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Abstract: The heat transfer and fluid mechanics analysis in agitated vessels is usually performed using the 

Dittus-Boelter correlation. In this study, we propose the analysis of an agitated vessel with a draft tube through 

the analysis of dimensionless numbers correlations. The heat transfer and fluid mechanics simulation was 

conducted using ANSYS Fluent software. The simulation used the Sliding Mesh approach and the SST k-ω 

turbulent model to capture the vessel's fluid flow and heat transfer phenomena. A grid independence study 

was conducted by varying the number of time steps to obtain an appropriate time step size for the simulation. 

The convective heat transfer coefficient, as indicated by the mean values of the Nusselt number, was calculated. 

The local values along the radial coordinate of the heat transfer surface were also determined. These results 

provide insights into the distribution of heat transfer rates within the vessel, which can help optimize process 

efficiency and equipment design. The simulation results were analyzed by varying the c and m coefficients in 

the Nusselt correlation presented as Nu= c Rem Pr1/3. Furthermore, correlations describing the mean Nusselt 

number at the bottom and wall of the vessel are presented and compared with existing literature, contributing 

to advancing knowledge in this field. 

Keywords: agitated vessel; heat transfer; sliding mesh; Nusselt number; CFD; turbulence model; 

correlations 

 

1. Introduction 

Mixing vessels are used in numerous industrial processes, where adequate fluid agitation or 

mixing is crucial for various operations. Agitating fluids serves multiple purposes: mixing two 

miscible liquids, dissolving solids into liquids, achieving uniform homogenization within a system, 

and enhancing the efficiency of heat and mass transfer [1]. 

A draft tube is a cylindrical tube housing an axial flow impeller. In an agitated vessel, the liquid 

stream produced by the axial-flow impeller strikes the vessel's bottom like a fluid stream exiting a 
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round jet and impacting a flat surface. While there should be some similarities, the primary 

distinction is the tangential velocity component created by the rotating impeller [2]. 

Typically, the design of agitated vessels relies on parameters derived from experimental results 

on laboratory-scale models. While this method is widely adopted, it poses significant cost and 

construction time issues. Computational Fluid Dynamics (CFD) offers an alternative by enabling 

preliminary design without the experimental phase, providing parameters to evaluate potential 

project outcomes. 

A typical CFD solver utilizes the finite volume method, which involves discretizing the domain 

into a finite number of control volumes. General conservation (transport) equations for mass, 

momentum, energy, and species are then solved within these control volumes. This process converts 

partial differential equations into a system of algebraic equations, which are ultimately solved 

numerically to produce the solution field [3]. 

Some turbulence models are used to simulate the mixing behavior in mixing vessels. The Shear 

Stress Transport (SST) turbulence model was developed by Florian Menter [4] and initially used for 

aeronautics applications. However, currently, it is used in some industrial, commercial, and many 

research codes, as the need for accurate computations of flows with pressure-induced separation, in 

which the SST model has dramatically benefited from the strength of the underlying turbulence 

models [5]. 

Various turbulence models can be used to analyze systems that use Newtonian fluids. In some 

analyses, the Transition-SST model was the most robust for capturing mixing behavior and reliably 

predicting separation. Also, it was found that flow predictions within the reactor are particularly 

sensitive to the turbulence model implemented, and the Transition-SST performed better than k-∊ 

models in similar mixing problems [6].  

It is observed that the k-ω model is noticeably more precise than k-ε in the near wall layers and 

consequently for flows with moderate adverse pressure gradients but failed for flows with pressure-

induced separation [7]. 

Lane G. analyzed a tank stirred by a Lightning A310 hydrofoil using CFD modeling methods 

[8]. This analysis modeling used a 3 million nodes mesh and showed that the Shear Stress Transport 

(SST) turbulence model was better than the k-∊ model for predicting flow structures, but the 

turbulence was underpredicted. The turbulence predictions were improved using a refined mesh of 

28 million nodes and a modified SST model.  

The effect of turbulent viscosity in various turbulent models was studied by Tuladhar et al using 

computational fluid dynamics analyses in an actual gas flow condition inside a cut kerf of a plasma 

considering various geometric features. This study established the simulation results with the 

reported experimental measurements and confirmed that the k–ω turbulent model was the most 

suitable for the used geometry [9]. 

Ortner et al. investigated the effect of shear stress at the interface between a flowing gaseous 

phase and a liquid-filled cavity. They analyzed the adverse effect of the resulting quality associated 

with the simultaneous solution of the transport equations in the turbulence k-ω model in the air and 

oil regions. They found a way to address this concern by applying a user-defined function (UDF), 

which sets the turbulent viscosity to zero when an oil volume fraction of 0.9 is exceeded [10]. 

