry, 1996). Similarly, baffles may be 

an obstacle to flow and generate dead zones when high viscous fluids are to be mechanically 

agitated (Ameur et al., 2017; Chisti, 2000). These aspects are of crucial importance in 

bioreactors, crystallizers and pharmaceutical applications (Prakash et al., 2018; Busciglio et al., 

2016; Hekmat et al., 2007; Brucato et al., 2017; Rotondi et al., 2021). 

In the last years, interest is moving towards unbaffled vessels also for more traditional 

applications. For example, recent studies have shown that: 

• some common mixing operations as the suspension of solid particles in liquids can be 

efficiently carried out in unbaffled vessels with large power savings (Tamburini et al., 

2012b; Wang et al., 2012a,b; Tamburini et al., 2014; Wang et al., 2014); 

• the presence of the central air-vortex (due to the highly swirling flow) can be exploited 

as a source of oxygen to be transferred to the solution (Cabaret et al., 2008; Tamburini 

et al., 2012b), with transfer rates comparable with those typical of baffled systems 

provided with an air-sparger (Tamburini et al., 2016; Labík et al., 2018; Scargiali et al., 

2015); 
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• mixing times in unbaffled vessels may be comparable to baffled ones when the air vortex 

reaches the impeller depth (Busciglio et al., 2014); 

Other commonly practical applications of unbaffled industrial tanks are the pigment dispersion 

by using radial flow high shear impellers in the paint and coating industries (Hockmeyer, 2010). 

In pigment dispersion processes with high shear impellers, the absence of baffles favours the 

vortex formation which helps to improve the incorporation time of floating pigments into the 

mixing solution (Ramírez-Gómez et al., 2015; Ramírez-Muñoz et al. 2016). 

All of these recent outcomes are leading the number of studies on unbaffled vessels to increase. 

Many of them are devoted to investigating the vortex shape prediction along with the relevant 

gas-liquid hydrodynamics (Prakash et al., 2018; Deshpande et al., 2017; Nagata, 1975). Nagata 

(1975) was the first who proposed a simple model for the vortex shape prediction. Extension 

and modifications to this model have been proposed so far (Deshpande et al., 2017; Busciglio 

et al., 2013). Deshpande et al. adopted experimental and CFD investigation to extend Nagata’s 

model to low Reynolds numbers (Deshpande et al., 2017). Prakash et al. studied the effect of 

impeller air ingestion on vortex shape at large Re (Prakash et al., 2018). 

Other studies investigated different impeller types and configurations (Ameur et al., 2017; 

Yoshida et al., 2012; Zhang et al., 2018). Myers et al. (2011) studied the effect of tilting the 

shaft along with the impeller on the solid suspension features. Ameur et al. (2017) employed a 

radial impeller with elliptical blades for the mixing of a viscoplastic fluid. Recently, Zhang et 

al. (2018) proposed a novel cylindrical stirrer, which was found more efficient than the 

traditional Rushton and propeller agitators. 

Although the number of studies is increasing, the understanding of unbaffled stirred tanks is 

still poor, while it is well known how much a full knowledge of these systems may be beneficial 

for a proper and efficient design. Moreover, the lack of a sufficient amount of studies and 

relevant information is another reason limiting the adoption of unbaffled tanks. In this regard, 

a full understanding of the key features of unbaffled tanks and of their key differences with 
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respect to baffled tanks may drive engineers towards the choice of the best configuration and 

operating conditions. 

A number of different experimental techniques have been proposed so far to investigate stirred 

tanks. Laser Doppler Anemometry (LDA), Particle Image Velocimetry (PIV) and tomography 

are the most used (Hartmann et al., 2004; Martínez-Delgadillo et al., 2019; Sardeshpande et al., 

2017). There are many other techniques available in the literature, but all of them have some 

limitations (Tamburini et al., 2013a): for instance, many of them are based on image analysis, 

thus intrinsically requiring the system to be transparent. Clearly, this may not be the case at an 

industrial level. Moreover, the amount of experiments to be carried out in order to collect a 

sufficient number of data at each operating condition (e.g. impeller velocity) is time-demanding. 

