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Abstract 
 

Ecovat as a stratified thermal storage tank brings the possibility of making optimal 

use of renewable energy demands flexibility for heating and cooling. Regarding 

utilization of Thermal stratification in the storage tank, some unbalancing for 

thermal stratification would emerge during charging and discharging. In this project, 

a Computational Fluid Dynamics investigation on Ecovat is performed to determine 

the effects of inlet hot water, thermocline thickness, temperature difference between 

inlet water and existing water in tank, and position of diffusers on the mixing and 

thermocline formation, which influenced the performance of Ecovat systems and 

thermal stratification. Furthermore, the CFD model would be Proposed for the the 

whole Ecovat system (Diffusers and Tank) for the first time and this model can be 

utilized to simulate the Ecovat with custom dimensions based on the client’s 

requirements. CFD Simulation will demonstrate how the Ecovat system will work 

in real operational cases. 
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1 Introduction 

Occupants' thermal comfort within the built environment is maintained by utilizing heating 

and cooling systems. Ventilation and heating systems have high maintenance costs and 

high amount of energy consumption. Energy consumption varies at different times of day 

and also in different seasons. So, energy producers and distributor companies should have 

a larger capacity of production and distribution of energy during the peak hours to meet 

the user’s demand, while this is considered as redundant capacity during the off-peak. 

Utilizing thermal energy storage (TES) to store energy during the off-peak hours and 

deliver energy to the heating grid during peak hours is one of the advanced methods which 

shift the demand from peak hours to off-peak hours (Figure 1). Furthermore,  TES system 

can store energy for longer periods of time like weeks, months, and seasons. In a longer 

period, TES stored energy whenever it is available (summer), and delivers it to the heating 

grid during the peak periods (winter). 

 

Figure 1 Thermal energy storage tank with district heating, Ecovat 

Stratified Thermal energy storage tanks are one kind of TES system that could store energy 

by using the heat capacity of water. In the tank, water has different temperatures in different 

layers, which could meet the various range of temperature requirements from cooling to 

heating purposes. During the off-peak, the energy stored in the tank in the forms of cooling 

and heating energy. Then, energy from the tank is supplied to the system to meet the need 

for heating and cooling instruments.  
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Solar energy is one sort of energy that needs to be stored during the time that producing 

thermal power is possible for the system. A proper energy storage system must be 

developed to store the heat power during off-peak and deliver this heat during the peak 

when the thermal power production is not sufficient by solar energy systems. These periods 

of time can be considered daily or seasonal based on the purpose system. Furthermore, the 

energy output of other sources of energy like waste heat from industries, wind, and 

geothermal energy can be stored in the thermal energy storage tanks when they are 

available. In this way, the storage tank can match the amount of heat supply with the heat 

demand over a specific period ( daily, weekly or seasonal). 

Thermal energy storage can store the energy temporarily and make it possible to use the 

energy at a later time. Stratified energy storage tanks can store the energy for days, weeks, 

months, and even seasons. Different working materials like water, oil, and phase change 

material could be used in a thermal energy storage system. While water is the most used 

fluid for thermal energy storage system because of:  

• Availability 

• Low cost 

• High specific heat capacity 

In comparison to other materials, using water is easier as the working fluid, since water can 

be stored and controlled easily, many thermodynamic cycles can be used for extracting the 

power of hot or cold water, separating the water in the tank is possible by stratification and 

buoyancy force.  

In a stratified thermal storage tank, different layers with their constant temperature are 

separated by thermoclines. A thermocline is a layer that prevents heat conduction between 

two layers of water, and the layers could remain at the same temperature for a long time. 

Regarding utilization of Thermal stratification in storage tanks, some unbalancing for 

thermal stratification would emerge during charging and discharging. 
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2 Problem Statement 

During the charging and discharging processes, thermal destratification could happen, 

which has an influence on the thermal efficiency of Ecovat Figure 2. Thermocline thickness 

is a good Evaluation factor for measuring the degree of stratification in the storage tank. A 

Narrow thermocline confirmed a highly stratified system, while a lowly stratified system 

has a thick thermocline. Thermocline thickness determines the extent of blending between 

warm and cold water. The lower amount of heat is transferred between warm and cold 

water inside the tank when there is a small stable thermocline between the two sides 

(Azharul Karim, 2018). 

 

Figure 2 Charging and Discharging process in TES (Azharul Karim, 2018) 

 

Mechanisms that cause destratification of Thermal Energy storage Tank are (Azharul 

Karim, 2018): 

• Heat transfer through natural convection between the tank and surrounding environment. 

(Ecovat is placed underground, so do not have convection with surrounding) 

 

• Mixing of hot and cold water (Differenct layers) due to the kinetic force of injected water 

from the difussers on top or bottom of the tank.  

• Temperature difference between the inlet water and the water in the tank. 

 

• Thermal diffusion and conduction within the water inside the tank and with storage tank 

wall, piping, and other materials inside the tank. 