Benmoussa and Rahmani used a CFD model based on the finite volume method discretization 

of Navier - Stokes equations to describe the fluid mechanics and heat transfer of yield stress fluid 

flow with the regularization model of Bercovier and Engelman in a cylindrical vessel equipped with 

an anchor stirrer. They analyzed the effect of inertia and the influence of plasticity and rheological 

parameters on hydrodynamic flow behavior, such as the velocity components and power 

consumption [11]. 

On the other hand, several turbulence models can simulate systems that include non-Newtonian 

fluids. Heat transfer during agitation of Bingham viscoplastic fluid was analyzed by Hammami et al. 

[12]. In this analysis, they tried to identify the rigid zones and optimize mixing and heating 

performances. They also used the Bingham approximation and Papanastasiou's regularization model 
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to model the fluid rheology. Key results include the presence of recirculation zones and the 

importance of the anchor position on the size and shape of the rigid zones. 

The study of Albertazzi et al. analyzed the emulsification process inside Sulzer Static Mixers. 

Emulsification is carried out in continuous devices through CFD simulations. They concluded that 

emulsification offers advantages over batch emulsion, such as better control of the droplet size 

distribution, reduced volume equipment, and lower operative costs. The analysis of the turbulence 

model in this application found that the k-∊ turbulence model was more suitable than the k–ω 

turbulence model. [13]. 

A Reciprocating-Mechanism Driven Heat Loops (RMDHL) was analyzed by using a CFD solver, 

including several turbulence models such as realizable k-ɛ models, standard, and SST k-ω models, 

transition k -ω model, and the transition SST model for the three-dimensional fluid flow. The 

simulations show that the standard k-ω models provided the least accurate results while the 

renormalization group (RNG) k-ɛ model provided the most accurate predictions [14]. 

Tian et al. used the power law model to describe the rheology of pseudoplastic fluids due to its 

computational stability and low cost [15]. About the turbulence model in pseudoplastics fluids, Wang 

et al. found that k-ε models outperformed k-ω models in predicting torque characteristics of non-

Newtonian flows. Furthermore, Wang et al. found that the SST model was more reliable in predicting 

velocity profiles and flow patterns in higher-concentration solutions [16]. 

Based on the analyzed literature, it is observed that the use of the SST k-ω turbulence model is a 

reasonable option to simulate the heat transfer and fluid dynamics in an agitated vessel with a draft 

tube, as this turbulence model is used to analyze Newtonian fluids and provide accurate results in 

CFD models [17]. On the other hand, the SST k-ω turbulence model was also used to analyze the non-

Newtonian fluids' mixing characteristics.   

The study of Vlček and Jirout investigates heat transfer at the bottom of a cylindrical vessel, 

where an axial-flow impeller generates a jet within a draft tube. The vertical vessel walls restrict the 

impinged surface, and a swirling motion is introduced to the liquid flow exiting the draft tube. This 

study analyzed how this swirling motion impacts bottom heat transfer and provides a dimensionless 

correlation for the Nusselt number. This swirling motion significantly affects heat transfer, 

particularly in the stagnant region. Figure 1 shows a typical axial velocity distribution at the draft 

tube outlet obtained through CFD simulations for this specific geometry [18]. 

 

Figure 1. Example of typical axial and tangential velocity profiles at the draft tube outlet [18]. 

This profile significantly differs from the conventional velocity distribution observed in 

traditional impinging jets. Adding a tangential velocity component to the primary axial flow and the 
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resulting centrifugal forces causes the peak velocity to shift away from the center. As a result, this 

shift can lead to a considerable reduction in heat transfer near the stagnation point. 

As documented in the literature, many experimental, theoretical, and numerical studies have 

explored heat transfer in unconfined impinging jets. However, the majority of these studies 

concentrate on non-swirling flows. The relationship between tangential and axial velocity 

components is referred to as the swirl number (S), which is defined as follows [19]: 

𝑺 =
𝟐 𝑮𝒘

𝒅 𝑮𝒖
          (1) 

𝑮𝒘 = ∫ 𝝆 𝒓 𝒘 𝒖 𝒅𝑨
⬚

𝑨
        (2) 

𝑮𝒖 = ∫ 𝝆  𝒖𝟐 𝒅𝑨
⬚

𝑨
        (3) 

where Gw and Gu represent the axial fluxes of tangential and axial momentums, respectively, and A 

denotes the outlet cross-sectional area of the draft tube. 

