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ABSTRACT 

Supermarkets need refrigerating devices to keep a cold enough ambiance inside the 

cabinets. A significant amount of heat is released during the condensation stage of the 

refrigerating process implemented. Instead of wasting this available energy, it is 

possible to store it at a certain temperature. The study deals with the sensible heat 

storage and the storing medium consists of an insulated water tank where the water is 

heated from 20°C towards 35°C by a heat source representing the heat pumps´ 

condenser. 

Regarding sensible heat storage in water tanks, two parameters which can affect the 

vertical stratification are considered in this report. The purpose is to study how the 

location of the heat source and the height of the tank influence the temperature 

distribution. 

In order to compute the process inside the tank, CFD simulations are run on 

COMSOL as a combined fluid dynamics and heat transfer model. The study begins 

with a simplified case where a Dirichlet condition is set on the edges of the tank in 

order to have a first overview of the phenomenon. Afterwards, more complex studies 

on the heat source location are carried out to investigate the effect on the temperature 

distribution when the heat source is immersed. The results show that setting the 

heating devices on the bottom fosters the temperature homogenization inside the tank 

and allows having a large amount of hot water available. The configuration where the 

heat source is on the top of the tank creates a high temperature gradient from the 

bottom to the top and limits the amount of hot water available. The height of the tank 

is the last parameter studied and it proves that among several tanks having the same 

volume, the higher the tank is, the more pronounced the stratification is. 

 

 

Key words:  Sensible heat energy storage, water tank, turbulent flow, fluid dynamics, 

COMSOL, temperature distribution, vertical stratification 
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Notations 

Latin uppercase letters 

COP Coefficient of performance, [-] 

Gr Grashof number, [-] 

P Pressure, [Pa] 

T Temperature, [
o
C] 

 

Latin lowercase letters 

cp Specific heat capacity, [J/(kg.K)] 

g Acceleration of gravity, [m/s
2
] 

h Enthalpy, [J/kg] 

u Fluid velocity, [m/s] 

t Time, [s] 

 

Greek lowercase letters 

β Coefficient of volume thermal expansion, [K
-1

] 

λ Thermal conductivity, [W/(m.K)] 

ρ Density, [kg/m
3
] 

μ Dynamic viscosity, [kg/(m.s)] 

 

Abbreviation 

CFD Computational Fluid Dynamics 
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1. Introduction 

Supermarkets shelter many chilled (4
o
C) and cold (-18

o
C) cabinets to keep the food at 

the right and sanitary temperature conditions. To create and maintain cold inside the 

cabinets, refrigerating systems are running continuously. This refrigeration process 

represents almost 50% (Arias, 2005) of the overall electrical energy usage of 

supermarkets, in Sweden. 

These machines consist of heat pumps which extract heat from the cold cabinets. This 

process releases heat at the condensers due to changing phase during the condensation 

from gas to liquid. Based on common models performing a COP of 3, the amount of 

this waste heat is significant because directly linked to the electrical consumption of 

the compressors. That is why it seems interesting to collect this energy instead of 

wasting it. The supermarket could be used as a buffer for a housing estate or a 

greenhouse for instance. This waste heat remains at a low temperature and can be 

used in a low temperature space heating system or to pre-heat hot water.  

First of all and in order to deliver it afterwards, the heat has to be stored at a certain 

temperature. Thus, the idea of this project work is to study a way of collecting and 

storing this waste heat in order to have a stock available at any time.  

 

1.1 Objective and scope 

The general issue can be seen through three main steps:  

 First, calculating the accurate shifting of the heat power released each day and 

be able to estimate the amount of heat introduced in the tank along the day. 

This step consists of collecting data and estimating by hand calculations. 

 Then, studying the storage stage itself to study how the heat is collected and 

stored. On this step, it is possible to go more into details and see how the 

process works within the storing medium. This one can be done through 

dynamic simulations. 

 Finally, finding a possible implementation for this heat. This work consists of 

developing heat distribution and means to exchange the heat from the tank 

towards the users. 

The aim of such a project is above all using COMSOL to implement CFD calculations 

involving fluid mechanics and heat transfers. That is why the project is focused on the 

second step, more precisely on the sensible way to recover the waste heat rejected 

from the condensers. This process is based on the temperature change of a substance, 

that is to say its temperature rises when it is subject to a heat source. Regarding heat 

storage, the better is the specific mass heat capacity of the substance, the more heat 

can be stored per unit of weight. 

The sensible heat energy from a material is given by: 

           ∫  ( )      ( )   
  
  

  (1)  
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Moreover, among many liquid substances, liquid water presents the highest heat 

capacity (see Appendix A), that is why liquid water is here used as the heat storing 

element and the whole system consists of an insulated water tank. 

When the water is heating up, vertical water stratification occurs due to water masses 

with different temperatures which form layers that act as barriers to water mixing. 

These layers are normally arranged according to their density, with the least dense 

water masses sitting above the denser layers.  

Finally, this project is a way to visualize through numerical simulations the basic 

physics phenomena involved when thinking of hot water movements and convection 

inside a tank. To this end, the main purpose is to analyze how the location of the heat 

source can influence the vertical stratification inside the water tank and how the 

height of the tank affects the temperature distribution.  

 

1.2 Method 

The dynamic simulations will allow visualizing the behavior of hot water and 

temperature distribution inside a tank in terms of velocity field evolution, temperature 

profiles and input power involved. It will enable to understand how these parameters 

are correlated to each other. 