Computational Fluid Dynamics (CFD) is a powerful tool, which can significantly help to tackle 

this issue by collecting data and useful information at whatever level of detail (Janiga, 2019). 

Once a CFD model has been validated against purposely collected experimental data, much 

information can be derived from it at a fraction of the cost of experiments.  

Several CFD simulations have been devoted to studying tanks provided with baffles, while this 

is not the case for unbaffled ones. Only a few applications of CFD to unbaffled stirred tanks are 

available in the literature (Trad et al., 2017; Li et al., 2017; Martínez-de Jesús et al., 2018; Li et 

al., 2020). Some of them are specifically devoted to the laminar regime where unbaffled tanks 

are largely used (Lamberto et al., 1999; Márquez-Baños et al., 2019; Guadarrama-Pérez et al., 

2020), especially when non-Newtonian fluids are employed (Márquez-Baños et al., 2019; 

Guadarrama-Pérez et al., 2020). Others deal also with the turbulent regime (Glover and 

Fitzpatrick, 2007; Davoody et al., 2019). Glover and Fitzpatrick investigated via CFD 

modelling the vortex formation in an unbaffled stirred tank reactor (Glover and Fitzpatrick, 

2007). Rotondi et al. (2021) made use of experiments and CFD simulations to test a novel 

bioreactor for improved cell and gene therapy applications. Davoody et al. (2019) investigated 

the scale formation in baffled and unbaffled tanks under turbulent regime by experimental and 
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modelling activities. Unsteady RANS were carried out to simulate the two tanks and unbaffled 

tanks were found to mitigate the scale formation more than baffled tanks in this regime. 

Trad et al. (2017) investigated an anaerobic digester devoted to biohydrogen production and 

stirred by two different turbines placed at different shaft heights. Li et al. (2017) employed a 

CFD model based on a Reynolds stress model along with the Volume Of Fluid (VOF) approach 

to investigate a tank stirred by Pitched Blade Turbines (PBTs). Martinez de Jesus et al. (2018) 

carried out CFD simulations to analyse the performance of two novel high shear impellers. 

Ciofalo et al. (1996) performed numerical simulations of turbulent fluid flow in unbaffled tanks 

stirred by single-stage radial impellers using different Reynolds-averaged turbulence models. 

The results showed that only the use of a second-order Reynolds stress transport model allowed 

the correct prediction of the main flow characteristics, and, in particular, of radial profiles of 

the tangential velocity, whereas the k– model yielded an almost rigid-body motion with 

unphysical profiles of tangential velocity increasing monotonically from the rotation axis to the 

peripheral wall. Alcamo et al. (2005) performed Large-Eddy Simulation of Turbulent Flow in 

an Unbaffled Stirred Tank Driven by a Rushton Turbine.  

However, none of the above studies has been explicitly devoted to recognizing the difference 

between baffled and unbaffled vessels at any fluid flow regime. In a previous work (Tamburini 

et al., 2018), our group performed Direct Numerical Simulations (DNS) to predict the velocity 

distribution and the relevant power and pumping number of both a baffled and an unbaffled lab-

scale systems stirred at impeller speeds ranging from creeping to transitional or early turbulent 

flow conditions (Re1.7-600). The present work is aimed at extending such analysis from the 

transitional regime up to the achievement of fully turbulent conditions (Re600-33,000), a 

range of Reynolds numbers that has received little or no attention in the literature. The 

combination of low Re and swirling flow is in fact very difficult to simulate and represents a 

common source of failure for many turbulence models (Tamburini et al., 2018). Our purpose is 
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increasing the level of knowledge on how the flow field features of the two systems differentiate 

from steady conditions, where they are practically the same, to fully turbulent conditions, where 

they exhibit well known large differences.  

