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Abstract. In this study, the results obtained by the numerical simulation presented in this paper are compared with the 

results obtained experimentally by Oliveski (2000) for a vertical cylindrical thermal reservoir with internal diameter of 

0.42m and internal height of 0.57m (79L). In the simulation using Ansys software, for the same parameters of the 

problem, a study to evaluate the degree of mesh refinement was performed based on the methodology used by Adolfo 

(2015). The boundary conditions adopted were: Flow: Transient; Buoyancy Model: Boussinesq Approximation; Step of 

time used: 1s; Wall Condition: Top Non slip / adiabatic; Base: h = 06 [Wm ^ 2 / K]; Lateral: h = 10 [Wm ^ 2 / K]; 

Initial tank conditions: Null velocity field and initial temperature of approximately 355.15 K. Total simulated flow 

time: 18,000 s. For the external temperature, contour condition used in the simulation, the ambient temperature was 

used as a function of time through the graph provided by Oliveski. Three meshes were compared based on the 

methodology used by Adolfo (2015) in his studies. These have 1,512,143 and 7,997,663, 851,837 and 4,379,079, 

271,898 and 1,308,368, number of nodes and elements, respectively. For the turbulence model adopted, the SST (Shear 

Stress Transport) model was used. The simulations took approximately 58 days to complete. The residue sought in the 

iterations was at least 0.001, with a maximum of 100 iterations for each time step. For the behavior of the temperature 

field in the tank over time the formation of the stratified temperature profile was observed, as described in Oliveski's 

work, and also that the thermal stratification occurs only in the lower region and that in the upper region the water 

becomes temperature is almost constant. In terms of mean temperature in the tank, the simulation is very close to the 

results shown by Savicki (2007). However, in terms of temperature profile along the height of the tank, this behavior is 

shown to be different. Another fact is that the height of the thermocline found in this simulation was considerably 

higher than that shown in the Savicki simulation. Therefore, the results obtained were validated with the experimental 

results presented by Oliveski and the numerical results presented by Savicki. It has been confirmed that the mesh with 

the second refinement level is already sufficiently capable of generating satisfactory results. 
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1. INTRODUCTION 

 

Currently, research on the optimization of equipment for obtaining solar energy has been gaining more and 

more space in the scientific environment, however, besides developing research related to equipment that capture 

solar radiation directly as solar collectors and photovoltaic panels, studies with in relation to the storage processes 

of this thermal energy, that is, regarding the optimization of thermal storage, are also extremely necessary in view 

of some differences between the moment the working fluid is heated by solar radiation and the moment of its use . 
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Therefore, it is very important to know the behavior of the temperature inside the thermal reservoir in order to obtain a 

good functioning of liquid heating systems through solar energy. 

Through the use of numerical simulations, it is possible to know these behaviors within these systems. The 

simulations concern a tool that faithfully reproduces physical phenomena that occur in the installation, allowing the 

time savings in empirical tests, deep analysis of the equipment in order to obtain accurate and important data to the 

project. However, for these numerical simulations the use of a good computational mesh is an essential factor so 

that the results and the behaviors required within these equipments can be quantified in the best possible way. 

This work aims to compare the results provided by the numerical simulation presented in this work with the 

results obtained experimentally by Oliveski for a vertical cylindrical thermal reservoir of identical dimensions, 

geometry and operating conditions, as well as to verify through a mesh study the degree of refinement of the most 

suitable computational mesh so that it can present as precise results as those of much more refined meshes that would 

require a greater computational effort in its uses. 

 

2. REVIEW 

  

2.1 Storage Tanks and Thermal Stratification 

 

According to Oliveski (2000), the temperature distribution in the reservoir plays a fundamental role in the natural 

circulation that occurs throughout the system. As Pentagna et al. (2003) explain in their work, "Thermal stratification is 

understood in this context as the temperature distribution where the thermal gradient exists almost vertically." The 

correct identification of the isocline, the thin layer of fluid separating the cold layer from the layer hot in the tank and 

having a large temperature gradient between the top and the bottom of the tank as well as its position along the height of 

the tank at known time intervals is of vital importance for the correct evaluation of the energy availability. Only in this 

way is it possible to fill a known energy demand, keeping constant the maximum and minimum temperature levels of 

the working fluid ". 