 

• Aspect ratio of the storage tanks. (Ecovat aspect ratio is fixed) 
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Among all mentioned disturbing actions, injecting hot or cold water can cause mixing in 

the Ecovat system. The velocity of inlet water or the temperature difference of water inlet 

and stored water can be the main result of destratification in the system. This study is going 

to address how different mentioned factors can cause destratification in the Ecovat system.  
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3 Motivation and goals 

Careful analysis of the operating variables and Ecovat design is required to minimize fluid 

mixing and preventing the loss of stratification. In this project, A computational fluid 

dynamic (CFD) model will be conducted to simulate the operating condition of the Ecovat 

system by using the Open Source CFD software Open Foam. The results of the simulation 

will serve to analyze the flow characteristics and the thermal stratification evolution during 

the charging and discharging of Ecovat. A Simulation is conducted to determine the effects 

of inlet hot water, thermocline thickness, the temperature difference between inlet water 

and existing water in the tank, position of diffusers on mixing and destratification of 

Ecovat. Having a CFD simulation for Ecovat system can provide a model which can 

simulate the desired system by using CAE software and answer engineers question 

regarding the fluid’s behavior in the system without conducting costly experiments to 

diagnosing the problems in the system. Our goal is to maintain thermal stratification with 

the use of key factors during the charging and discharging phases. Furthermore, having a 

CFD model can provide our customers an insight regarding the system and its operation 

before constructing a real Ecovat for them.  
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4 Literature Review  

Using stratified thermal energy storage tanks for heating and cooling purposes, specifically 

for district heating and cooling, is one of the most popular subjects in the field of energy 

storage. CAE software help engineers to simulate the operation of systems without 

conducting costly experiments and precisely detect the operating problems and improve 

the overall system. CFD is one of the tools that help engineers to simulate the performance 

of the system accurately. Some investigation has been conducted for the case of a stratified 

thermal energy storage tank by using commercial CFD simulation software (Ansys Fluent, 

etc.). In the following, some of the related projects are reviewed. 

In order to evaluate the variables that greatly affect the thermal efficiency of Stratified 

Thermal Storage Tank systems for both heating and cooling applications, a theoretical 

investigation is conducted on stratified thermal storage systems by (Azharul Karim, 2018). 

To evaluate the effects of water inlet velocity, tank aspect ratio, and the temperature 

differential between charging (inlet) and tank water on mixing and thermocline forming, 

five fully insulated storage tank geometries, using water as the storage medium, were 

simulated. Findings suggest that thermal stratification intensifies by increasing the 

temperature difference, decreasing inlet velocities, and increasing aspect ratios. It was also 

observed that when the temperature difference between the tank and inlet water was 

reduced from 80 to 10 ℃, mixing improved by 303 percent; in addition, reducing mixing 

improved by 143 percent by decreasing the aspect ratio from 3.8 to 1.0. On the contrary, 

the storage mixing was greatly improved by increasing the inlet water velocity. A new 

theoretical relationship between the velocity of inlet water and the development of 

thermoclines has been established. It was also observed that, after the forming of the 

thermocline, inlet flow speeds could be increased without changing the mixing. (Figure 3) 

 

Figure 3 CFD Simulation, thermocline analysis (Azharul Karim, 2018) 

CFD simulations of thermal stratification heat storage water tank with an inside cylinder 

with openings conducted by (Lingkai Konga & Zhub, 2015).This study presents the 

simulation of thermal stratification heat storage water tank with an inside cylinder with 

openings by three-dimensional Computational Fluid Dynamics (CFD) methods. In 
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particular, this paper emphasizes both the effect of the configuration and operating 

parameters of the inner cylinder and on the characteristics of water flow, thermal 

stratification, and the total effectiveness of the hot heat storage water tank during the heat 

charging operation phase used in thermal energy systems. There is remarkable accuracy in 

the validation of CFD outcomes with experimental data reported in the literature. One of 

the existing methods for estimating stratification efficiencies is extended to the 

hypothetical storage mechanism of charging in this article in order to visually evaluate the 

performance of the energy storage tank with thermal stratification and the non - 

dimensional fluid temperature. The cylinder inside the tank serves the function of a uniform 

diffuser in order to create thermal stratification for the water in the tank. 

A CFD analysis of thermal stratification in a domestic hot water storage tank during 

dynamic mode was proposed by (Olfa Abdelhak & Bournot, 2015). In this article, the 

thermal behavior of a vertical domestic hot water storage tank during the dynamic mode 

was analyzed. By using the commercial software package Fluent v6.3, a 3D CFD model 

was implemented (Figure 4). With experimental evidence collected from the literature, the 

proposed model was validated. During the charging and discharging processes, the 

simulation findings helped to examine the fluid flow and evolution of thermal stratification. 

This research has also been expanded to investigate the effect on system efficiency of 

different tank locations (horizontal/vertical). A numerical analysis was performed between 

the two configurations, and some parameters were measured, such as discharge efficiency, 

Richardson number, and efficiency of stratification. A significant result from this analysis 

was the presence of two regions of increased thermal mixing in the horizontal tank. The 

importance of the two recirculation zones in the destruction of thermal stratification has 

been shown, resulting in a decrease in overall efficiency. 

 

Figure 4 water temperature contours from 6 minutes to 30 minutes (Olfa Abdelhak & 

Bournot, 2015) 
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Thermal stratification is increasingly adopted in many kinds of energy storage areas, such 

as solar thermal utilization systems, to sufficiently store and utilize high-quality heat 

energy. Thermal storage becomes essential in long-term heating load operation due to the 

unsteady characteristics of solar radiation. The broad usage of thermal stratification lies in 

minimizing the mixing effect using thermal stratification due to the temperature difference 

between cold and hot water caused by thermal buoyancy. The theory of thermal 

stratification allows for a broad range of different design manifestations, according to the 

study (Han, et al., 2008), which basically increases the areas of functional use of these 

instruments. A survey of the different types of thermal stratification tanks and testing 

methods is provided in this article, and explanations for energy storage are implemented 

with reliability concerns relevant to the applications, and advantages given by thermal 

stratification are highlighted. In many organizations, structure designs based on the 

theoretical prediction of thermal-stratified water tanks are introduced and compared to their 

experimental results. Ultimately, the development of a thermal stratification tank is 

expected for potential use. 