 

2 VESSELS AND IMPELLER SPEEDS INVESTIGATED  

Two lab-scale tanks were investigated, one baffled and the other unbaffled. Both had a diameter 

T equal to 0.19m and were filled with water up to a level H equal to T. A standard six bladed 

Rushton turbine was employed in the two vessels. Its diameter D was equal to T/2 and it was 

placed in both tanks at a distance C (clearance) from the vessel bottom equal to T/3. The two 

tanks, along with all the impeller features, are shown in Figure 1. A suitable cover was 

employed in the tanks in order to avoid the central air vortex typical of unbaffled vessels. The 

absence of a lid and the presence of the vortex would require specific treatment of the free 

surface, shadowing the influence of the turbulence model and making a comparison of the flow 

fields more cumbersome. 
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T D H C d W A B 

--- T/2 T T/3 3/4 D D/5 D/4 T/10 

0.19m 0.095m 0.19m 0.063m 0.07m 0.019m 0.0237m 0.019m 
 

 

 

Figure 1: Sketch and features of the system investigated. A1) sketch of the baffled tank; A2) corresponding 

geometry built by the Ansys software. B1) sketch of the unbaffled tank; B2) corresponding geometry built by 

the Ansys software. C) geometrical features of the two tanks. 

(A1) (A2) 

(B1) (B2) 

(C) 
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Several impeller speeds N were investigated. The corresponding Reynolds numbers 

(Re=ND2/) are reported in Table 1: the highest Re corresponds to an impeller speed of about 

200 RPM. The Re range under investigation encompasses early to fully turbulent conditions. 

 

Table 1: Reynolds numbers simulated and CFD models compared. 

 

Re 500 600 1000 2500 5000 10000 33000 

DNS  Tamburini et 
al. (2018) 

     

k- SST x x x x x x x 

k- x x x x x x x 

SSG x x x x x x x 

LES       Alcamo et 
al. (2005) 

 

3 MODELLING AND NUMERICAL DETAILS 

3.1 Modelling 

All simulations were performed by solving the continuity and momentum equations (Shaw, 

1992) which are not reported here for the sake of brevity.  

Given the aim of the present work, simulations were devoted to predicting the flow field in both 

tanks at Reynolds numbers corresponding to turbulent conditions for which DNS would be too 

computationally demanding. Thus, Reynolds averaging was performed for the continuity and 

momentum equations. Reynolds stresses were computed by adopting three different turbulence 

models: 

-  the k- turbulence model (Launder and Spalding, 1974); 

-  the k- Shear Stress Transport (SST) turbulence model (Wilcox, 1988; Menter et al., 

2003); 

-  the Reynolds Stress turbulence model of Speziale, Sarkar and Gatski (SSG) (Launder et 

al., 1975). 
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The first two models are based on the Boussinesq hypothesis which accounts for a linear 

relationship between the Reynolds stresses and the first spatial derivatives of the time averaged 

velocities. The eddy viscosity is the coefficient of proportionality which is used for all the 

stresses. The k- model (Launder and Spalding, 1974) is probably still the most commonly used 

turbulence model, especially in the industrial sector. The model includes a transport equation 

for the turbulent kinetic energy k and one for the turbulent dissipation rate . The eddy viscosity 

is derived from k and  via the Prandtl-Kolmogorov equation t=Ck2/. The viscous sub-layer 

is not explicitly resolved by the model, rather, suitable wall functions are adopted to account 

for its effect. The k- SST model (Wilcox, 1988; Menter et al., 2003) is an evolution of the 

standard k- model which solves the two transport equations for the turbulence kinetic energy 

k and for the turbulence frequency  (=/k). The eddy viscosity is calculated from k and  as 

t=k/ The k- SST model includes a blending function able to switch between the k- model 

in the free-stream and the k- model near the walls.  

The SSG turbulence model does not adopt the Boussinesq hypothesis. It is an -based Reynolds 

stress model which includes 7 additional equations: six transport equations, one per each 

component of Reynolds stress tensor, and one transport equation for the turbulent dissipation 

rate . The SSG model shares the same equations of the more common Launder, Reece and Rodi 

(LLR) Reynolds stress model (Launder et al., 1975), but uses different values of the model 

constants; it has been found more accurate than LRR in many cases, in particular for swirling 

flows. Clearly, compared to an eddy viscosity model, a Reynolds stress model is intrinsically 

more complex and time-consuming. It includes more equations and the source terms are more 

complex to be accounted for. As a consequence, the model is less robust and convergence is 

more difficult to achieve. 