The idea is to start with simple cases where the heat source is set on the boundaries to 

model a source placed either on the bottom, on the top, on the side or even in the 

middle of the bottom part of the tank. This can be related to a hot plate heating up the 

water inside a boiler. This step should enable us to more understand the global process 

and have a first approach regarding the coil location influence. 

Then, the process will lead towards a more realistic model taking into account the 

geometry of the coil by modeling several plates inside the tank in order to increase the 

exchange area. No inlet nor outlet mass flow are implemented, and the tank is 

considered as a closed system without any flow perturbation inside. The idea is to 

only study the stratification phenomenon in an ideal case.  

All these simulations are done in 2D in order to visualize the velocity field and the 

temperature profile on a vertical plan in the middle section of the tank. For some 

issues regarding the tank height influence for instance, the problem is carried out on 

an axi-symmetrical 2D model which gives results on a 3D geometry afterwards. 

 

  
Vertical plan in the middle 

section 

WATER 

Figure 1.1: 3D model of the tank and its vertical middle section 
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In order to decrease the time calculations, most of the simulations are modeled with 

symmetry. However, it happened sometimes that building models which include 

symmetry led to convergence problems on COMSOL. Thus, it was necessary to 

model the whole tank. 

Instead of setting a heat flow as a boundary input, a temperature is set at the 

interesting boundaries. Then, a natural convection occurs inside the tank at the edges 

due to the temperature difference between the heat source and the water. Finally, the 

input power is known by measuring the total heat flux magnitude on the boundaries 

where the temperature condition is set. It means that there is no control on the input 

heat power. 

 

1.3 Boundaries and assumptions of the study 

Knowing the method which is implemented, some assumptions are made. First, the 

amount of heat available is calculated based on the data only for one specific 

supermarket
i
. Moreover, the power shifting during a day is not taken into account, the 

daily average of heat power is used instead (see Appendix B). The COP of the heat 

pumps is assumed to 3 as a reference and average value.  

Secondly, the use of this heat afterwards is assumed as a low temperature system for 

the nearby neighborhood for example but this use is not set definitely at all and many 

other options can be developed furthermore.  

About the storage itself, it is assumed for the water tank study that the initial water 

temperature corresponds to the return temperature from the housing estate´s heat 

exchangers; this value is assumed to 20
o
C. The condenser is immersed inside the 

water and then the heat exchange occurs within the tank.  

Regarding the simulations, here are the main assumptions made: 

 The storage is done without any water extraction. 

 Each heat source uses a Dirichlet condition, that is to say the temperature at 

the heat source boundaries is always maintained to 35
o
C (see Appendix E).  

 All around the tank shell, the Neumann condition is used by setting a heat 

transfer coefficient of 5,5W/(m
2
.K) because the surface resistance of the soil is 

assumed to 0,18 (m
2
.K)/W

ii
. The soil composition and temperature are 

assumed homogeneous. 

The problem is simplified and assumed as ideal regarding the connection from the 

supermarket´s refrigeration devices to the tank. Indeed, the heat bridges which can be 

created through the shell by this connection are not taken into account and the 

condenser is supposed floating and still inside the water. 

In addition, the material properties and resistance of the shell of the tank are not taken 

into account for any of the simulations. 

More detailed assumptions used for each different model cases will be developed later 

in the report. 
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Water 
tank 

Housing estate 

To summarize the project framework, the global issue tackled can be illustrated as the 

one below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supermarket´s 

cold and 

chilled cabinets 

35
o
C 

20
o
C 

Figure 1.2: Heat network from the supermarket towards a housing estate 
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2. Description of the study 

In this chapter, the refrigerating process is detailed and the physical and geometrical 

model is described together with the equations involved. 

 

2.1 The vapor compression process 

The first stage of the study is to estimate the available waste heat at the condensers. 

To do that, the thermodynamics refrigerating process has to be developed. 

Here are the schemes of the refrigerating pump´s components and the 

thermodynamics cycle
iii

 studied: 

 

 

 

 

 

 

 

 

 

 

 

 

At the evaporator, heat is extracted from the cold cabinets. Then, the pressure of the 

gas is increased in the compressor before entering the condenser where the phase 

changing stage occurs. The condensation releases heat towards an outside ambiance. 

The amount of heat available depends on the coefficient of performance (COP) of the 

refrigerating pump which is directly linked to the electrical power consumed by the 

compressor. As this consumption has already been introduced as almost half the 

overall one of a typical supermarket and the COP is assumed to 3, the amount of heat 

available is significant. 

 

2.2 Model properties 

The following chapter develops both the thermodynamics and physical properties of 

the model, as well as the parameters chosen to build the geometry. Instead of running 

the simulations a 3D model, the study is done in 2D considering the middle section of 

the 3D tank in a vertical plan.  

 

Enthalpy (J/kg) 

Figure 2.1: General refrigerating pump principle and 

components scheme 
Figure 2.2: Pressure – Enthalpy thermodynamics 

diagram of the refrigerating pump process 

Cold cabinets 
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2.2.1 Water properties 

Regarding the heat capacity and the thermal conductivity properties of water, their 

evolution over the temperature shows that they can be assimilated to constant values
iv

 

respectively equal to 4180 J/(kg.K) and 0.605 W/(m.K) in the temperatures range 

(from 10
o
C to 35

o
C) of all the studies carried out. Thus, using constant values can 

allow decreasing the calculation time.  

However, because the buoyancy phenomenon applied to water is based on the water 

density difference, the parameter rho has to evolve according to the temperature even 

if the figure 2.4 below shows that the value of the density changes only of 1% in the 

temperature domain. The dynamic viscosity has also to vary during the simulations 

since its evolution over the temperature does not allow assuming it as a constant. 