Over the years, many papers have been published on the process of energy storage through the thermal stratification 

of a fluid in an isolated tank of the medium. In 1977, Lavan and Thompson conducted an experimental study on 

thermally stratified hot water storage tanks. Relationships with different lengths and diameters, mass flow rates and 

inlet and outlet temperatures were made in the experiments and the authors were able to produce several useful 

relationships for storage system designs. 

Kleinbach, Beckman and Klein (1993), through the comparison of results of storage tank models with experimental 

data, concluded that the stratification depends mainly on the volume of the tank, the design of the input and output 

instruments and the inflow and output. 

Ismail et al. (1996), in a study of thermally stratified tanks for hot and cold water storage applications, established a 

two-dimensional model, based on equations of mass conservation, amount of movement and energy to represent 

thermal transport processes in the tank. The obtained results were compared with available experimental results and also 

with a one-dimensional analytical model. 

Rosen (2001) verified the energy and exergy content in thermal storage of stratified liquid using six different 

models of temperature distribution. Knowing Rosen that factors such as precision of the results and computational effort 

are involved in the choice of a particular distribution, for each of the models of temperature distribution used was 

shown its relation with the formation of the thermal stratification, with the energy storage efficiency and with its exergy 

storage capacity. In this way, it was possible that the results obtained by the exergy analysis contributed to the design 

and analysis of thermal storage systems. 

Ievers (2009) studied through numerical and experimental simulations the influence of the storage volume and hot 

water inlet position on the thermal stratification of vertical cylindrical water storage tanks. It also analyzed the behavior 

of the temperature profile along the height of the tank in order to indicate the evolution of tank heating and discusses in 

its article different methods recommended in the literature in order to quantify the thermal stratification of storage 

tanks. In the same paper, Ievers also chose the model that was proposed by Rosen (2001), which compares the level of 

stratification of the tank with the exergy within the tank, as analyzed. 

According to Adolfo (2015), the process of mixing water inside the tank is a process that generates entropy through 

the mixing of fluids of different temperatures and energy losses to the medium. As a consequence, this process ends up 

degrading the energy stored by the tank and this, in turn, loses the quality of its thermal stratification. According to 

Rosen, the instantaneous exergy of the storage tank ε given in [kJ] is defined by Eq. (1). 

 

                                                                                                                                      (1) 

 

Where ρ is the specific mass of the control volume, given in [kg / m3], Ω is the tank volume given in [m3] and ξ is 

the availability of each control volume given in [kJ / kg] which can be calculated by Eq. (2). 

 

                                                                                                                       (2) 
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Where h is the enthalpy and h0 is the enthalpy in the reference state, given in [kJ / kg], s is the entropy and s0 is 

the entropy in the reference state, given in [kJ / kg K], and T0 is the temperature in the reference state, given in [K]. 

Rosen (2001) also defined a dimensionless parameter based on exergy ζ capable of quantifying the degree of 

thermal stratification of a tank by comparing two ideal opposite cases: a perfectly stratified tank and a perfectly 

mixed tank. According to Adolfo (2015), perfectly mixed tank is one in which the temperature of each control 

volume inside the tank observed at random has the same temperature, that is, where the heating of the same occurs 

perfectly homogeneous and the total volume of liquid inside it undergoes heating without ever a region heating 

more or less than the others. The perfectly stratified tank, however, is one in which there is no mixing between 

fluids of different temperatures. 