The Reynolds number will be used to determine the flow regime, and for agitated vessels, it is 

defined as follows: 

𝑹𝒆 =
𝑵 𝒅𝟐

𝝂
          (4) 

where N is the rotational speed of the impeller in revolutions 

per second (rev/sec), d is the impeller diameter in meters, and 

ν is the kinematic viscosity of the fluid. For agitated vessels, 

the flow regime can be categorized as follows: 

 Laminar: Re < 50 

 Transitional: 50 < Re < 5000 

 Fully Turbulent: Re > 5000 

The Nusselt number, which determines the ratio between convective and conductive heat 

transfer, is defined as: 

𝑵𝒖 =
𝜶 𝑫

𝝀
          (5) 

where α is the heat transfer coefficient of the process, D is the characteristic length (diameter of the 

vessel), and λ is the thermal conductivity of the fluid. The heat transfer coefficient describes the heat 

transfer rate between the fluid and the vessel, making it one of the most critical parameters in the 

process. 

In forced convection, the Nusselt number can generally be correlated as follows: 

𝑵𝒖 = 𝒇(𝑹𝒆, 𝑷𝒓, 𝒈𝒆𝒐𝒎𝒆𝒕𝒓𝒚)       (6) 

The most common representation of this correlation is the Dittus-Boelter correlation, where the 

1/3 power in the Prandtl number is used for cooling [20]. Although it is typically used for flow in a 

pipe, it can also serve as a useful reference for agitated vessels: 

𝑵𝒖 = 𝟎. 𝟎𝟐𝟑 𝑹𝒆𝟎.𝟖 𝑷𝒓𝟏/𝟑       (7) 

Petera et al. used the electrodiffusion experimental method to measure the heat transfer at the 

bottom of a cylindrical vessel impacted by a swirling flow from an impeller within a draft tube. They 

presented the following correlation for the local values of the Nusselt number along the radial 

coordinate of the heat transfer surface [21]: 
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𝑵𝒖 = 𝟎. 𝟎𝟒𝟏 𝑹𝒆𝟎.𝟖𝟐𝟔 𝑷𝒓𝟏/𝟑 𝑺𝟎.𝟔𝟎𝟗      (8) 

Based on the literature analyzed below, several studies have not analyzed the heat transfer and 

fluid mechanics in an agitated vessel with a draft tube through dimensionless numbers correlations. 

This study describes a CFD simulation of heat transfer in an agitated vessel with a draft tube based 

on the study made by Calvopiña H. [22]. The study was performed in ANSYS Fluent using the Sliding 

Mesh approach and the SST k−ω turbulence model. A grid independence study based on the number 

of time steps was made to select an appropriate time step size. This analysis includes the mean values 

and the local values along the radial coordinate of the heat transfer surface of the Nusselt number. 

The results are validated by comparing them with data from previous simulations. The key findings 

are the correlations that describe the mean Nusselt number at the agitated vessel bottom and wall, 

which are also compared with the found in the literature. 

This study is organized as follows: Chapter 1 describes previous studies on analyzing the 

rheology and turbulence models analyzed for different applications. Also, it presents previous 

correlations analyzed for the study of agitated vessels. Chapter 2 includes the model description and 

methodology used in this study, including the geometry of the agitated vessel, mesh analysis, and 

simulation configuration. Chapter 3 describes and analyzes this study's primary results, including 

correlations under a specific rotation velocity, heat transfer, and nondimensional numbers that 

describe the physical phenomena. Finally, Chapter 4 shows the main findings of this study. 

2. Materials and Methods 

Several rotational speeds were simulated in ANSYS Fluent, using the SST k−ω turbulence model 

with the Kato-Launder correction activated [23]. The geometry consisted of an agitated vessel with a 

six-blade impeller (blades pitched at 45°) placed inside a draft tube, and the fluid used was water at 

a temperature of 300 K. The bottom and walls of the vessel were subjected to a constant heat flux of 

30000 W/m². Figure 2 illustrates the geometrical configuration of the model along with its dimensions. 

 

Figure 2. Geometrical configuration of the model [22]. 

The mesh comprised more than 3 million elements. The simulation script was divided into three 

parts. Initially, steady-state iterations were performed with the energy equation turned off. Following 

this, the simulations switched to a transient model using the Sliding Mesh approach. In this phase, 4 

seconds was simulated without the energy equation to establish an initial transient velocity field. 