Indeed, as shown of the figure 2.3 below, its value is divided by two between the 

lower and the upper temperature limits encountered in the whole study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Dynamic viscosity evolution over the temperature Figure 2.4: Density evolution 

over the temperature  

Lower 

temperature limit 

Upper 

temperature limit 
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A preliminary study is done on an arbitrary tank to confirm these assumptions:  

 

 
Figure 2.5: Relevance of the hypothesis of taking Cp, eta and k constant   

The figure 2.5 proves that only the heat capacity and the thermal conductivity can be 

assumed as constant. Indeed, the results are identical when all the physical properties 

vary with the temperature and when only the heat capacity and the thermal 

conductivity are constant. Moreover, the temperature difference ΔT observed on the 

chart above confirms that it is not possible to consider all the parameters of water as 

constant since a 10% margin error appears between the accurate case and the one 

where these assumptions are made.  

ΔT 
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2.2.2 Parameters used  

In order to be able to change easily the parameters studied using the “Parametric 

sweep” tool on COMSOL, all the studies carried out are parametric. Here are most of 

the main parameters used: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Physical model 

Before starting the simulations, it is necessary to determine the physical model that 

should be used on COMSOL. To this end, the type of convection and the kind of flow 

involved have to be determined. 

 

2.3.1 Dimensionless numbers 

Because of the heat source creating a temperature gradient within the tank, convection 

will appear in the tank. Forced convection occurs if
v
: 

       

    
   (2)  

Figure 2.6: Parameters used for most of the simulations  

Htank 

Wtank 
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The ratio is around 10
6
 which means that the buoyancy force is high compared to the 

inertial force. Then, free convection will occur within the tank. 

In order to determine what kind of simulation has to be run on COMSOL, it is 

important to determine first whether the flow will be laminar or turbulent.  

The kind of flow is known by calculating the Grashof number as follows: 

 
   

            

  
 (3)  

The properties taken into account here are given for a temperature of 300K, which 

corresponds to the mean temperature used in the model. 

Table 2.1: Thermo-physical properties of water at 300K
vi

 

Parameters Water at 300K 

  996.5 kg/m3 

  2.76*10-4 K-1 

   15 K 

U 4*10-4 m/s 

L 8 m 

  8.52*10-4 kg.m-1.s-1 

Then,                  which means the flow is clearly turbulent since the 

transition between the laminar and the turbulent flow corresponds to a Grashof 

number of 10
9vii

. 

 

2.3.2 Turbulent flow model 

Now this statement is done, the right flow model has to be used on COMSOL. 

Regarding the fluid dynamics field, the “Non-Isothermal Turbulent Flow” with the k-ε 

interface
viii

 which combines the heat equation with the equations for turbulent flow is 

used for the simulations. This model allows describing the effects of the convection 

and the diffusion of turbulent energy, which is the case studied here. Moreover, this 

choice is made because this k-ε model is relevant for such a study with low pressure 

gradients. Indeed, as there is no inlet nor outlet in the tank, the mean pressure 

gradients is small and then the study remains within the k- ε model´s limits. Thus, 

turbulence effects are modeled using the standard k-ε model which involved the two 

transport equations following provided by COMSOL: 

 

Transport equation for k: 

 

 
(4)  

The production term is written as: 

 
     (   (   (  )

 )  
 

 
(   ) )           (5)  
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Transport equation for ε: 

 

 
(6)  

The two dependent variables introduced are: 

 k, the turbulent kinetic energy 

 ε, the dissipation rate of turbulent energy 

In this model, μT is the turbulent dynamic viscosity such as: 

 

      
  

 
 

(7)  

Where    is a model constant on COMSOL 

 

2.4 Model inputs 

This section explains how the COMSOL model is built and which boundary 

conditions are used. 

 

2.4.1 Non-slippery boundary condition 

The velocity field adjacent to the interior walls at the edge with the solid insulation 

layer is set to be null, this is the common physical boundary condition of non-slippery 

walls for fluid flow. To fulfill this state in a turbulent flow model, the boundary 

condition on COMSOL for all the interior walls has to be set as “Wall functions”. It 

applies wall functions to solid walls in a turbulent flow. Thus, “Wall functions” are 

used to model the momentum boundary layer near the wall with high gradients in the 

flow variables. 

 

2.4.2 Initial values 

For the transient simulations it is important to set all the initial values regarding the 

velocity field, the pressure and the temperature. First, the initial velocity field   is null 

in the water domain because the water is considered as motionless at the beginning. 

The relative pressure expression within the water is:  

              (   )  [  ] (8)  

Rho is the density [kg/m
3
] of the water at the considered temperature, H represents the 

height of the tank [m] and gconst is the acceleration of gravity (a predefined physical 

constant in COMSOL equal to 9.8066 m/s
2
). Then, the pressure is null at the top of 

the tank and it will increase towards the bottom. 
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The initial temperature is set as a parameter: Tinit = 20
o
C. It means that the initial case 

consists of a tank totally discharged from its hot water and then filled of 20
o
C return 

water from the housing estate. 

 

2.4.3 Volume force and pressure constraint point 

In order to be able to visualize the water movements due to the difference of density 

according to the difference of temperature, the vertical component of a “Volume 

force” F is added to the water domain. It represents the gravity force applied on a 

volume of water such as: 

                 [N/m3] (9)  

Then, a pressure constraint point has to be set at the top corner to know afterwards the 

absolute pressure everywhere in the water. This constraint point Po is set to 0 Pa. 