 

2.2 Natural convection 

 

According to Incropera et al. (2008), heat transfer (or heat) is the thermal energy in transit due to a difference in 

temperature in space. Of the three modes of heat transfer (convection, conduction, and radiation), convection is the 

mode in which heat transfer occurs between a surface and a moving fluid at different temperatures. 

The mode of heat transfer by convection comprises in addition to the transfer of energy due to random 

molecular motion (diffusion), the global movement of the fluid, also called advection. This is associated with the 

fact that the collective motion of a large number of molecules, in the presence of a temperature gradient, contributes 

to the heat transfer. 

Also according to Incropera et al, heat transfer can be classified in relation to the nature of the fluid flow. 

Convection will be forced when the flow is caused by external means, and free (or natural) when the flow of the 

fluid is induced by forces of buoyancy, which are originated from differences in densities (specific masses) caused 

by temperature variations in the fluid. 

The equation describing the rate of heat transfer by convection, known as the law of Newton's cooling, is given 

by: 

 

                                                                                                                                   (3) 

 

 

where: 

 = Surface Temperature 

 = Fluid Temperature 

 = Coefficient of heat transfer by convection, in  

 

The rate of heat transfer through the wall can be found by:  

 

                                                                                                                                 (4) 

 

where: 

A = Solid surface heat exchange area 

 

The convection heat transfer coefficient (h) is a function of a large number of variables, such as fluid transport 

properties (viscosity, density, thermal conductivity), fluid velocity, contact geometry, among others. However, this 

empirical parameter, besides being obtainable through Newton's law of cooling, can be found through the use of 

correlated dimensionless parameters, such as Nusselt (Nu), Reynolds (Re) and Prandtl (Pr) numbers. flow. Many 

correlations are obtained in the literature, but the accuracy of the results of these correlations in the determination of the 

convection coefficient will depend on the type of application to which they are intended, because the flows have 

different characteristics. 

 The use of dimensionless numbers in the equations that govern the study of natural convection becomes 

appropriate considering that these are in general complex and knowing the behavior of fluid flows in cavities with 

natural convection by means of dimensionless numbers make them more simplified . 

In 1967 Evans et al carried out analytical and experimental studies of natural convection in vertical cylinders 

where a cylinder was partially filled with liquid and subjected to a uniform heat flow in the walls. The variation of 

several important parameters, such as the test liquid, the liquid depth, the wall heat flux beyond the extensive range of 

Prandtl numbers of 2 to 8,000, the L / D ratio of 1 to 3 and of the Grashof number from 103 to 1011 for laminar and 

turbulent flow regimes was performed and through the use of thermocouples and dye markers it was possible to 

measure the temperature field within the liquid by evaluating the existing flow patterns. The authors, in addition to 

verifying that the core fluid temperature varies only in the vertical direction (not in the horizontal direction), have 

developed an analytical model that can be used with a step-by-step computational procedure to predict the temperature 
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distribution in the fluid as a function of time for an arbitrary set of conditions, finally validating it with experimental 

studies. 

GUO et al. (1985), investigating the flux and temperature stratification in a liquid thermal storage tank for a solar 

energy system, have been able to develop a two-dimensional, time-dependent mathematical model based on the 

principles of heat transfer by natural and forced convection. They presented numerical results on flow and temperature 

distribution patterns in a liquid storage tank for very large Grashof and Reynolds numbers, along with the numerical 

scheme. 

Truman and Wildin (1989) were able to solve a model for hot liquid storage tanks using the finite difference 

technique. Such a simple and efficient model was compared with an experimental model so that the distributions of 

temperatures in the water and the flow of energy between the tank were satisfactorily quantified. 

Oliveski, Krenzinger and Vielmo (2003) have developed a numerical and experimental study on velocity and 

temperature fields within a thermal storage tank subjected to natural convection with thermal losses to the environment 

by the side wall, top and base. The numerical simulation is done with 3 versions of the Multi-node model (one-

dimensional) and with a two-dimensional model that uses the conservation equations of mass, momentum and energy 

discretized by the finite volume method. For the validation of the numerical models 40 different tank configurations 

were performed, varying aspect ratios, insulation thicknesses and volumes.  