An underground heat storage tank analysis by CFD simulation (Salehi, et al., 2018) has 

been conducted. In this research, CFD has been used in an actual thermal labyrinth placed 

in the basement of a hospital building to model the flow. In order to maximize the thermal 

mass and minimize the heating and cooling demand of the house, this labyrinth is an 

underground channel equipped with water tanks. A complex heat transfer process 

involving turbulent forced convection, solid conduction, and natural convection exists in 

thermal energy conservation in water tanks. Between the storage tank outside the surface 

and the airflow through the labyrinth, turbulent forced convection occurs. The heat is then 

transmitted through the wall of the tank, and a slow buoyant flow within the tank is induced. 

In order to address these issues, CFD methods are used, and the findings are compared with 

experimental measurements.  As means to find the optimal parameters and working 

conditions for designing such a system in future buildings, a simplified analysis is then 

created. 

The impact of inlet velocity on thermal stratification in a TES was assessed by  

(Kozłowska1 & Jadwiszczak, 2018). The research gives the assessment of thermal 

processes which is used for heating hot water systems of thermal energy storage tanks. 3D 

CFD techniques have been used in this work. The standard buffer charging stage was 

designed for the diameters of three tank inlets: DN20, DN40, and DN80. The port diameter 

influences the inlet velocity, heat storage dynamics, thermal stratification, and thermocline 

thickness in the storage tank with a constant charging water flow and temperature. The 

smallest diameter causes thermal mixing of accumulated water to be unfavorable, and 

thermal stratification is supported by the largest diameter. 
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For residential uses, thermal storage tanks are used widely to supply domestic hot water. 

In a solar power plant, thermal storage tanks are also used. As solar energy is sporadic, a 

thermal storage device is required to manage times where solar energy is not adequate to 

maintain the temperature of the working fluid at the desired operating temperatures. A 

novel model of a thermal storage tank is implemented and evaluated in this work. The 

assessments are carried out in order to explain the effect of the operational parameters on 

the efficiency of the proposed tank. The key concept of the tank is to regulate the direction 

of fluid flow in the tank without the assistance of an external control mechanism based on 

the charging or discharging temperature. In order to control the fluid flow direction, the 

scheme relies on the buoyancy force.  the charge and discharge of the storage tank will be 

increased , which is one of the problems of traditional storage systems, through this 

adaptive approach. Tests of the lumped capacity method were carried out to understand the 

system's temperature distribution and the system's output. The sinusoidal change of the 

temperature of the fluid inlet to the tank is presumed to resemble the variation of solar 

intensity. For a variety of control parameters, the temperature of the fluid outlet from the 

tank is tracked. The feasibility of the proposed method has been shown by the findings. A 

relatively large tank demonstrated that because of variations in the inlet temperature of the 

working fluid, the water in the storage tank could be maintained at the mean temperature 

level. (Oclon, et al., 2019) 

It is well known that stratification is used to improve the efficiency of stratified thermal 

energy storage systems (STESS). In this work, the main energy and exergy methods for 

modeling and evaluating STESS performance are reviewed. Current analytical and 

numerical methods are examined, with their strengths and weaknesses, for modeling 

(STESS). A comprehensive study of performance evaluation approaches based on energy, 

entropy, and energy analysis is also presented. In contrast to energy-based measures, this 

survey outlines entropy generation ratios, which are based on second-law considerations, 

as effective in quantifying the improvements in STESS performance resulting from 

stratification. The number of the entropy generation, Ns, is proposed as an effective tool 

for future performance studies on (STESS). 

 

By reviewing papers, the factors can be determined that significantly influence the thermal 

stratification of the Ecovat system (e.g., Hot inlet water, Thermocline thickness, and the 

temperature difference between charging (inlet) and the tank water). In addition, these 

studies give us an overview of various types of thermal stratification tanks and their 

applications. Furthermore, Buoyancy forces which are studied explicitly in (Oclon, et al., 

2019) need to be considered in our simulation.   
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5 Methodology and Approaches  

CFD is the analysis of fluid flows using numerical solution methods. In order to model the 

physics of the fluid dynamics problem, partial differential equations regarding the pressure, 

velocity, temperature, and fluid characteristic are written for the system. CFD solvers 

transform these equations into algebraical equations and make the corresponding matrix  of 

equations, then use the numerical methods to solve these equations. There is the fact that 

it is possible to set different values for the initial conditions to solve the equations. These 

phenomena make the CFD simulation a powerful tool that can conduct every simulation 

possible with every range of initial values. While doing an experiment is limited to a 

specific range of initial values, and it takes a long time to come up with results. CFD 

analyses approximate a real physical solution, so engineers should know that analyses 

cannot fully exclude physical testing procedures. For verification purposes, tests should 

still be performed. 

A CFD Analysis includes different levels and phases. In general, three phases are 

considered for the CFD analysis: 

1- Preprocessing 

2- Solving 

3- Postprocessing 

Each phase has some levels which should be followed to come up with a CFD simulation.  

Figure 5 illustrates the Steps of CFD analysis.  