All simulations were conducted by adopting the Ansys CFX17.1 software (2017). 
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3.2 Numerical details 

Concerning domain boundaries, these include vessel bottom, top-cover, lateral wall and baffles 

(tank boundaries), impeller blades, disk and shaft (impeller boundaries). All of them are 

considered as walls with no-slip boundary conditions. Zero thickness was assumed for the 

impeller boundaries and for the baffles. Clearly, baffles were included among the boundaries 

only for the baffled tank. 

For the case of the unbaffled tank, all simulations were carried out in the frame of reference of 

the impeller. Thus, in this case, a counter-rotating velocity was fixed as a boundary condition 

on the tank side, bottom and top-cover walls, while no-slip boundary conditions were set for 

the impeller boundaries. Body forces accounting for centrifugal and Coriolis effects were added 

to the right-hand side of the momentum equations. 

For the case of baffled systems, two alternative approaches were tested to account for the 

impeller-to-baffle relative rotation: (i) a transient and (ii) a stationary approach. 

i) The transient approach requires the adoption of the Sliding Grid (SG) algorithm 

available in Ansys CFX 17.1 with the transient rotor-stator option (Ansys, 2017). 

It requires the computational domain to be divided into two cylindrical, co-axial, 

non-overlapping sub-domains, as shown in Figure 2. The inner one includes the 

impeller and its computational grid rotates integrally with it, while the outer domain 

is stationary. The SG algorithm is used to allow for velocity and pressure data 

transfer from one domain to the other and vice versa. Note that the SG approach is 

intrinsically transient. 

ii) The Multiple Reference Frame (MRF) approach is the stationary alternative to the 

sliding grid and it is very often used, especially for RANS simulations where steady-

state conditions are investigated. Also in this case the tank is divided into two sub-

domains: the inner one containing the impeller is simulated with the reference frame 

of the impeller itself, while the outer one including the baffles is simulated with the 
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laboratory reference frame. The flow field features relevant to these two domains 

are generally unsteady, but these are not much dependent on time and can be 

assumed stationary near a specific radial position (Luo et al. hypothesis (Luo et al., 

1994)). When the surface of separation between the two domains is set close enough 

to this position, the flow field can be predicted by stationary simulations, thus 

guaranteeing lower computational times. With this respect, De La Concha-Gómez 

et al. (2019) investigated the effect of the position of this surface of separation on 

MRF simulation results. They found that this position does not affect the results in 

the laminar regime where the inner and outer flow are substantially uncoupled. 

Conversely, the separation position becomes important in the turbulent regime and 

should be moved at a larger radial position (i.e. more towards the periphery more), 

the higher the Reynolds number (De La Concha-Gómez et al., 2019). 

If the surface of separation between the two domains is suitably chosen, MRF can provide 

results comparable with the more demanding transient SG ones, especially when global data 

predictions are looked for. For instance, regarding stirred tank reactors, reliable power 

requirements at the turbine shaft and turbine pumping capabilities can be obtained by MRF 

simulations. Conversely, in some cases, the transient SG treatment was found to provide better 

predictions when local data (such as velocity profiles) had to be predicted (Tamburini et al., 

2013b). In addition, the use of transient simulations with SG approach is also particularly 

indicated when turbulent quantities as the turbulent kinetic energy and turbulent kinetic energy 

dissipation are to be predicted and for which MRF simulations have been found to provide less 

accurate results. 

Clearly, larger computational times are required by the transient Sliding Grid approach. For the 

purpose of the present work, preliminary simulations were performed by adopting the transient 

approach at the minimum and maximum Reynolds number investigated and the predicted axial, 

radial and tangential velocity profiles were compared with corresponding ones obtained by 
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MRF steady-state simulations. The maximum discrepancy was found to be lower than 4% in 

all cases. Even lower differences (<2%) were found for the case of global output (e.g. power 

and pumping number) in accordance with the literature (Tamburini et al., 2011). Thus, only 

steady-state simulations via the MRF approach were carried out in the present work in order 

significantly to reduce the computational times. 