 

2.3  Fluid Mechanics and Computational Modeling 

 

The problems of fluid mechanics concerning the movement and transport of particles can be represented by the 

Continuity Equation and the Navier-Stokes Equation. In addition, for problems involving heat exchanges, the Energy 

Conservation Equation is also used. Such control equations developed for the whole system can be written as follows: 

 

Continuity Equation: 

 

   (5) 

 

Momentum Equation: 

 

   

    (6) 

 

    (7) 

 

  

 

   (8) 

 

 

Energy Equation: 

 

   (9) 

 

There are problems in the mechanics of fluids in which many physical equations are involved and the complexity 

of the analytical treatment becomes very expensive or infeasible. Some simplifications in terms of the variables 

involved or space-domain dimensionality can guarantee the continuity of the search for the analytical solution in such 

situations, or even facilitate the search for a simplified numerical solution. The latter occurs mainly when it is not so 

relevant what happens within each space of a domain, but in the domain as a whole. This is what happens when one 

starts with the use of techniques of integral analysis of control volumes. However, it is often necessary to know what 

happens within a particular domain space and a differential approach must be used. One of the ways of solving this type 

of problem is the finite volume method (MVF) in order to find results numerically. This method is widely used by CFD 

(Computational Fluid Dynamics) software and is increasingly flexible and with better resources to work with. The 

Finite Volume Method is defined as the integration in space and time of the differential equation in the conservative 

form in one of the control volumes, Patankar (1980). This method uses the differential equation in its integral form and 

for this, the discretization of the domain of the studied problem becomes extremely necessary. When solving a system 
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of partial differential equations, the boundary conditions, together with the initial conditions, determine the particular 

solution of the problem being studied. 

 

2.4 Time and Mesh Study 

 

The discretization of the studied domain is a very important step of numerical simulation by the Finite Volume 

Method (MVF), considering that the higher the level of refinement the greater the precision of the numerical results, 

however the computational effort is also higher; and vice versa. It is also known that there is a refinement level of 

domain discretization where major refinements do not significantly change the results sought. The search for this level 

of acceptable refinement culminates in the so-called mesh independence, a name commonly given to the finite volume 

mesh that forms the discretized domain. This method consists in increasing the resolution of the coarser initial mesh, 

repeating the simulation with this new, more refined mesh and verifying if there was a significant change of results 

between the two meshes. If this variation of results is confirmed, thus indicating that the mesh is not adequate, this 

process must be repeated until relatively small variations of results are achieved (generally of the order of 1%), thus 

indicating the achievement of a independent solution of mesh and therefore, a converged mesh (Siqueira, 2014). 

Adolfo (2015) conducted a time independence independence of meshes and applied the ASME VV20 Standard for 

numerical simulations of fluid dynamics to analyze a vertical cylinder in order to compare and validate the results 

obtained by Ievers. An important fact in this study was that the levels of refinements used were much higher than the 

level of refinement used by Ievers. In addition, it was considered a permanent flow study for the tank walls at a fixed 

temperature of 300K, so that there is loss of heat to the walls as soon as the hot water enters the tank. For buoyancy 

modeling, the Boussinesq approximation was used to calculate the specific mass of water, while for the other properties 

water was considered as Newtonian fluid. Gravity was adopted 9.8 m / s2 from the top to the bottom of the tank. 

With the analysis of the errors between measurements in each of the six meshes studied and with the results 

obtained through the application of ASME VV 20, which helps to quantify the precision of the results obtained for each 

mesh facilitating the choice by the level of refinement of each problem , Adolfo came to the conclusion that mesh 

number 3 already had sufficient refinement to provide flow data with similar accuracy to what more refined meshes 

(numbers 4, 5 and 6) would provide. 