Finally, 20 seconds were simulated with the energy equation activated and a constant heat flux of 

30000 W/m² applied. 
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The mesh initially created in ANSYS Mesh was refined in ANSYS Fluent by converting the 

tetrahedral mesh elements into polyhedral elements. This adjustment reduced the number of 

elements from approximately 3 million to 2 million and improved the orthogonal quality (which 

ranges from 0 to 1, with values close to 0 indicating low quality) from 0.072 to 0.28, and the maximum 

skewness was 0.71. The height of the first layer of the mesh at the bottom of the tank (inflation layer) 

was defined as 0.4 mm in ANSYS Mesh. 

When we are interested in heat transfer, the whole viscous sublayer must be appropriately 

described, and no wall functions should be used in such cases. In order to accomplish this, the Y+ 

value should be close to 1. After performing the simulations, it was verified that the values of Y+ 

satisfied this condition. Figure 3 shows the Y values at the bottom and wall for a rotational speed of 

900 RPM. 

  
(a) (b) 

Figure 3. (a) Values of Y+ at the bottom of the tank, (b) Values of Y+ at the wall of the tank [22]. 

The study on the number of mesh elements for an agitated vessel was previously conducted by 

Chakravarty A [24]. Therefore, a grid independence study was performed focusing on the number of 

time steps. This study aimed to select an appropriate time step, balancing accuracy with simulation 

time. The results of three simulations with a rotational speed of 500 RPM were evaluated. The 

outcomes are presented in Table 1. 

Table 1. Data of the simulation at 500 RPM with different time steps [22]. 

Size of time step [sec] 0.001 0.05 0.01 

Number of time steps 20000 4000 2000 

Total wall-clock time [days] 10.4 6.3 5.4 

Real time [days] 15-17 8-10 4-6 

Total HTC [w/m2K] 942.13 859.36 1066.41 

Total HTC extrapolated [w/m2K] 1345.8 

GCI 53.56 70.76 32.75 

3. Results and Discussion 

The Grid Convergence Index (GCI) was calculated using MATLAB. The monitored quantity was 

the total Heat Transfer Coefficient (HTC), and the number of time steps was evaluated only for the 

final 20 seconds (when the energy equation was activated). Figure 4 illustrates the relationship 

between the Heat Transfer Coefficient and the number of time steps for a rotational speed of 500 

RPM. 
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Figure 4. Dependence of the HTC on the number of time steps for 500 RPM [22]. 

The results of the GCI analysis exhibit a non-monotonic dependency of the monitored quantity 

on the number of time steps, showing an oscillatory tendency with non-decreasing amplitude. 

Specifically, the GCI for the highest number of time steps (20,000) is smaller for the middle point 

(4,000) but larger for the smallest number of time steps (2,000). This behavior could be attributed to 

the time step size; a much smaller time step should ideally be used for the Sliding Mesh approach. 

However, these results complicate the proper evaluation of the GCI concerning the number of time 

steps. 

The primary parameter for selecting the time step size was the duration required to complete 

the simulation. A simulation with a time step of 0.01 seconds took approximately 3 to 5 days on the 

computational servers at the Czech Technical University, using an ELF - HP ProLiant DL560 G8, 4 

processors Intel Xeon E5-4620 v2, 32 cores in total, 2.6 GHz, and 256 GB RAM. Reducing the time step 

to 0.005 seconds for the same simulation would increase the duration to 8 to 10 days. Given that 

multiple simulations were needed to analyze the results, a time step of 0.01 seconds was chosen to 

balance accuracy and computational efficiency. 

The material used in this simulation is water with constant properties (no temperature 

dependence), and the primary boundary condition is a constant heat flux of 30000 W/m2. After 

determining the appropriate time step size, simulations were conducted for eight rotational speeds 

ranging from 200 to 900 RPM. The evaluated parameter was the mean Nusselt number. Since the 

bottom and wall of the tank are heated simultaneously, three different Nusselt numbers were 

calculated: one for the bottom, one for the wall, and a total Nusselt number, which is the average of 

the previous two. Table 2 presents the mean Nusselt numbers obtained from the simulations and the 

corresponding Reynolds numbers, calculated using the dynamic viscosity (μ=0.001003 Pa s) and 

density (ρ=998.2 kg/m3) of water, as given by Equation 4. 

Table 2. Values of the Nusselt and Reynolds numbers according to the rotational speed [22]. 