Water at 25°C with density =997 kg/m3 and dynamic viscosity =8.899 10-4 kg/(m s) was used 

as the working fluid in all simulations. As mentioned above, the simulations were performed 

by adopting the finite volume based ANSYS CFX 17.1 code (Ansys, 2017). It adopts a fully 

coupled algorithm to compute pressures and velocities by simultaneously solving the three 

hydrodynamics equations and the continuity equation. The Rhie and Chow (1982) discretization 

method for the mass flows is used in order to avoid the pressure field decoupling (Patankar, 

1980). A multigrid technique is adopted for solving the discrete system of linearized equations. 

Variables are stored at the mesh nodes and shape functions are used to approximate the solution 

field or the solution gradients at integration points, as required by the evaluation of the various 

terms of the discretized transport equations. The high resolution (i.e. second-order upwind) 

scheme was adopted to discretize the advection terms. In preliminary transient simulations 

(using the sliding grid approach) the time derivatives of all variables were discretized by the 

second-order backward Euler scheme. 

Steady-state simulations required by the RANS approach were performed by adopting a number 

of iterations sufficient to guarantee the normalized residuals of all variables to settle at values 

lower than 10-6. 
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Figure 2: Computational grids employed. Left: unbaffled tank; right: baffled tank. The division into two co-axial 

sub-domains is shown for the baffled system. 
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Concerning the meshing, two block-structured grids were tested: a fine grid with about 5 million 

volumes and a very fine grid with 10 million volumes. For the case of the baffled system all 

grids were composed of two coaxial blocks (Figure 2), the inner one including the axis and the 

impeller, the outer one including the baffles. All of the grids were suitably refined near the 

impeller and solid walls, where the largest gradients are expected. Preliminary simulations were 

performed at the highest Re investigated in the present work (i.e. Re=33000) to evaluate the 

presence of any grid-dependence issue. This analysis concerned the comparison of both global 

quantities, such as the power and pumping number, and local data including local distributions 

of flow quantities such as the radial profiles of the axial and tangential velocities.  

Regarding the global data, as it can be seen in Table 2, the relative error between the fine and 

the very fine grid was found lower than 3%.  

Table 2: Grid dependence analysis. Comparison of NQ and Np data at the largest Re 

investigated (Re=33000). Data obtained by adopting the k- SST turbulence model. 

 

 Fine Grid Very fine Grid Relative error [%] 

N° finite volumes 4 753 240  9 957 456  --- 

Power Number Np [-] 1.261 1.298 2.9% 

Pumping Number NQ [-] 0.340 0.348 2.4% 

 

As far as the local data are concerned, Figure 3 shows azimuthally averaged radial profiles of 

the axial and tangential velocity at different heights from vessel bottom at Re = 33000 for the 

case of the unbaffled stirred tank. As clearly shown in the figure, very slight discrepancies can 

be recognized between the velocity component profiles obtained with the two grids. Identical 

profiles were found for the two grids for the case of the baffled vessel (not shown for the sake 

of brevity).  
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Figure 3: Azimuthally averaged radial profiles of the a) axial and b) tangential velocity at different heights from 

vessel bottom at Re= 33000 for the case of the unbaffled stirred tank. Continuous line: 4.75 million finite volumes; 

dotted line: 9.96 million finite volumes. Data obtained by adopting the k- SST turbulence model. 

 

Collected data indicated that the mesh composed of 4.75 million finite volumes provides results 

very similar to those obtained with the very fine grid. Thus, the 4.75 million volume mesh, 

depicted in Figure 3, was adopted to carry out all the simulations.  

 

4 RESULTS AND DISCUSSION 

The present section is devoted to investigating the three different turbulence models tested by 

comparing them with one another and with corresponding experimental data. In order to do so, 

results are divided into two different categories: global and local data. Global data refer to 

performance parameters resulting from the complex interactions among velocities and 
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mechanical stresses arising in the tank and are of industrial interest. Local data refer to a lower 

scale and, in particular, concern local features of the flow field such as velocity profiles. 

 

4.1 Global data 

The pressure and flow field predicted as results of the CFD simulations are post-processed in 

order to provide global performance parameters. In particular, two parameters were calculated: 

the power number Np and the pumping number NQ: 

𝑁𝑃 =
𝑃

𝜌𝑁3𝐷5
           (1) 

𝑁𝑄 =
𝑄

𝑁𝐷3
            (2) 

where P is the power due to impeller+shaft torque and Q is the volumetric flow rate swept by 

the impeller (Oldshue, 1983). 