 

Figure 5 Different steps of CFD analysis 

 

 

 



19 | P a g e  

 

5.1 Pre-processing 

In this phase, the problem statement is transformed into an idealized and discretized 

computer model. Assumptions are made concerning the type of flow to be modeled 

(viscous/inviscid, compressible/incompressible, steady/non-steady). Other involved 

processes are mesh generation and application of initial- and boundary conditions. 

Commonly,  

1- Geometry  

2- Mesh 

3- Physics  

 

5.1.1 Geometry  

Conducting a CFD simulation needs a geometry for starting. CFD engineers never come 

up with the final geometry for the first simulation. They start to consider the simplest 

geometry to test the solver and check the result if they are favorable or not. So, starting 

with a 2D geometry is common in CFD analysis. After finishing CFD analysis for a 2D 

geometry, a 3D geometry was developed to complete CFD analysis in case that it is needed. 

  

5.1.2 Mesh 

In order to calculate the fluid characteristics (like temperature, velocity, pressure, …) in all 

parts of the system, it is needed to discretize the model into small elements.  A mesh divides 

a geometry into many elements. These elements are used by the CFD solver to construct 

control volumes to solve the fluid flow equations (like the Navier-Stokes equation). 

 

5.1.3 Physics (boundary condition and initial value) 

Almost every computational fluid dynamics problem is defined under the limits of initial 

and boundary conditions. After constructing a mesh grid, it is common to implement 

boundary conditions by adding an extra node across the physical boundary. The nodes just 

outside the inlet of the system are used to assign the inlet conditions, and the physical 

boundaries can coincide with the scalar control volume boundaries. This makes it possible 

to introduce the boundary conditions and achieve discrete equations for nodes near the 

boundaries with small modifications. 

https://en.wikipedia.org/wiki/Computational_fluid_dynamics
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5.2 Solving 

The actual computations are performed by the solver, and in this solving phase, 

computational power is required. There are multiple solvers available, varying in efficiency 

and capability of solving certain physical phenomena. The solver is selected based on the 

physics of the problem. 

5.2.1 Monitoring  

Since the point at which the analysis is deemed converged is defined by the judgment of 

the analyst, users should have a solid understanding of when the analysis has reached its 

final solution. The residual is one of the most fundamental measures of an iterative 

solution’s convergence, as it directly quantifies the error in the solution of the system of 

equations. In a CFD analysis, the residual measures the local imbalance of a conserved 

variable in each control volume. Therefore, every cell in your model will have its own 

residual value for each of the equations being solved. 

 

5.3 Postprocessing  

5.3.1 Result 

Finally, the obtained results are visualized and analyzed in the postprocessing phase. At 

this stage, the analyst can verify the results, and conclusions can be drawn based on the 

obtained results. Ways of presenting the obtained results are, for example, static or moving 

pictures, graphs, or tables. 
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6 Software  

One of the crucial aspects of this project is using open source (non-commercial) software 

for developing the CFD analysis from generating the geometry to postprocessing of the 

result. In the following, software and its usage are described briefly.  

6.1 OpenFOAM 

OpenFOAM represents an Open-Source Field Operation and Manipulation, which is a C++ 

library utilized mainly to solve ordinary and partial differential (OpenFoam, 2019). It 

boasts a variety of implemented solvers, even for particular physics, preprocessing, and 

postprocessing utilities, which are under active development. It can be used in massively 

parallel computers. The is no need to pay for separate licenses. It is a powerful CFD (for 

both compressible and incompressible flows) software with various physical libraries 

(turbulence models, transport/rheology models, thermophysical models …).  

 

6.2 blockMesh  

OpenFOAM contains some free meshing applications, and blockMesh is one of the most 

common multi-block mesh generator application that OpenFOAM includes (CFDdirect, 

2015). This meshing tool creates high-quality meshes. To produce a mesh with this tool, 

the user should specify vertices, the connection between blocks, and the cell numbers in 

each direction. Moreover, in order to assign boundary patches, faces connectivity has to be 

defined. The whole procedure can be carried out in the blockMeshDict file. 

6.3 Paraview 

Like OpenFOAM, ParaView is an open-source application, a multi-platform data analysis 

tool for visualizing data of different sizes (paraview, 2016). ParaView can run on parallel 

systems as well as single-processor systems, laptops, and desktop workstations. Moreover, 

the data analysis in this software can be done interactively in 3D or programmatically using 

its batch processing and scripting in Python. ParaFoam is the main post-processor, which 

has been provided in OpenFOAM. Nevertheless, other visualization applications such as 

CFD-Post and Tecplot can be used. Just for the sake of making this subject clear, paraFoam 

is a wrapper of a third-party open-source product named ParaView. In theory, paraFoam 

and ParaView are the same. paraFoam/ParaView possesses many built-in filters. By using 

these filters, data can be manipulated as means to create vectors, streamlines, iso-surfaces, 

cut planes, plot over a line, and so on. 
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6.4 SnappyHexMesh 

SnappyHexMesh is one of the volume mesh generation tools for OpenFOAM, which has 

a GUI add-on for Blender (free and open-source 3D computer graphics software toolset) 

that eases the workflow for updating, modifying, and exporting 3D surface meshes to 

OpenFOAM (SnappyHexMesh, 2016). 