In a transient flow, it is necessary to choose a suitable time step to obtain the flow data over time. Very small time 

steps may reveal greater details of the flow at the cost of a long computational time, whereas larger time steps can save 

large simulation time while it may compromise the flow properties sought. The ideal time step is therefore the one from 

which, by adopting smaller time steps, the difference in flow properties is irrelevant. By also carrying out a study for 

Adolfo time step independence, adopting the same boundary conditions as the original Ievers simulation with adiabatic 

tank walls, he observed that the results for the flow properties showed great convergence already from the step of time 

of 0.5s, original value taken by Ievers in their simulation.  

 

3. METHODOLOGY 

 

Oliveski et. al. (2000), developed an experimental study and numerical simulations regarding the cooling process 

of vertical thermal reservoirs. In order to validate the methodology used in the computational simulation for the air 

conditioning project of the LES-UFPB, a computer simulation was performed using Ansys software using the same tank 

geometry as the main operating conditions used in the cited study. In addition, a comparative study was carried out for 

the three meshes with different levels of refinement and for the same parameters based on the methodology used by 

Adolfo (2015). The results were then compared with the experimental results obtained by Oliveski. 

The tank studied has an internal diameter of 0.42m and an internal height of 0.57m, giving a total internal volume 

of approximately 79L. For two cases investigated by Oliveski, called fast cooling and slow cooling, the reservoir is 

disconnected from the rest of the system's hydraulic circuit and thus there is no water inlet or outlet from the solar 

collectors or the cold water reservoir. At the bottom of the shell there is a wooden base of 30 mm followed by a layer of 

90 mm glass wool. In the upper region there is a 10 mm expanded polystyrene layer followed by a layer of 120 mm 

glass wool. The figure below shows in detail the geometry of the tank with its main dimensions. 

The two heat transfer regimes are differentiated by the fact that in the first case, rapid cooling, only the bottom and 

top of the reservoir are isolated, the side of the tank being fully exposed at room temperature. Already in the second 

case, slow cooling, an insulation layer is placed on the side wall of the tank. Figures 4 (a), b (b) and 4 (c) present the 

main dimensions as well as the materials used for lateral, top and base insulation during the experiment conducted by 

Oliveski. 
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Figure 4 - (a) Tank and insulation dimensions; (b) Detail of the Upper Flap (c) Angular Cut of the Tank; 

Source: Oliveski et al. 

 

For the second case studied by Oliveski, Savicki (2007) presented a preliminary three-dimensional simulation 

using the three-dimensional computer code partially developed by him, and as a way of giving credibility to his work 

also compared the results obtained by him with experimental and numerical data of the work of Oliveski.ki. 

 

3.1 Boundary Conditional 

Table 2 shows the contour conditions adopted in this work for the second case studied by Oliveski. 

Table 2. Boundary Conditional. 

 

Slow Cooling 

Flow type Transiente 

Buoyancy model Boussinesq Approximation 

For the other properties water was considered as Newtonian fluid. 

Gravity (From top to bottom of tank) 9,8 m/s² 

Time step 1s 

Walls 

Top: Adiabatic 

Base: h= 6 [Wm²/K] 

Lateral: h= 10 [Wm²/K] 

Initial tank conditions Null velocity field Ti = 82 ºC. 

Total time 5h 

 

For the external temperature, contour condition used in the simulation, the ambient temperature was used as a 

function of time through the graph provided by Oliveski et. al., Figure 5 below. 
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Figure 5 - Surface temperature obtained experimentally. 

Source: Adapted, Oliveski 2000 

. 

3.2 Mesh 

 

The analyzes of mesh independence and time step performed by Adolfo were important in order to guarantee a 

good precision of the results sought by the author in his numerical simulation. In this way, it is known that the greater 

refinement of the mesh or the adoption of smaller time steps would not cause noticeable differences in results, even 

though they greatly increase the computational time of the simulation. 