The total torque was calculated by summing the single torques relevant to the rotating parts of 

the system (i.e. impeller disk, blades and shaft). Since the torque is totally transferred by the 

liquid to the motionless part of the tank, the torque power was also calculated by summing the 

torque values of all the still walls of the tank (i.e. bottom, cover, lateral wall and baffles for 

baffled tanks). Clearly, the two values should be identical: discrepancies always lower than 

1.5% were found in the present simulations. The flow rate Q was computed by building a 

fictitious cylindrical surface surrounding the impeller blades (i.e. with a radius equal to the 

impeller one) in the software and calculating the volumetric flow rate exiting from it. 

Np values are reported in Figure 4 as functions of the Reynolds number. In order to compare the 

different turbulence model predictions, corresponding experimental data are reported in the 

same figure: in particular, data from Rushton et al. (1950) for baffled tanks and from Scargiali 

et al. (2017) for unbaffled tanks are reported. Also, Np values predicted via DNS by Tamburini 

et al. (2018) are shown both for comparison purposes (at Re = 600) and for the sake of 

completeness. Finally, a LES Np value by Alcamo et al. (2005), available for unbaffled tanks 

only, is also compared to the present simulations.  
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As far as the baffled tank is concerned, all three turbulence models provide very similar results 

in the whole range Re = 50032,000. The well-known plateau of Np at high Re, resulting from 

dimensional analysis and also shown by the experimental data, is very well predicted by all of 

the three turbulence models. For Re5000, also specific experimental values of Np are well 

predicted. Conversely, a large overestimation of experimental values of Np is found under very 

early turbulent conditions (Re=500-2500): thus, their adoption is not suggested in this range. 

This behaviour was somewhat unexpected for the k- SST turbulence model, which is 

commonly considered suitable for low-Re flows in which turbulence is not fully developed. 

Notably, the adoption of MRF approach in early turbulent conditions may be questionable for 

those cases where large instabilities may occur. DNS simulation results published in a previous 

paper (Tamburini et al., 2018) showed that this is not the case: at Re=600 turbulence was 

basically fully developed and no large instabilities were recognized. Moreover, a preliminary 

comparison of MRF and SG at Re=500 results in a discrepancy lower than 4%.  

As regards the unbaffled tank, the decreasing trend of Np with Re, similar to that of the friction 

factor in pipes, is predicted by all three turbulence models tested: the slope at early turbulent 

conditions is well predicted by the three models, while at fully turbulent conditions (commonly 

considered to be achieved at Re≥10,000) the experimental slope is steeper than the predicted 

ones. As a consequence, at very early turbulent conditions (Re1000) k- and k- SST results 

are very similar and in good agreement with experimental Np values, while some 

underestimation is provided by the SSG Reynolds stress model. The opposite occurs at larger 

Reynolds numbers (Re=5000-32,000), where the best agreement is provided by the SSG 

turbulence model. Note that, in this range, k- and k- SST results bifurcate. Although, in some 

recent works, the k- SST model was reported to predict well the flow-field patterns at Re higher 

than those investigated here (7.1 × 104 in Zamiri and Chung, 2016), in the present work the 

agreement, at least on Np, is good only for low-to-intermediate Re.  
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Summarizing, for baffled tanks all three models give comparable Np predictions; they agree 

with experimental data at Re5000, but overpredict Np at lower Re. For unbaffled tanks, the 

three models yield different Np predictions; the best agreement with experimental data is 

provided by the SSG model for Re5000 and by the k- SST model at lower Re.  

 

Figure 4: Power Number as a function of the Reynolds number: comparison between experiments and CFD 

simulations. Experimental data: broken lines. Baffled tank data: square points; Unbaffled tank data: circle points. 

k- SST:  blue symbols; k-: red symbols; SSG: green symbols; DNS: orange symbols; LES: black star. 