 

Figure 6 2D diffuser modeling in Blender 

6.5 Python  

Python (Norvig, 1995) is an interpreted, high-level, and general-purpose programming 

language, which has a large standard library, commonly cited as one of its greatest 

strengths, provides tools suited to many tasks. Due to its versatility, this tool is used in 

order to the blockMeshDict files required for mesh generation in OpenFOAM. 
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7 2D simulation 

7.1 Description of the model 

A simple 2D CFD model has been implemented in OpenFOAM software in order to 

simulate thermal stratification in a simplified model of Ecovat thermal storage tank. In this 

simulation, pressure, velocity, and temperature will be assessed. A hot flow of water enters 

the tank from the top diffuser, and it flows out from the bottom diffuser. The tank was filled 

with cold water at first. The effect of hot flow on the thermal layers in the tank will also be 

investigated. 

7.2 Description of construction and solution steps  

Every CFD simulation is comprised of some necessary steps. The first step is to create a 

geometry, which is understandable by the CFD software, such as producing a CAD file 

and converting it to the conventional formats like STL. In OpenFOAM, the simplest way 

to achieve this goal is using the blockMesh utility. This utility is very useful in generating 

hexahedral blocks. The second step is to generate the mesh and specifying the 

computational domain. This step is easily achievable by using blockMesh. Finally, physical 

connection of different parts of the geometry is introduced to the software. It will be 

described in more detail in the next sections. 
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7.3 Geometry  

As mentioned before, a simple 2D model has been created (Figure 7) by using blockMesh. 

It should be noted that OpenFOAM only accepts 3D geometries; as a result, a thin artificial 

thickness required to be considered for the model for this sake, which does not affect the 

solution. The 2D model consists of a hot diffuser at the top and a cold diffuser at the bottom. 

Water is going to fill the vessel by using Hot or Cold diffuser based on the strategies of 

charging. 

 

Figure 7 Ecovat Simplified 2D model 
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7.4 Mesh Construction  

Hexahedral computational grids guarantee the accuracy of the solution. To this aim, this 

method of meshing is utilized for geometry. As mentioned, blockMesh divides the 

geometry into hexahedral blocks; consequently, different mesh sizing should be considered 

for different parts of the geometry. For example, the left and right vessels, which have a 

rectangular shape, should be considered as single blocks. Moreover, in order to obtain more 

accurate results, size of the mesh is decreased in locations that flow experience sensible 

changes in the geometry. 

The geometry has been implemented with blockMesh. The position of the vertices have to 

be specified, which are the points that help user to define boundaries.Then, different blocks 

that constitute the geometry are created; furthermore, the number of grids in each block is 

defined in this step. Finally, proper name needs to be associated to each boundary, which 

is crucial to designate physical boundary conditions.    

The generated mesh is demonstrated in Figure  8and Figure 9. 

 

Figure  8 generated mesh for the diffuser 
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Figure 9 Generated mesh for the whole 2D model 
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7.5 Solver  

OpenFOAM is a finite-volume-based open-source software, which includes dozens of 

different solvers. Each solver is designed for a specific physics, and this is up to the users 

to find the most pertinent solver and manipulate it to simulate their desired phenomenon. 

Differences of solvers are in the governing equations, which describe physical that should 

be solved numerically. These equations would be transformed into a system of linear 

algebraic equations by enlisting the helping hand of numerical methods that discretize them 

in nodes, which constitute the mesh, and finally, the answer of these linear equations is the 

answer of the fluid flow. 

 

Figure 10 Node discretization and numerical method 

The buoyantBoussinesquePimpleFoam is the best-fitted solver in OpenFOAM that can 

model stratified flows (A.Charalampidoua, et al., 2013), a transient solver for buoyant and 

incompressible fluids. A summary of governing equations related to stratified flows is as 

follows. 

∇𝑢

∇𝑡
+ ∇(𝜌𝑢𝑢) + ∇. (𝜈𝑒𝑓𝑓∇𝑢) + ∇. (𝜈𝑒𝑓𝑓(∇𝑢)𝑇 − 𝜈𝑒𝑓𝑓

2

3
𝑡𝑟(∇𝑢)𝑇𝐼)

= −(∇𝜌)𝑔, ℎ. 𝑓 − ∇𝑃𝜌𝑔ℎ 
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Here u is the velocity vector, (∇𝜌)𝑔. ℎ. 𝑓 term in the right hand side represents the body 

force acting on the fluid element and  𝜈𝑒𝑓𝑓 = 𝜈 + 𝜈𝑡. 

The governing equation for temperature is solved, given as 

∇. (𝜌𝑢𝑇) − ∇. 𝛼𝑒𝑓𝑓∇𝑇 = 𝑆𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑇  

Where, 𝛼𝑒𝑓𝑓 =
𝜈𝑡

𝑝𝑟𝑡
+

𝜈

𝑝𝑟
, 𝑆𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 and 𝑆𝑇 are source terms due to radiation and user-

defined source term, respectively. The density is updated as 𝜌 = 1 − 𝛽(𝑇 − 𝑇𝑟𝑒𝑓). 

In order to calculate the pressure, the PIMPLE algorithm is implemented for pressure 

velocity coupling. PIMPLE algorithm is the combination of both SIMPLE and PISO 

algorithms which is especially suitable for transient problems with large time steps or 

Courant numbers without being concerned about the divergence of the solution 

(OpenFoamGuide, 2017). In fact, in one time step, it solves the problem in steady-state 

mode with an under relaxation, then it marches in time, which can be possible using outer 

correction loops to guarantee that the explicit terms have converged. In order to guarantee 

the stability of the solution, the Euler method is used to discretize temporal terms, which 

is first-order and ensures a bounded solution. Additionally, Gauss linear method has been 

adopted to discretize other terms, which is a second-order scheme and leads to accurate 

results  (Holzmann, 2017). Finally, the courant number is set to be 0.5, which is a decisive 

factor in determining the boundedness of the solution to adjust time step size according to 

mesh size as means to increase solution speed and consider time steps as large as possible.   