Rotational speed 

[RPM] 

Nusselt number 

Re 
Bottom Wall Total 

200 82.59 75.11 76.49 12344 

300 108.39 75.83 81.85 18516 

400 153.32 80.54 93.99 24688 
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500 236.31 99.04 124.4 30860 

600 263.89 117.97 144.9 37032 

700 311.93 142.11 173.5 43204 

800 350.51 167.92 201.7 49376 

900 387.26 191.27 227.5 55548 

With the data obtained from the simulations, the goal was to present a correlation for the Nusselt 

number as follows: 

𝑁𝑢 =  𝑐 𝑅𝑒𝑚 𝑃𝑟1/3       (9) 

Nonlinear regression was conducted using MATLAB functions nlinfit and nlparci to determine 

the coefficients C and m for the abovementioned correlation. Table 3 presents the values of these 

coefficients, C and m, along with their confidence intervals, which indicate the ranges where the best-

fit parameter values lie with 95% probability for the Nusselt number at the bottom, at the wall, and 

the total. 

Table 3. Values of the coefficients for the correlation of the Nusselt number [22]. 

  c 
Confidence interval for  

m 
Confidence interval for  

c m 

Bottom 0.002 -0.001 - 0.005 1.059 0.903 - 1.215 

Wall 0.01 -0.001 - 0.005 0.837 0.561 - 1.114 

Total 0.005 -0.001 - 0.005 0.913 0.723 - 1.104 

The correlations can be outlined as follows: 

𝑁𝑢𝑏𝑜𝑡𝑡𝑜𝑚 =  0.002 𝑅𝑒1.059 𝑃𝑟1/3     (10) 

𝑁𝑢𝑤𝑎𝑙𝑙 =  0.01 𝑅𝑒0.837 𝑃𝑟1/3     (11) 

𝑁𝑢𝑡𝑜𝑡𝑎𝑙 =  0.005 𝑅𝑒0.913 𝑃𝑟1/3     (12) 

The Nubottom correlation was compared with other published correlations, the Dittus-Bolter 

correlation [25], the Petera et al. correlation [21], and the Moving Reference Frame (MRF) correlation 

[21]. The cited correlations and the confidence zone, limited by dashed lines, are shown in Figure 5. 

As is observed in this figure the proposed correlation is located in the confidence zone. 
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Figure 5. Nu correlation for the bottom of the simulated vessel compared with the previously 

published Nu correlations [22]. 

Figure 6 illustrates the relationship between the Nusselt number and the Reynolds number for 

the correlations obtained through nonlinear regression, the Dittus-Boelter correlation (Equation 7), 

and the data obtained from the simulation for the bottom, the wall, and the total. 

 
(a) 
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(b) 

 
(c) 

Figure 6. Correlations obtained from the nonlinear regression, the simulation data, and the Dittus-

Boelter correlation from the literature as a function of Reynolds number, for (a) bottom of the vessel, 

(b) wall of the vessel, and (c) total [22]. 

We can observe from the data in Table 3 that the exponents of the Reynolds number in the 

correlations are pretty large, particularly for the bottom, which has a value of 1.059 with a confidence 

interval between 0.903 and 1.215, indicating an error of about 15%. For the correlation at the wall, the 

exponent of the Reynolds number obtained from the regression is similar to the exponent in the 

Dittus-Boelter correlation, but the confidence interval remains significant, with an error of about 30%. 

Therefore, another nonlinear regression was performed to compare the simulation results with the 

exact Dittus-Boelter correlation. This time, only the constant c was calculated, while the exponent of 

the Reynolds number was fixed at 0.8. Table 4 presents the value of the coefficient c and its confidence 

interval for the Nusselt number at the bottom, the wall, and the total. 
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Table 4. Values of the coefficient for the second correlation of the Nusselt number (the exponent of 

the Reynolds number used was 0.8) [22]. 

 c Confident interval for c 

Bottom 0.030 0.028 - 0.033 

Wall 0.014 0.013 - 0.016 

Total 0.017 0.016 - 0.019 

The correlations can be outlined as follows: 

𝑁𝑢𝑏𝑜𝑡𝑡𝑜𝑚 =  0.030 𝑅𝑒0.8 𝑃𝑟1/3     (13) 

𝑁𝑢𝑤𝑎𝑙𝑙 =  0.014 𝑅𝑒0.8 𝑃𝑟1/3     (14) 

𝑁𝑢𝑡𝑜𝑡𝑎𝑙 =  0.017 𝑅𝑒0.8 𝑃𝑟1/3     (15) 

The new correlations have a more substantial impact at the bottom, where the coefficient of 0.03 

is very close to the coefficient in the Dittus-Boelter correlation (0.023), and the error decreases from 

15% to 10%. For the wall, although the coefficient did not change significantly (from 0.010 to 0.014), 

the confidence interval decreased notably, reducing the error from 30% to around 10%. Figure 7 

shows the relationship between the Nusselt number and the Reynolds number for the new 

correlations at the bottom, wall, and total compared with the Dittus-Boelter correlation. 