 

2.4.4 External boundaries  

Regarding the external boundaries, the shell is in contact with the ground such as 

Tground = 10
o
C

ix
, that is why a heat transfer coefficient has to be set in order to take 

into account the heat exchange through the external shell. To estimate its value, a 

surface resistance of 0,18 m
2
.K/W is assumed. Then, it leads to hground = 5.5 W.m

-2
.K

-1
 

which is applied to model the heat transfer through the ground all around the tank. 

This heat exchange is modeled according to the Neumann condition by adding a heat 

flux qo on all the external walls such as:  

            (          ) [W/m2]  (10)  

Then, this flow will always be negative and represents the amount of heat lost by 

conduction towards the outside. 

 

2.4.5 Heat transfer in solids 

The solid domain representing the insulation layer all around the tank is assigned with 

the “Heat transfer in solids” on COMSOL. The heat transfer is led by the equation
x
: 

 
   (

  

  
     )    (   )    (11)  

However, in these solid layers does not occur any heat transport by motion and there 

are without any heat production. Then, the equation can be simplified by: 

 
   (

  

  
)    (   ) (12)  

Thus, the conductive heat transfer through the solids is defined for all the domains 

concerned. 
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2.4.6 Heat and flow symmetry 

First, the simulations are done on the whole vertical middle section tank and the 

results showed a symmetrical velocity profile. That is why the problem can be 

considered as symmetric about the vertical z axis. Thus, for this first series of 

simulations, only the right part of the tank is modeled on COMSOL. By adding a flow 

and heat symmetry line to the model, it is possible to know the velocity field and the 

temperature profile in the whole tank, reducing the calculation time. 

The mockup of the water tank is shown below: 

 

Figure 2.7: Symmetrical insulated water tank model  

 

2.4.7 Definition of the mesh 

In order to be the most accurate as possible regarding the mesh elements and to gain 

calculation time, the mesh must be thought beforehand. The idea is to build a coarse 

mesh in the middle of the tank where no high temperature and velocity gradients 

occur. The mesh is refined close to the sensitive domains like the boundaries where 

the heat source is set. Moreover, a fillet of 15 mm is built on the four corners of the 

tank in order to smooth these sharp angles at the corners and avoid numerical issues 

during the calculations. 

Regarding the boundary layer all around, the mesh must be built finer on these edges 

where the momentum boundary layer appears and then the velocity profile is the most 

unsteady, meaning there are the highest velocity gradients. 
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2.4.8 Physics involved 

A simulation is run with a heat source set on the side of the tank. The purpose is to 

verify with a simple case that the physics involved is correct. 

 

 
 

Figure 2.8: Velocity profile to visualize the free convection occurring 

The velocity field on the figure 2.8 proves that the physical model is right. Indeed, 

when the fluid is heated up, the local density of water close to the heat source 

decreases, which induces an upwards flow inside the tank. The water goes along the 

wall and then meets an opposite flow in the middle of the tank, forcing the water to go 

downwards. When the velocity of the water decreases, the buoyancy force becomes 

predominant again. As the fluid in the lower part of the tank remains colder, the flow 

returns to the heat source, creating two symmetrical circular streamlines inside the 

tank. 
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3. Heat source on the edges of the water tank 

The heat source is going to be added on five different locations to study the impact on 

the temperature distribution within the tank. The results are focused on the 

temperature profiles correlated to the input heat power involved. 

 

3.1 Position of the heat source 

In this study, a condition of temperature which is the parameter Theat = 35
o
C is set on 

the top, the bottom and the side boundaries but also in the middle of the bottom part 

of the tank with two different heights (H1 and H2 that is to say respectively 1m and 

2m high) as drawn below: 

 

 
 

 

Five cases will be investigated one by one and for each case, the length of the 

boundary where the temperature is set remains the same.  

  

Figure 3.1: Five different locations of the heat source 
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3.2 Method  

The simulations are performed over a four day period (96h) to approach the steady 

state. 

Afterwards for each simulation, horizontal cut lines are drawn each 0.5 m height to 

estimate the average temperature at different vertical locations. 

Here is the scheme of these cut lines on COMSOL when the heat source is set on the 

top: 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Horizontal cut lines each 0,5m step 

Some additional cut lines are plotted close to the bottom and to the top parts of the 

tank to have more precise measurements at the edges. 

 

3.3 Results 

The temperature profiles are plotted for a time of 96h. These results are correlated 

with the input power evolution over the time.  

  

 0,5 m 

Boundary heat 

source T = 35oC 
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3.3.1 Temperature profiles 

Here are the vertical temperature profiles plotted for each case after four days:  

 
Figure 3.3: Vertical temperature profile after 96 hours 

The figure 3.3 above shows that having the heat source at the bottom and in the 

middle leads to approximately the same results: the temperature within the tank is 

uniform, that is to say the stratification phenomenon all over the experiment is 

negligible. In addition, when the heat source is set on the middle, the height of the 

plates does not matter at all. 

When the heat source is placed on the side of the tank, the water on the lower part is 

colder whereas the water on the upper part is warmed up and reaches the same 

temperature as in the bottom case. Thus, the stratification phenomenon is observable 

since there are two different layers of water in the tank: the hottest water on the top 

part of the tank and the coldest part remains on the bottom.  

The stratification phenomenon also occurs with the case where the heat source is 

placed on the top of the tank. However, it can be noticed that for every time, this case 

leads to an overall lower average temperature of the water than in the other cases. It 

means that the input power in that case is low compared to the other experiments, and 

it can be explained by a low natural convection in the tank. Due to the heat source 

placed on the top, the water is warmed up there so its density decreases, which means 

that the water will flow upwards. However, as the water is already in the top part of 

the tank, it cannot go more upwards, and it cannot go downwards neither since its 

density is higher than the layer beneath it. So the water is barely renewed, leading to a 

low convection in the tank, which has for consequence a small heat exchange between 

the water and the heat source. 