29 | P a g e  

 

7.6 Boundary Conditions 

 

Before any explanation, boundaries of the geometry have been depicted in Figure 11, 

Figure 12, and Figure 13. 

 

 

Figure 11 wall boundary condition 

 

Figure 12 Inlet and Outlet boundary condition 
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Figure 13 Empty boundaries 

The tank is considered thermally insulated; therefore, the temperature gradient is set to zero 

on the vessel and diffusers’ walls. At the inlet, water flows with 363 K, and it leaves the 

bottom diffuser with inlet-outlet boundary condition. No-slip boundary condition is used 

for the velocity at walls, 1 m/s at the inlet, and inlet-outlet BC (boundary condition) at the 

outlet. Finally, the pressure gradient is considered zero at walls and inlet, and the pressure 

is set to zero at the outlet. As mentioned before, the front and back faces are only considered 

for generating an understandable mesh for OpenFoam, and empty BC is imposed on them 

to eliminate their effects on the fluid flow. 

The k-epsilon model is utilized for simulating turbulence fluid flow in the tank. BCs related 

to this model should be calculated with the following equations. 

k =
3

2
(UI)2 

In which 𝐼 is turbulence intensity, and it can be considered 5%. 

ϵ =
cmu

0.75k1.5

mixingLength
 

where 𝑐𝑚𝑢
 = 0.09 is an experimental constant. mixingLength defines the largest eddy size 

and depends on the geometry and can be calculated by: 

mixingLength = 0.07 × Dh, Dh =
4A

Pw

 

where 𝑝𝑤 is the wet perimeter.  
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7.7 Post-processing the results 

The most common tool for postprocessing OpenFOAM’s results is the Paraview software, 

which is open-source software. The main objective of this work is to evaluate changing 

temperature distribution in the tank through time. To this aim, an animation is produced 

that aptly illuminates temperature change with time. It should be noted that the velocity 

and pressure developed quickly in the flow, and only temperature variations are noticeable 

over time. In the following sections, two test cases were examined in order to assess the 

solver in modeling the thermal stratification in the tank. 

7.8 Case 1 Thermal Stratification 

In this case, the water start to fill the tank with a 25℃ initial temperature with a 90℃ hot 

water, and the transition of temperature layers has been scrutinized. The inlet velocity is 

1
𝑚

𝑠
 and the diameter of the diffuser is 20 𝑐𝑚. The diameter of the tank is 27.48 𝑚, and its 

height is equal to 29 𝑚. 
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33 | P a g e  

 

 

Figure 14 2D simulation of Thermal stratification in Ecovat ( Time: “seconds”) 

Figure 14 demonstrates a clear change of temperature distribution in the tank over time. As 

it can be seen from these figures, temperature layers would be formed as time passed. In 

addition, diffusion of heat starts from the top diffuser, and it develops, and finally, heat 

diffusion is observable in the whole tank. 

Consequently, the formation of temperature layers can be modeled with this solver.  
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7.9 Case 2 

In the second case, the tank already have a water with an initial stratified temperature 

distribution, and the goal is to assess the effects and disturbances created by filling the tank 

with 90℃ hot water on the temperature distribution. 
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Figure 15 2D simulation of the charging process in Ecovat 

Figure 15 reveals that how the inlet hot water affects the temperature distribution and how 

heat diffusion is evident. Over the course of time, top layers is replaced with warmer layers 

with temperatures close to the hot inlet water. It is axiomatic that at an infinitesimal time, 

the temperature of the whole tank shall be equal to inlet water temperature. 

As it is obvious from these cases, the formation of temperature layers is conspicuously 

apparent, which proves that our CFD model simulates thermal stratification affirmative. 
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8 3D simulation 

In this section, Only details are explained related to differences in preparation of the 

problem between 2D and 3D models. 

8.1 Description of the model 

At first, an effort was made to create the whole geometry with a Python code, which had 

the ability to generate various configurations of the diffuser; in fact, it could produce a 

diffuser with arbitrary pathways for fluid flow. After producing the diffuser geometry, the 

diffuser would be stuck to the tank. However, due to the complexity of the 3D geometry, 

it was decided to consider a part of the physical model as the computational domain to 

decrease the computational cost. The geometry is axisymmetric, and it can be generated by 

revolving a 36 degrees part of the model. This strategy is significantly helpful to mitigate 

solution time and also ease the process of mesh generation. 

 

8.2 Description of construction and solution steps 

As mentioned in the previous section, the only difference in steps required to follow is 

related to the different geometry and subsequent settings pertaining to that, such as grid 

generation, BC, and postprocessing. 

8.3 Geometry and Mesh generation 

The Python code is used to create the geometry of the diffuser. In its first part, geometrical 

parameters and also variables have been specified. Furthermore, this information is used 

to generate a text file, which is exactly generating the blockMesh file. Only it is needed to 

type this command in the Ubuntu terminal. 