 
(a) 
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(b) 

 
(c) 

Figure 7. Correlations obtained from the second nonlinear regression (only the parameter c was 

calculated, and the exponent of the Reynolds number used was 0.8) and data from the simulation are 

compared with the literature correlation of Dittus-Boelter, for a) bottom of the vessel, b) wall of the 

vessel, and c) total [22]. 

The local values of the Nusselt number at the bottom were measured for different Reynolds 

numbers along the dimensionless radial coordinate r/d, where r is the tank's radius and d is the 

diameter of the draft tube. Figure 8 presents the results. 
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Figure 8. Local values of the Nusselt number at the bottom for different Reynolds numbers along the 

dimensionless coordinate r/d [22]. 

We can observe that the highest value of the Nusselt number (and thus the heat transfer 

coefficient) is not at the center of the tank but approximately at the radial dimensionless coordinate 

r/d = 1. This shift is attributed to the tangential velocity, distinguishing this setup from non-swirling 

impinging jets, where the highest heat transfer coefficient is typically found closer to the tank's center 

(r/d = 0). 

However, Petera et al. [21] published an experimental study on heat transfer at the bottom of an 

agitated vessel for different dimensionless distances h/d. They found that the impact of tangential 

velocity is more significant at smaller distances from the bottom of the vessel and is minimal at a 

dimensionless distance h/d = 1, which is the scenario in the present study. 

Concerning the wall, the local values of the Nusselt number were measured for different 

rotational speeds along the dimensionless coordinate y/H, where y is the distance from the bottom, 

and H is the height of the tank. A significant increase was observed starting from 400 RPM (Re = 

25000); the local values can be considered constant at lower rotational speeds. The highest value is 

located at the corner (y/H close to 0), which is caused by the presence of a swirl, enhancing the 

convective heat transfer. This behavior is similar to the local values of the Nusselt number along a 

flat plate, where, theoretically, the heat transfer coefficient is infinitely large at the beginning. We do 

not have an infinitely sizeable Nusselt number, but the peak is located at the start. Figure 9 shows the 

dependence of the local Nusselt number values on different rotational speeds. 
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Figure 9. Local values of the Nusselt number at the wall along the dimensionless coordinate y/H 

[22]. 

Another simulation at 500 RPM with a time step of 0.01 seconds was performed, but only the 

bottom was heated in this case. This simulation was conducted to compare the effects of the boundary 

conditions. In this project, the bottom and the wall are heated simultaneously, whereas experimental 

results typically heat the bottom and the wall separately. The average heat transfer coefficient when 

only the bottom is heated was 2136.80 W/m²K; when both the bottom and wall are heated 

simultaneously, it was 2025.59 W/m²K. Comparing these values reveals a difference of approximately 

5%. The results of the local values of the Nusselt number along the dimensionless coordinate r/d are 

shown in Figure 10. 

 

Figure 10. Local values of the Nusselt number at the bottom along the dimensionless coordinate r/d 

for two different simulations: only the bottom is heated, and the bottom and wall are heated 

simultaneously (500 RPM, Re = 30000) [22]. 

The main difference is in the corner where the bottom and wall meet. In the corner, due to the 

centrifugal forces generated by the impeller, the fluid stream is impinging the wall perpendicularly. 
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Therefore, the width of the thermal boundary layer decreases, which means a higher heat transfer 

coefficient. The radial component of the velocity decreases when the radius increases. The Nusselt 

number is significantly higher in the corner when only the bottom is heated. The latter is due to the 

more significant temperature difference between the bottom and wall, resulting in a higher heat 

transfer coefficient. The velocity profile of the model simulation is presented in Figure 11. 

 
(a) 

 
(b) 

Figure 11. Velocity profile (m/s) in a) the entire vessel simulation and b) the right bottom (where the 

draft tube wall and bottom of the vessel meet) [22]. 

The mean values of the Nusselt number at the bottom obtained from our simulations were 

compared with existing data from a simulation using the MRF (Moving Reference Frame) approach, 
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where only the bottom was heated [21], [26]. The time step used in the MRF simulation was the same 

as in our simulations (0.01 sec). The correlation obtained from this MRF simulation was: 

𝑁𝑢 =  0.101 𝑅𝑒0.68 𝑃𝑟1/3      (16) 

The confidence interval for the exponent of the Reynolds number was 0.680 ± 0.051, and for the 

leading constant, it was 0.101 ± 0.055. Comparing this data with Equation 7, we observe that the 

leading constant and the Reynolds exponent from the MRF approach correlation differ and fall 

outside the confidence intervals of the values obtained with the Sliding Mesh approach. 