  

20

22

24

26

28

30

32

34

0 2 4 6 8

Te
m

p
e

ra
tu

re
 (

°C
) 

Height (m) 

Top

Bottom

Side

Middle H1

Middle H2



CHALMERS Civil and Environmental Engineering, Degree Project 2014:15 

 

 

17 

3.3.2 Input power 

To understand the temperature profiles, an analysis on the input power is carried out 

as follows: 

 

 
Figure 3.4: Input heat power from the temperature boundaries over the time 

The figure 3.4 above displays the evolution of the input power over the time and 

shows that the input power is lower when the heat source is on the top part of the 

reservoir than for the other experiments.  

The steady state corresponds to the case where the input power is equal to the heat 

losses through the walls of the tank. The calculations were stopped before the steady 

state to gain calculation time and because the evolution of the stratification 

phenomenon and the temperature is not important anymore after 96 hours. 

This chart also shows that at the beginning of the experiment, the input power for 

every case is much higher than the average power during the simulation. This higher 

amount of power at the beginning can be explained by the initial water temperature 

which is set at 20°C whereas the metal plate is set at 35°C. As it heats the water up, 

the temperature difference decreases over the time, so the input power decreases too. 

It is possible to enhance the input power by increasing the temperature of the metal 

sheet, which will improve the natural convection within the reservoir. Another way to 

increase the input power is to force the convection within the tank, but mixing water 

will affect the stratification phenomenon. Finally, a last way to enhance the input 

power would be to increase the heat exchange area to improve the natural convection. 
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Heating plates in the 

middle 
 

Very high thermal 

conductive layer 

Temperature boundary 

set to 35
o
C 

Thermal insulation 
 

4. Heat source immersed inside the water tank 

The simulations made previously gave a first overview regarding temperature 

distribution inside the water tank. However, these cases are still far from reality 

because the exchange area was limited to the edges length which cannot lead to high 

input powers. Once the main issue is pointed out, the idea is to increase the exchange 

area to foster the heat exchanges in order to increase the input power involved. 

 

4.1 Equal space interval plates model 

Regarding this issue, a second model is built where the heat source is modeled by six 

plates put on the top, bottom and middle of the tank. These models allow getting 

closer to reality where the coil is directly immersed in the water.  

The purpose here is not to compare this case with the previous one because the length 

covered by the heat source on the edges is too short to be transposed to this new 

model. 

 

4.1.1 Definition of the model 

Then, six plates are implemented to increase the exchange area. Because it is hard to 

reach convergence on COMSOL with a symmetrical model, it is chosen to carry out 

these simulations on the whole section. The plates have the same interval in between 

each other and the same dimensions as drawn below: 

  

WATER 

Figure 4.1: Model with immersed heating plates in the middle  
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These plates are also set on the top and the bottom of the tank in order to study the 

influence of the heat source location, as shown respectively on figure 4.2 and figure 

4.3 below:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 Method 

The transient simulations are run over 48h instead of 96h since it appears that the final 

temperature is almost reached after two days. To exploit these results, horizontal cut 

lines are plotted from the bottom to the top of the tank each 0,5m step.  

 

4.1.3 Results 

The temperature profiles are plotted for two different times: after 24h and 48h. These 

results are also correlated with the input power evolution over the time.  

 

4.1.3.1 Temperature profiles 

Plotting the temperature profile for 5h on the figure 4.4 below only allows to see the 

behavior early when the simulation starts. Then, it is possible to see how fast the 

process at the beginning is. 

Figure 4.2: Model with immersed 

heating plates on the top 
Figure 4.3: Model with immersed 

heating plates on the bottom 
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Figure 4.4: Vertical temperature profile for the 3 different locations after 5 hours 

When the exchange starts, the case with the plates on the top reaches the highest 

temperature on the top part of the tank whereas this temperature is the lowest in the 

middle case. Moreover, the temperature reached for the top case is the highest 

whereas the middle situation leads to the lowest temperature on the top part of the 

tank. However, when the plates are set on the bottom, the temperature on the top 

remains higher than when plates are on the middle.  

These first results show that the heat source on the bottom must deliver much more 

power than the two other cases since the average temperature is higher in the whole 

tank. 
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Here are the vertical temperature profiles plotted after one day and two days:  

 

Figure 4.5: Vertical temperature profile for the 3 different locations after 24 hours 

 

 

Figure 4.6: Vertical temperature profile for the 3 different locations after 48 hours 

The case where the plates are set on the bottom leads to the fastest temperature rise 

and homogenization in the whole tank whereas the cases on the top and the middle 

show two distinct temperatures zones, a warmer on the top and a cooler on the bottom 

part. This means that a temperature gradient occurs from the bottom towards the top. 

The cooler part seems to persist until higher in the tank when the heat source plates 

are set on the top. Then, the height of the hot layer remains smaller which means the 

amount of hot water available is less important than in the others cases. In addition, 
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from a day to another, the temperature only rises below the plates and remains 

unchanged on the top part of the tank. 

An almost perfect symmetry seems to occur with the source in the middle, that is to 

say there are two temperature layers clearly separated in the tank. The warmest layer 

on the top is larger so this case allows having more hot water on the top of the tank 

than with a coil set on the top. 