>>$ python3 Diff_Grid.py >system/blockMeshDict 

And the code that produces the blockMesh file is as written. 

by using the python code and blockMesh file, the following geometries are generated 

Figure 16 and Figure 17.  
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Figure 16 diffuser geometry generated by using python code 

 

Figure 17 complete Ecovat geometry generated by using python code 

Nevertheless, as mentioned before, to avoid cumbersome calculations, user takes 

advantage of the axisymmetry of the problem. In order to create the complex geometry of 

the model, it has been divided into four separate parts, which are easy to produce with the 

blockMesh utility, and attach them with another utility named mergeMeshes. These parts 

are two pipes, two diffusers, and a tank. In fact, it is created distinct meshes, and associate 

them with mergeMeshes. It should be noted that as it is required to investigate two cases, 

the location of diffusers is different in these cases, but the steps are the same. These parts 

and the final mesh, which is one-tenth of the original geometry, are illustrated in Figure 

18. 
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Figure 18 Mesh Generated for 3D geometry 

An Ecovat system with diameters of 30m and depths of 28.8 m is selected for 3D 

investigation. All the parameters are specified in Figure 20 and Table 1.  

 

Figure 19 Ecovat system different capacity and diameters 
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Figure 20 Size of different parameters in the diffuser 

Table 1 Diffuser parameter size 

𝐷𝑝𝑖𝑝𝑒 diam 219x2,8mm 

𝑟0 423mm 

𝑟1 645mm 

𝑟2 2690mm 

𝑅 2750mm 

𝜃 9 degree 

𝛼 20 degree 

ℎ0 130mm 
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8.4 Boundary Conditions 

All of the BCs are like the 2D case, but the axisymmetric faces and those relating to the 

connection of different parts. As means to physically connect each part together, it is 

required to define cyclicAMI BC to specify that these parts are linked with each other. 

Furthermore, in axisymmetric faces, cyclic BC are considered. 
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8.5 Postprocessing   

In the following sections, four test cases are examined in order to assess the influence of 

the four factors on destratification: 

1- Inlet hot water 

2- Thermocline thickness 

3- Temperature difference between inlet water and existing water in the tank 

4- Position of diffusers 

On two prespecified temperature distributions, the simulation with the shape of 

temperature layers over time will be examined.  
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8.6 Case 1  

Case 1 characteristics: 

1- Temperature distribution: Different constant temperature layers, 85°C  at the top, 5°C at 

the bottom. Figure 21 

2- Thermocline thickness: 1m 

3- Inlet hot water: from top diffuser with  500
𝑚3

ℎ
 volumetric flow rate and 90°C 

temperature 

4- Temperature difference between inlet water and existing water in the tank 

90 (𝑖𝑛𝑙𝑒𝑡)°C − 85(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑇𝑎𝑛𝑘)°C = 5 °C 

5- Inlet cold water: water Extract from diffusor where the temperature is closest to 70 °C 

  

 

 

Figure 21 Initial condition for temperature distribution case 1 
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8.6.1 Case 1 Result 

Simulation is conducted for 3600 seconds. The result is showed in Figure 22 as the initial 

and final phases of the simulation. Result demonstrates that the temperature at the top of 

the highest layer started increasing since the hot inlet water with 90°C temperature goes up 

when it enters the tank (the water temperature in the tank in the place of insertion is 85°C). 

Furthermore, the layer with the temperature of 70°C started shrinking while there is water 

extraction in that region. 

 

 

Figure 22 Initial and final phase of simulation case 1 
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8.7 Case 2 

In order to assess the influence of thermocline thickness on the system, case 2 is considered 

as same as case 1 with the difference in thermocline thickness. 

Case 2 characteristic: 

1- Temperature distribution: Different constant temperature layers, 85°C at the top, 5°C at 

the bottom. Figure 23 

2- Thermocline thickness: 3 m  

3- Inlet hot water: from top diffuser with  500
𝑚3

ℎ
 volumetric flow rate and 90°C 

temperature 

4- Temperature difference between inlet water and existing water in the tank 

90 (𝑖𝑛𝑙𝑒𝑡)°C − 85(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑇𝑎𝑛𝑘)°C = 5 °C 

5- Inlet cold water: water Extract from diffusor where the temperature is closest to 70 °C 

 

Figure 23 Initial condition for temperature distribution case 2 
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8.7.1 Case 2  Result 

Simulation is conducted for 3600 seconds. The result is showed in Figure 24 as the initial 

and final phases of simulation. Result demonstrates that the temperature at the top of the 

highest layer started increasing since the hot inlet water with 90°C temperature goes up 

when it enters the tank (the water temperature in the tank in the place of insertion is 85°C). 

Furthermore, the layer with the temperature of 70°C started shrinking while there is water 

extraction in that region.  

A comparison between case2 with 3 m thermoclines and case 1 with 1 m thermocline shows 

that thermocline thickness cannot influence the temperature distribution and mixing 

characteristic of the Ecovat system. In both cases, stratification remains unchanged. 

 

Figure 24 Initial and final phase of simulation case 2 
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8.8 Case 3 

In order to assess the influence of diffuser position on the system, case 3 is considered for 

the simulation. 