In this work the computational mesh independence study was performed using the same methodology used by 

Adolfo. Three meshes were used, whose characteristics are presented in table 3. Figure 6 shows the detail image of the 

same. 

 

 

        a           b                                               c    

Figure 6 - Detailing of the meshes used; (a) Mesh 0; (b) Mesh 1; (c) Mesh 2; 

 

Tabela 3 – Mesh Details. 

 

Dimensions 

Curvature Angle (º) 18 

Minimum Edge Size [mm] 2,450 

Max Edge Size [mm] 9,80 

Max Tetrahedron Size [mm] 12,250 

Growth Ratio 1,2 

Inflation 

Thickness [mm] 20 

Number of layers 7 

Growth Ratio 1,15 

 

 
MESH 0 MESH 1 MESH 2 

Sizing Element Size [mm] 2,7 3,3 5,0 

Total Node 1.512.143 851.837 271.898 

Total Elements 7.997.663 4.379.079 1.308.368 
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For the model of turbulence adopted, the model SST (Shear Stress Transport) was used because of the models of 

two equations more outstanding in this area, it considers in the transport of momentum the effect of the shear stress near 

the wall, providing a better prediction in terms of the flow detachment. In addition, this model combines the advantages 

of Wilcox's k -ω model (1986) and k-ε model. Since the first one presents a good capacity to describe the turbulent 

boundary layer near the surface, where the velocities are low, for which the models based on the turbulent dissipation 

(ε) show faults [Vergel, 2103]. 

 

4. RESULTS AND CONCLUSION 

 

The simulations in total lasted approximately 58 days and the transient results at every 200 seconds of flow were 

saved to obtain flow properties. During the simulation, the residuals of the energy conservation equations, conservation 

of mass, conservation of the quantities of movement in the x, y and z axes were monitored. The residue sought in the 

iterations was at least 0.0001, with a maximum of 100 iterations for each time step. 

By means of figure 7 it is possible to observe the temperature profiles along the height of the tank for the time of 1 

hour for the results found by Oliveski and in this work. It was observed the formation of the stratified temperature 

profile, as described in the work of Oliveski et al., And also that the thermal stratification occurs only in the lower 

region and that in the upper region the water is almost constant temperature. 

For the same case studied by Oliveski, Savick (2007) analyzed the behavior of the temperature field in the tank 

over time, the results presented by the author for 5h of simulation can be compared with the results of this work through 

figure 8. the temperature profile of the tank remains close to that observed by savick in this simulation. Therefore, in 

terms of mean temperature in the tank, the simulation is very close to the results shown by the author. However, in 

terms of temperature profile along the height of the tank, this behavior is somewhat different. Another fact is that 

observing Figure 8 it is clear that the height of the thermocline found in this simulation was considerably larger than 

that shown in the Savick simulation.  

 

 

Figure 7. Comparison between the temperature profiles along the tank height for 1 hour, found by the authors.  

 
Figure 7. Comparison between the temperature profiles along the tank height for 1 hour, found by the authors. 
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By means of this research it was possible to estimate and verify the behavior of the storage tank, and to compare 

them with experimental results by Oliveski (2000) and numerical results presented by Savicki. 

Through the simulations carried out it was found that the distance from the lower temperatures from the bottom of 

the tank to the top of the tank is less smooth than the results found by Savicki and Oliveski. 

It is still worth noting that two considerations about the numerical model chosen become important, the main one 

being the mesh size. Such refinement levels were used for this work because the laboratory has a machine with 8 GB of 

RAM. The second is that through the study done it was possible, according to the experimental results presented by 

Oliveski, to validate the analysis performed and through numerical results, presented by Savicki, confirm that the mesh 

with the second level of refinement is already sufficiently capable of generate satisfactory results and it is therefore 

more suitable for generating results than the mesh with the highest degree of refinement, since the latter would cause a 

much greater computational effort for a non-significant difference in relation to the results found. 
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