Putting the hot plates in the middle of the tank seems to allow having a larger amount 

of hot water available after two days with a clearly vertical stratification between the 

bottom and the top. Nevertheless, having the source on the bottom allows having 

faster than the other cases the whole tank heated up to 35
o
C. 

 

4.1.3.2 Input power 

The chart below provides information about the input power involved which can 

explained the temperature profiles got previously: 

 

Figure 4.7: Input heat power released from the plates over the time 

First, it could be noted that from the bottom to the top cases, the initial input power 

always drops by almost 30% between each case.  The figure 4.7 explains why the 

temperature is always higher everywhere within the tank when the heat source is set 

on the bottom. Indeed, the initial input power is by far the highest and remains a little 

bit higher than the other ones until around 20h of simulation time. This means that a 

higher convection occurs, which brings a better exchange and then explains why it is 

easier and faster to reach a uniform temperature in the whole tank. 

On the other hand, the heat source on the top provides the lowest power over the time 

due to a low convection quality. That is why, in this situation the water remains the 

coldest in the whole part below the plates and only the temperature on the top part 

near the sources is always kept hot. 
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4.2 Model of remote plates 

The six exact same plates are set in a different way inside the tank. They are divided 

into two parts, the space interval between them has decreased and a larger space 

remains between these two parts. The heat exchange area remains exactly the same as 

previously but the simulations are now run when plates are set only on the top. 

 

4.2.1 Definition of the model 

The idea is to know how the layout of the heat source can influence the temperature 

distribution within the tank.  

Here is the scheme of the new layout: 

 

 

Figure 4.8: Model with immersed remote plates on the top  
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4.2.2 Results 

To be able to compare the two models the results are plotted in parallel with the 

previous case when the plates are on the top: 

 

Figure 4.9: Temperature profile comparison between equal space interval and remote plates´ layout on the 

top 

When comparing the temperature profiles on the figure 4.9 above, the values with the 

remote plates on the bottom of the tank are slightly higher whereas the temperature 

reached on the top is a little bit lower. These differences remain clearly insignificant 

which means that the layout does not affect the temperature reached, at all.  

Having these results for the top situation and knowing that the input power is exactly 

the same prevents from going further, trying the other configurations. 

The change can be noticed on the velocity field plotted below for the last time (72h): 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Velocity field above the equal space interval  

plates after 72h  
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The velocity scale of the two figures above is the same, so the speed is higher on the 

top of the plates in the equal space interval configuration and an upward movement 

occurs in the middle, above the plates. This phenomenon does not appear with remote 

plates. Then, the exchange seems slightly lowered above the plates when these ones 

are remote, which can explain why the temperature reached on the top is slightly 

lower. Indeed, due to the gap between the plates in the remote plates´ configuration, 

the water flow goes downwards since there is no heat source at this specific place. 

Then, having a gap breaks the water movement and prevents any upwards flow. 
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5. Influence of the height of the tank on the vertical stratification 

The influence of the height of the tank on the vertical temperature stratification is 

studied in this chapter. 

To this end, the next simulations are done on a tank with three plates immersed in the 

middle of the tank. The models are made in 2D and also later on a 2D axi-symmetrical 

geometry. 

 

5.1 2D model 

The first simulation is made with a 2D model in order to visualize the temperature 

profiles in the middle section of the tank in a vertical plan. 

 

5.1.1 Choice of the cut lines 

Before comparing different temperature profiles, the location of the cut lines has to be 

decided in order to get relevant measurements. It is interesting to investigate what 

happens close to the heating plates and far from them.  

First of all, it is necessary to check if the problem is exactly symmetrical. To do that, 

the difference of results when drawing a cut line between the two plates on the left 

and a cut line between the two plates on the right is shown below: 

 

 

 

 

 

 

 

 

 

 Figure 5.1: Cutline plotted between the left plates Figure 5.2: Cutline plotted between the right plates 
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Figure 5.3: Comparison of the temperature profiles for the two configurations 

The figure 5.3 above shows that there is no difference in the temperature profile over 

these two cut lines, which means the behavior in the water is symmetrical. Only one 

of them is sufficient to have a precise enough estimation of the temperature profile in 

this region.  

The following drawings show where the temperature profiles will be measured: 

 

 

 

 

 

 

 

 

Figure 5.4: Cutline plotted at the vicinity of the plates Figure 5.5: Cutline plotted away from the plates 
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Figure 5.6: Comparison of vertical temperature profiles for these two cut lines configurations 

The figure 5.6 above shows that the vertical temperature profile is not the same 

depending on the location where the measure is taken. A peak temperature is seen on 

the blue curve at a height of 3.5m which corresponds to the upper tip of the heating 

devices and is explained by the fact that the cut line is drawn close to them. It explains 

why at the tip of the plates the temperature is higher than far from them. Then, for 

higher heights within the tank, the temperature decreases.  
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5.1.2 Temperature profiles 

Here is a comparison of the temperature profiles for each tank three days after the 

beginning of the simulation when cut lines are away from the plates: 

 

Figure 5.7: Temperature profile away from the plates after 72 hours 

The figure 5.7 clearly proves that the smaller the tank is, the higher the average 

temperature within the tank is. The ratio in the table 5.1 between the volume of the 

tank and the area of the section remains even according to the difference heights. 

However, when calculating the ratio between the area and the perimeter of the section, 

the case where H=5m has the lowest ratio. It means that for the same area, the 

perimeter of this tank is higher than the other cases. Then, the heat losses towards the 

ground through the walls are higher for this 5m high tank, which should lead to a 

lower temperature. However, it is not what can be observed on the figure 5.7 since the 

smallest tank presents the highest temperature.  