 

The values of the pumping number NQ predicted by the turbulence models tested as functions 

of Re are shown in Figure 5. These data are reported along with NQ values predicted by DNS 

simulations (Tamburini et al., 2018) at low Re for the sake of completeness. For this quantity, 

literature experimental data are available only at fully turbulent conditions: a NQ of about 0.73 

was measured by Costes and Couderc (1988) for baffled tanks, while Nagata (1975) reported a 

value of about 0.34 for unbaffled vessels. These values should be regarded as purely asymptotic: 
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in particular, the one relevant to the baffled vessel should be seen as the limiting value of the 

NQ vs Re sigmoidal trend theoretically predicted by Dickey and Fenic (1976). 

For the baffled tank, the right-end of this trend is well predicted by all three turbulence models, 

while, for the transition from the last DNS result (0.62 at Re=600) to the high-Re value of 

0.78-0.80, the three models give different and somewhat puzzling results. In particular, all 

models overpredict NQ with respect to DNS for Re=600; SSG results exhibits a strong increase 

of NQ around Re=1000; and k- results show a decreasing NQ between Re=500 and 600. Clearly, 

the above model comparison should be regarded as mainly qualitative given the lack of 

experimental or DNS data at all the intermediate Re investigated here. 

In regard to the unbaffled tank, the three models exhibit a similar NQ vs Re slope and a similar 

trend. The best agreement with DNS results in the small Re interval of overlapping is provided 

by the k-  model, while SSG results are some 20% lower. None of the models clearly exhibits 

an asymptotic trend, at least within the range of Re investigated.  

A comparison of Figures 4 and 5 indicates that the higher pumping capability of the impeller 

typical of baffled tanks should be properly compared with the corresponding power drawn 

which is higher as well. Only a comparison based on an economic analysis suitably tailored to 

a specific process may allow recognizing which tank option may be more convenient. 
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Figure 5: Pumping Number as a function of the Reynolds number. Comparison between literature data and CFD 

simulations. Literature data: broken lines. Baffled tank data: squares; Unbaffled tank data: circles. k- SST: blue 

symbols; k-: red symbols; SSG: green symbols; DNS: orange symbols. 

 

4.2 Local data 

Different models can predict similar global data even if different flow fields are calculated 

(Tamburini et al., 2011). The comparison among the turbulence model predictions was also 

extended to local data. In particular, Figure 6 shows azimuthally averaged radial profiles of the 

tangential velocity (normalized by vtip=ND/2) at Re=33,000 for the case of the unbaffled vessel. 

Experimental data and corresponding LES predictions by Alcamo et al. (2005) are also reported 

for comparison purposes. As it can be seen, all the models are found able to predict correctly 

the linear trend (typical of rigid body rotation) up to a radial position somehow corresponding 

to the impeller diameter. At larger radii, predictions from LES and from the SSG turbulence 

model are in good agreement with the experimental trend, while the high swirling flow at this 

Re leads both eddy-viscosity models to overestimate the tangential velocities (more severely 

for the k-). The local results of Figure 6 are consistent with the outcome of Figure 4 for the 

global parameter Np and suggest that, at very large Re, only a reliable description of the 
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turbulence anisotropy can lead to a good agreement with experimental data. This is in 

accordance with the outcomes of Argyropoulos and Markatos (2015), who tested a number of 

turbulence models for some practical applications.  

 

Figure 6: Unbaffled tank: azimuthally averaged radial profiles of the tangential velocity at z=4cm from vessel 

bottom at Re= 33000. Profiles are normalized by vtip.  

 

Azimuthally averaged radial profiles of the axial and tangential velocity (both normalized by 

vtip) at different heights from vessel bottom at Re = 600 are shown in Figure 7. As regards the 

unbaffled tank, among the three turbulence models tested, the velocity profiles (both axial and 

tangential) predicted by the k- SST are the closest to the DNS predictions. The SSG fails in 

following the DNS profiles, especially the tangential velocity ones, thus confirming the finding 

of Figure 4 and suggesting not to adopt it at very early turbulent conditions. A similar 

disagreement was found for the k- model which, in particular, provides even worse tangential 

velocities at planes above the impeller. The best performance of the k- SST model can be also 

inferred from the countour maps and vector plots on a vertical diametral plane shown in Figure 

8: both the axial and the tangential velocity predicted by the k- SST model are the most similar 

to the DNS ones.  
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Concerning the baffled tank, the DNS axial velocities shown in Figure 7 and in Figure 9 are 

well predicted by the three turbulence models, at any plane height. Conversely, only a fair 

agreement is found for the tangential velocities. With reference to Figure 7, among the three 

models, the k- SST predictions seem closer to the DNS ones: even opposite tangential 

velocities are provided by the k- at radial positions lower than the impeller radius. Interestingly, 

predictions similar and quantitatively close to DNS are provided by the three models near the 

impeller plane where the largest turbulence anisotropy occurs. 