The different boundary conditions could be one reason for these discrepancies, particularly the 

Reynolds number exponent. The Sliding Mesh approach simulations were conducted with heat flux 

applied to both the bottom and wall simultaneously, whereas the MRF approach simulations had 

heat flux applied only to the bottom. Another, and likely the primary reason, is the size of the time 

step. The Sliding Mesh approach is more sensitive to time step size, requiring it to be sufficiently 

small. 

Figure 12 shows the mean Nusselt number values for various Reynolds numbers obtained using 

the MRF and Sliding Mesh approaches and the correlation from Equation 7 obtained via nonlinear 

regression. 

 

Figure 12. Values of the mean Nusselt number for several Reynolds numbers obtained with MRF and 

Sliding Mesh approaches [22]. 

The dashed lines represent the prediction bands of the correlation from Equation 7; this region 

indicates where 95% of the data points would fall if additional data were collected and measured. 

Most of the data obtained with the MRF approach falls within the prediction bands, which, from 

a statistical perspective, indicates that the compared data is similar. 

The final temperature can be calculated analytically and compared with the results from the 

simulation. This comparison allows us to determine if the simulation behaves appropriately and if 

the results are reliable from a physical perspective. 

We can start by calculating the heat flux using the following equation: 

𝑄 =  𝑚 𝐶𝑝 
𝑑𝑇

𝑑𝑡
        (17) 

where m is the total mass of the heated fluid, which can be calculated as the tank's volume times the 

water's density (998 kg/m3). The specific heat capacity (Cp) is constant for water, with a 4182 J/kg·K 
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value. A heat flux of 30000 W/m2 was used (q), so we need to consider the surface area where the heat 

flux was applied (S). Therefore, the previous equation can be expressed as: 

𝑞𝑆 = 𝑉𝑡𝑎𝑛𝑞𝜌𝑤𝑎𝑡𝑒𝑟𝐶𝑝𝑤𝑎𝑡𝑒𝑟
𝑑𝑇

𝑑𝑡
      (18) 

This equation is an ordinary differential equation that can be solved by separating and 

integrating the variables. The integration limits for the temperature are from the known initial 

temperature (300 K) to the final temperature (Tf) and for the time, from 0 to 20 seconds. The heat flux, 

surface area, tank volume, water density, and specific heat capacity of water remain constant. 

𝑞 𝑆 ∫ 𝑑𝑡
20

0

= 𝑉𝑡𝑎𝑛𝑞𝜌𝑤𝑎𝑡𝑒𝑟𝐶𝑝𝑤𝑎𝑡𝑒𝑟 ∫ 𝑑𝑇
𝑇𝑓

300

 

𝑇𝑓 =
𝑞𝑆(20)

𝑉𝑡𝑎𝑛𝑞𝜌𝑤𝑎𝑡𝑒𝑟𝐶𝑝𝑤𝑎𝑡𝑒𝑟
+ 300𝐾     (19) 

The heat flux is applied to both the bottom and the wall; thus, the surface area (S) is the sum of 

the bottom surface area (πr2) and the wall surface area (2πr × H). The diameter of the tank is 392 mm, 

and the height of the tank is 430 mm. Therefore, the total surface area (S) is 0.65 m², and the volume 

of the tank (πr2 × H) is 0.05 m³. By substituting these values into Equation 19, the final temperature 

(Tf) is calculated as 301.86 K. The final temperature obtained from the simulation, using a report of 

volume integrals, is 301.82 K, thus confirming the accuracy of the calculation. 

Two additional simulations were conducted at 500 RPM with the same boundary conditions 

(bottom and wall heated simultaneously) and a time step of 0.01 seconds but with extended mixing 

times of 30 and 40 seconds. The latter was done to compare the accuracy of the current results (with 

a 20-second mixing time) against the results from simulations with longer mixing times. 

The comparison was conducted using a similar approach to the grid convergence study 

performed in MATLAB. The grid convergence indexes (GCI) were calculated for the Nusselt number 

at the bottom, wall, and total. A decreasing trend was observed in all values. The GCI results with a 

20-second mixing time were 8% for the Nusselt number at the bottom, 12% at the wall, and 21.07% 

for the total Nusselt number. 