The density power is investigated in the table 5.1 and it appears that the input power is 

not as even as assumed. Indeed, the average density power is the highest for the 

smallest tank and keeps decreasing when the tank height increases. It can be explained 

by the fact that the volume of the tank is not exactly the same for all the cases. Indeed, 

because COMSOL considers objects with 1 meter-depth when building a 2D model, 

the transposition from the section to the volume is not the same in all the situations. 

The following equation is used to calculate the width of the section for a cylinder 

depending on the height: 

        √
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However, since the depth of a section in COMSOL is equal to 1 m, the model does 

not correspond to a cylinder and the volume from one model to another is different, 

leading to different density powers. 

Table 5.1: Ratios and density powers of the model according to the height  

 Case 1 : H = 5m Case 2 : H = 6m Case 3 : H = 7m Case 4 : H = 8m Case 5 : H = 9m 

COMSOL volumes 

(m3) 
34,3 37,6 40,6 43,4 46 

Average density 

power (W/m3) 
205,5 203,6 197,6 191,7 183,3 

Ratio (m) 

Area/Perimeter  
1,45 1,53 1,59 1,62 1,63 

Ratio (m) 

Volume/Area 
0,37 0,38 0,38 0,38 0,38 

Consequently, these results are obtained because of the density power changes from a 

tank to another, making impossible a comparison between the different cases. Thus, a 

new model using an axi-symmetry line is used for the next study. 

 

5.2 2D axi-symmetrical model 

The same simulations are run with an axi-symmetric model in order to compare it 

with the previous simulations. Here is the COMSOL model: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Model used for the axi-

symmetry study 

Figure 5.9: 3D model resulting from the axi-symmetry 

study 
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The figure 5.8 shows a section of the tank including the axi-symmetry line which is 

used to model the whole reservoir on COMSOL. 

5.2.1 Choice of the cut lines 

The cut lines are placed between the plates and far from them in order to evaluate the 

temperature profile in two distinct locations, i.e. one in the center area of the tank, 

close to the heating plates, and the other one in the side area of the tank, far from the 

heating devices as drawn below: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.10: Vertical cutline at the vicinity of the plates 

 

Figure 5.11: Vertical cutline away from the plates 
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5.2.2 Temperature profiles 

The charts below draw a comparison of the temperature profiles for each tank 24 

hours after the beginning of the simulation when cut lines are far from the heating 

devices. 

 
Figure 5.12: Temperature profile away from the plates after 24 hours 

The figure 5.12 clearly shows that the vertical stratification within the different water 

tanks depends on the height of the reservoirs since the temperature difference between 

the top and the bottom of the tank is larger when the height increases. The 

temperature gradient also proves that the stratification phenomenon is more marked 

when the tank is higher than wide. The temperature profile is more even in small 

tanks than in high ones, which confirms that the vertical stratification is more 

pronounced in high tanks.  

The figure 5.13 below illustrates the temperature profile evolution over one day for 

the 5m and the 9m high tanks. 
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Figure 5.13: Temperature profile evolution away from the plates over one day 

Once again, the figure 5.13 proves that the stratification is more important in high 

tanks, or in other words that the temperature distribution is more uniform in small 

ones. Compared to the figure 5.12, it can be observed than the temperature at the top 

of the 5m and the 9m high tanks is approximately the same, which is not the case 24h 

after the beginning of the simulation. Moreover, the temperature difference between 

the bottom parts of the both tanks does not change. Thus, it can be stated that the input 

power is more important for small tanks since the average temperature increases faster 

in small reservoirs. 

Table 5.2: Temperature on the top and at the bottom of the tank for each height studied 

 t = 24 hours t = 48 hours Evolution rate of the 

temperature from 24h 

to 48h 

Temperature on the top when 

H = 9m  
27.75°C 30.20°C 8.8 % 

Temperature on the top when  

H = 5m   
26.75°C 29.80°C 11.4 % 

Temperature at the bottom 

when H = 9m  
21.75°C 24.75°C 13.8 % 

Temperature at the bottom 

when H = 9m   
25.00°C 28.5°C 14.0 % 

 

As shown in table 5.2, the evolution of the temperature at the top of the small tank is 

faster than the one at the top of the high tank, whereas the evolution of the 

temperature at the bottom of these tanks is in the same range. It means that at the very 

beginning of the simulation, the temperature at the top of high tanks increases quickly 

since it is warm faster in the upper part. 
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The temperature profile on the vertical cutline near the plates is now studied and the 

results are plotted below: 

 

Figure 5.14: Temperature profile close to the plates after 24 hours 

 

Figure 5.15: Temperature profile evolution close to the plates over one day 

The two figures above are similar to the figure 5.12 and 5.13, so the same comments 

can be applied. 
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Another way to prove that the stratification phenomenon is more pronounced for high 

tanks than for small ones is to draw the evolution of the temperature profiles for two 

different cases :  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

As shown on the charts above, the temperature profiles for H=5m are less steep than 

the ones for H=9m. Moreover, the temperature difference between the extremities of 

the reservoir is higher for the 9m high tank than for the 5 m high tank. 

 

Table 5.3: Temperature difference between the top and the bottom at the center of the tank 

 Case 1 : H = 5 m Case 5 : H = 9 m 

ΔT after 24h 2.0°C 6.3°C 

ΔT after 48h 1.3°C 5.3°C 

ΔT after 72h 1.0°C 4.5°C 

 

The main temperature differences occur for the higher tanks whatever is the time 

considered. It means that the stratification phenomenon is more pronounced for higher 

reservoirs than for smaller ones, that is to say the temperature profile is more even 

within the tank when this one is small. 