Comparing the two tanks, the axial velocity components are found quantitatively very similar 

at planes over the impeller, while they are higher in the baffled tanks below the impeller being 

the impeller clearance lower than T/2. This is not the case for the tangential velocities, which 

are higher in the unbaffled vessel at any plane as expected.  
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Figure 7: Azimuthally averaged radial profiles of the a) axial and b) tangential velocity at different heights from 

vessel bottom at Re= 600. Left: unbaffled tank. Right: baffled tank.  
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Figure 8: False colour maps and vector plots of axial vax (upper row) and tangential vtan (lower row) velocity 

components (normalized by vtip) in the unbaffled tank. (a) DNS; (b) k-; (c) k- SST; (d) SSG.  

  

        
 

        
 
 

Figure 9: False colour maps and vector plots of axial vax (upper row) and tangential vtan (lower row) velocity 

components (normalized by vtip) in the baffled tank. (a) DNS; (b) k-; (c) k- SST; (d) SSG.  

(a) (b) (c) (d) 

(b) (d) (a) (c) 
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5. CONCLUSIONS  

The present work compares for the first time the predictions capability of different RANS 

turbulence models (k- SST, k- and SSG) in baffled and unbaffled tanks operated at Reynolds 

numbers ranging from early- to fully-turbulent conditions. Both global quantities (power and 

pumping numbers Np, NQ) and local data (azimuthally averaged radial profiles of axial and 

tangential velocities) were predicted and results were compared with literature data 

encompassing experimental and computational (DNS and LES) results.  

Concerning the baffled tank, all the models’ predictions were found in agreement with the 

experimental data at large Re (fully turbulent flow) while at lower Re (transitional and early-

turbulent flow) some disagreement was found. Among the three models, the k- SST was the 

best option at low Re, while tangential velocities even opposite than the DNS ones were predicted 

by the k- model 

In regard to the unbaffled vessel, reliable predictions were provided by the k- SST model in 

the lower Re range (500-2500), while, at larger Re, the SSG turbulence model was the only one 

able to provide satisfactory prediction of both local and global data. 

In all cases, the k- SST was found better than the k- at the Reynolds numbers investigated, 

thus indicating that a fine resolution of the near-wall layer is crucial to get sound results under 

early turbulent conditions. 

On the whole, according to the findings of the present works, the k- SST appears reliable 

enough to predict the flow-field local and global features of both baffled and unbaffled vessel 

and should be regarded as the reference turbulence model for low computationally-demanding 

simulations (within the Re range investigated). The adoption of LES or Reynolds stress models 

(such as the SSG) should be considered preferable in unbaffled vessels at high Re (fully 

turbulent conditions). 
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NOTATION 

A  impeller blade width (m) 

B  baffle width (m) 

C  impeller clearance (m) 

C  Prandtl-Kolmogorov equation constant (-) 

D  impeller diameter (m) 

b  disk diameter (m) 

H  liquid height (m) 

k  turbulent kinetic energy (m2/s2) 

N  rotational impeller speed (rpm) 

Np  power number (-) 

NQ  pumping number (-) 

P  power (Watt) 

Q  Flow rate discharged by the impeller (m3/s) 

r  radial coordinate, (m) 

Rtank  tank radius (m) 

Re  Reynolds number (-) 

T  tank diameter (m) 

v  mean velocity (m/s) 

W  impeller blade height (m) 

z  axial coordinate (m) 

 

Greek letters 

  turbulent dissipation rate (W/kg) 

  viscosity (Pa s) 

  density (kg m-3) 

  turbulence frequency (1/s) 

 

 

Subscripts 

ax  axial 

t  turbulent 

tan  tangential 

tip  impeller blade tip 
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