Case 3 characteristics: 

1- Temperature distribution: Different constant temperature layers, 90°C at the top, 5°C at 

the bottom. Figure 25 

2- Thermocline thickness: 1 m  

3- Inlet hot water: from middle diffuser with  500
𝑚3

ℎ
 volumetric flow rate and 45°C 

temperature 

4- Temperature difference between inlet water and existing water in the tank  

45 (𝑖𝑛𝑙𝑒𝑡)°C − 50(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑇𝑎𝑛𝑘)°C = −5 °C 

5- Inlet cold water: water Extract from diffusor where the temperature is closest to 30 °C 

 

Figure 25 Initial condition for temperature distribution case 3 
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8.8.1 Case 3  Result 

Simulation is conducted for 3600 seconds. The result is showed in Figure 26 as the initial 

and final phases of simulation. Result demonstrates that the temperature at the bottom of 

the middle layer (layer with 50°C) started decreasing since the hot inlet water with 45°C 

temperature goes down when enters the tank (the water temperature in the tank in the place 

of insertion was 50°C). Furthermore, the layer with the temperature of 30°C started 

shrinking while there is water extraction in that region.  

A comparison between case3 and case 1 shows that if the temperature differences are 

positive, the water goes up, and if it is negative, the water goes down. However, this 

phenomenon cannot influence the temperature distribution and mixing characteristic of the 

Ecovat system. In both cases, stratification remains unchanged. 

 

Figure 26 Initial and final phase of simulation case 3 
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8.9 Case 4 

In order to assess the influence of temperature difference between hot water inlet and water 

exist in the tank, case 4 is considered as same as case 3 with the difference in temperature 

of hot water inlet for the simulation. 

Case 4 characteristics: 

1- Temperature distribution: Different constant temperature layers, 90°C at the top, 5°C at 

the bottom. Figure 27 

2- Thermocline thickness: 1 m  

3- Inlet hot water: from middle diffuser with  500
𝑚3

ℎ
 volumetric flow rate and 90°C 

temperature 

4- Temperature difference between inlet water and existing water in the tank  

90 (𝑖𝑛𝑙𝑒𝑡)°C − 50(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑇𝑎𝑛𝑘)°C = 40 °C 

5- Inlet cold water: water Extract from diffusor where the temperature is closest to 30 °C 

 

Figure 27 Initial condition for temperature distribution case 4 
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8.9.1 Case 4  Result 

Simulation is conducted for 3600 seconds. The result is showed in Figure 28 as the initial 

and final phases of simulation. Result demonstrates that the middle layer (layer with 50°C) 

started disappearing since the hot inlet water with 90°C mixed with the water tank and start 

to destroy the thermocline layer around them. Furthermore, the layer with the temperature 

of 30°C is started to be shrinking while there is water extraction in that region. If water 

injection continues for a longer time, stratification will be lost all over the system. 

A comparison between case 4 and case 3 shows that the range of temperature differences 

between inlet water and existing water in the tank is very crucial during the charging of the 

Ecovat. A high-temperature difference can cause destratification in a short time which is 

not favorable for Ecovat thermal efficiency. 

 

Figure 28  Initial and final phase of simulation case 4 
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9 Conclusion 

Stratified thermal energy storage tanks play an important role in storing energy for different 

energy systems. Furthermore, stratified TES can be used as temporary energy storage to 

meet the energy demand during on-peak by releasing the energy that was stored during off-

peak. In this way, they could help energy distribution balancing. Ecovat, as a thermal 

energy storage tank, could store a large amount of energy for a long time and deliver it to 

the system with high efficiency. Ecovat charging and discharging processes play an 

essential role in overall system efficiency. Keeping stratification inside the Ecovat tank is 

the most critical issue that should be considered during the charging and discharging 

processes. Modeling a system’s processes is a crucial step to assess the system's 

performance. CFD simulation model can give adequate information about what exactly 

happens in the tank during the charging and discharging processes. Performing an infinite 

number of experiments to assess the system performance can be replaced by CFD 

Simulations. 

In this study, a 3D simulation was conducted for different case studies to determine the 

influence of following factors on thermal destratification in the tank: 

• Influence of inlet hot water velocity (highest velocity for charging process was 

considered) 

• Thermocline thickness 

• Temperature difference between inlet water and existing water in the tank  

• Position of diffusers  

Results demonstrate that: 

1. Thermocline thickness could not have a great influence on stratification (thermocline 

thickness changed from 1m to 3m in the simulations), while having a smaller 

thermocline could increase the thermal efficiency because there is more space to have a 

thicker layer with a constant temperature.Furthermore, heat transfer between two layers 

decreases by having a smaller thermocline.  

 

2. Results proved that thermal stratification remains in the tank even if the system is 

charged with the highest volumetric flow rate for water inlet (500 
𝑚3

ℎ
).  

 

3. Position of the diffuser for charging the Ecovat does not have an impact on the system 

by comparing cases 1 and 3 (diffusers in different positions used for charging and 

discharging processes).  
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4. The temperature difference between inlet water and existing water in the tank can have 

an impact on thermal stratification since thermal stratification was lost in case 4 when 

the temperature difference was 45°C.  

Consequently, it is suggested to charge the system with a lower temperature difference, 

while this temperature difference depends on the duration of the charging process. Finally, 

the CFD simulations model enables us to simulate Ecovat with the desired dimension and 

see what happens exactly regarding the fluid flow inside the tank, without having a real 

Ecovat, which can be a strong point  for presenting our system to customers. The latest 

simulations demonstrate that regular working conditions for charging and discharging of 

the Ecovat (volumetric flow rate, diffuser position, temperature differences, ...) do not 

affect the thermal stratification in the tank. Further CFD investigation can elaborate more 

parameters and their variations that can affect the thermal stratification in Ecovat. 
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