Table 5 presents the results of the Nusselt number according to the mixing time, along with all 

the GCI values and the Nusselt number's extrapolated values at the bottom, wall, and total. 

Table 5. Values of the Nusselt number according to the mixing time, extrapolated values of the 

Nusselt number, and GCI at the bottom, wall, and the total [22]. 

BOTTOM (Nu-extrapolated = 221.09) 

Mixing time Nusselt GCI 

20 236.31 8% 

30 232.36 6% 

40 225.9 2.60% 

WALL (Nu-extrapolated = 89.52) 

Mixing time Nusselt GCI 

20 99.04 12% 

30 96.06 8.50% 

40 93.84 5.74% 

TOTAL (Nu-extrapolated = 103.43) 

Mixing time Nussel t GCI 
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20 124.41 21.07% 

30 121.25 18.36% 

40 118.25 15.65% 

A correction must be applied for a considerably longer mixing time to account for the 

temperature increase of the fluid in the vessel. For calculating the heat transfer coefficient (α), the 

Fluent solver does not consider this temperature increase but instead takes the fluid temperature as 

a constant input parameter (Tref) according to the following equation: 

𝛼 =
𝑞

𝑇𝑟𝑒𝑓−𝑇𝑤
        (20) 

where 𝑇w is the temperature at the wall, and q is the heat flux. 

In this study, no correction was necessary because the temperature increase of the fluid after 

mixing was relatively small (1.82 K). 

The monitored quantity exhibits a non-monotonic dependence on the number of time steps, with 

the GCI results showing an oscillatory trend of non-decreasing amplitude. Specifically, the GCI for 

the largest number of time steps (20000) is less than the GCI for the middle point of time steps (4000) 

but greater than the GCI for the fewest number of time steps (2000). 

There is an error of approximately 15%, with correlations being too large at values of 1.059 and 

a confidence interval of 0.903 to 1.125. The Reynolds number exponent obtained from the regression 

is similar to the exponent from the Dittus-Boelter correlation, though it has a large confidence interval 

and an error of approximately 30%. 

We used MATLAB to calculate the convergence index for the Nusselt number at the bottom, 

wall, and total, with a decreasing trend identified in all values. The GCI results with a 20-second 

mixing time were 8% for the Nusselt number at the bottom, 12% for the wall, and 21.07% for the total. 

4. Conclusions 

Using the SST k–ω turbulence model with the Kato-Launder correction and the sliding mesh 

approach, heat transfer was analyzed in a stirred vessel with a draft tube at various rotation speeds 

ranging from 200 to 900 RPM. The sliding mesh approach was assumed to provide higher accuracy 

than the moving reference frame (MRF) approach, with mesh modification in ANSYS Fluent 

employed to improve mesh quality. 

A grid independence study determined the appropriate time range for the simulations. It was 

observed that the grid convergence index (GCI) exhibited an oscillatory trend with non-decreasing 

amplitude. Consequently, a suitable GCI value could not be reliably evaluated based on the entire 

simulation duration, which ranges from 3 to 5 days with a time step of 0.01 seconds. 

The correlation for the mean Nusselt number was evaluated for the bottom, the wall, and the 

total. The Dittus-Boelter correlation was compared using nonlinear regressions in MATLAB, and the 

respective coefficients were determined. 

Local Nusselt number values were evaluated at the vessel's bottom and wall. At the bottom, a 

peak occurs where r/d is approximately 1. On the wall, the highest value is near the corner, where 

y/H is close to 0. 

The previous simulations were compared with the mean Nusselt number values results obtained 

using the Moving Reference Frame (MRF) approach. Similar Nusselt number values were found in 

both cases, specifically within the Reynolds number range of 3000 to 4000. 

The influence of simulation time on the accuracy of results was evaluated using an approach 

similar to the grid convergence study. The difference in accuracy between the actual and extrapolated 

values for the 20-second mixing time was 8% at the bottom and 12% at the wall. 

The Sliding Mesh approach requires a much smaller time step to obtain more accurate results. 

However, repeating the simulations with a more minor time step was impossible due to the high 

computational requirements. 
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Increasing the mixing time could increase the accuracy of the results, albeit at the cost of 

extended simulation time. A correction to eliminate the temperature increase of the liquid in the 

vessel would be necessary when this effect cannot be neglected, as demonstrated in the study by 

Chakravarty A. [24]. 

Some different turbulence models could be employed to perform new simulations and compare 

the results with those obtained in the present work. Furthermore, it would be possible to reach more 

accurate results using a more minor time step in the sling mesh approach. All of these improvements 

must be applied in future analysis. 
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