  

Figure 5.16: Temperature profiles for three 

times (24h, 48h, 72h) when H=5 m 
Figure 5.17: Temperature profiles for three 

times (24h, 48h, 72h) when H=9 m 
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5.2.3 Input power  

To be able to more understand the previous profiles, the focus is now set on the input 

power involved in each case: 

 

Figure 5.18: Input heat power over the time for the five different cases 

The input power for the five cases is in the same magnitude at the start and the end of 

the simulation, but is slightly different between these two moments. Indeed in 

between it can be noticed that the smaller the tank, the higher the input power. 

To be able to see better what is happening at the beginning of the experiment, a zoom 

chart is plotted below: 

 

Figure 5.19: Input heat power over the 10 first hours of the simulation for the five different cases 
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This figure 5.19 above clearly shows what was stated previously, that is to say that at 

the very beginning of the experiment, the input power is higher for high tanks than for 

small ones. That is explaining why the temperature evolution in the upper part is 

faster in high reservoirs than in small ones while the temperature evolution is the 

same in the bottom part of both high and small tanks. After 5 hours, the trend is 

reversing since the input power is more important for small tanks and lower for high 

ones. 

Generally speaking, the range of the input power is the same for each case at any time 

as it can be seen on the figure 5.19. The input power is much higher at the beginning 

of the simulation than at the end. This is due to a better natural convection at the start 

of the experiment than at the end. Indeed, when the initial temperature of the water is 

20°C, the temperature difference is higher than at any other moment, leading to a 

natural convection even more important than at the end of the simulation when the 

temperature of the heat source and the water are close to each other. 

 

5.2.4 Velocity profiles 

The two pictures below show the water flow within the tank five hours after the 

beginning of the simulation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An upwards flow occurs in the center of the tank whereas downwards flows occur on 

the edges, creating two symmetrical circular streamlines.  The figure 5.21 shows that 

the flow is going upwards on the edges of the heating plates as the water is warmed 

up. Generally speaking, the velocity is higher on the edges, close to the plates, than in 

the water between them. 

  

Figure 5.20: Velocity profile after 5h Figure 5.21: Zoom on the velocity profile at the 

vicinity of the plates after 5h 
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Drawing the velocity profile allows confirming the results obtained regarding the 

input power which depends on the convection of water within the tank such as the 

bigger the convection, the higher the input power. In other words, the velocity of 

water close to the heating plates has to be important enough in order to improve the 

heat exchange between the heat source and the water. 

To know more precisely what occurs in between the plates, the velocity profiles on a 

horizontal cut line located between two heating plates are plotted: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.22: Horizontal cut line in between the plates for H=5m  

Figure 5.23: Comparison of the velocity profiles in between the plates when H=5m and H=8m after 2 hours 

0,25 0,50 
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The curves on the figure 5.23 and the figure 5.24 show that the velocity is the highest 

close to the heating devices and then decreases when being far away from them. The 

figure 5.24 is correlated with the results obtained about the power as a function of the 

time since it proves that the average speed over the cut line is higher for the 8 meter 

high tank than for the 5 meter high tank two hours after the start of the experiment, 

confirming that the input power is higher for the big reservoir than for the small one at 

that moment of the simulation. 

Once the velocity profile is known in between the plates, it seems also interesting to 

study it on the edge of the plates for two different heights. To this end, two cut lines 

are now drawn 1cm next to the central heating device for a 5 and 8 meter high tanks 

and the velocity profiles are compared:  

  

Figure 5.25: Vertical cutline along the plate for H=5m and H=8m 

Figure 5.24: Comparison of the velocity profiles in between the plates when H=5m and H=8m after 24 hours 
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The figures 5.26 and 5.27 confirm the results obtained for the input power as a 

function of the time for each case. Indeed, the figure 5.26 shows that the velocity 

close to the heating devices for a 8 meter high tank is higher than the one in the 5 

meter high tank 2 hours after the start of the simulation. The figure 5.27 confirms that 

the input power of the 5 meter high tank is higher than the one in the 8 meter high 

tank after 24 hours since it shows that the velocity of water close to the heating plates 

is more important for the 5 meter high tank. 

Figure 5.26: Comparison of the velocity profiles along the plate when H=5m and H=8m after 2 hours 

 

Figure 5.27: Comparison of the velocity profiles along the plate when H=5m and H=8m after 24 hours 
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CONCLUSION 

The purpose of this two-month project work was to investigate the sensible heat 

storage in order to collect the waste heat released by the supermarket´s refrigerating 

devices. The temperature distribution within the tank has been studied through 

combined fluids dynamics and heat transfer computational simulations on COMSOL. 

The main parameters studied were the location of the heat source and the height of the 

tank to find out how they can affect the vertical temperature distribution. 

 

Some general conclusions appear from these studies. Indeed, it has been proved that 

the temperature set for the heat source does not affect significantly the temperature 

gradient from the bottom towards the top. 

 

Afterwards, the fluid dynamics simulations confirmed that the higher the tank is, the 

more pronounced the vertical stratification is. Indeed, the driving parameter is the 

variation of density. Since the effect of the density variation is only observable on the 

vertical axis, height tanks favor upwards hot water movements as the water is able to 

easily rise in the vertical direction. On the contrary, water cannot rise so high in 

smaller tanks and has to transfer its heat also in the horizontal direction. In this way, 

several temperature layers are created in higher tanks whereas a uniform temperature 

distribution is apparent in small tanks. 

 
Regarding the heat source location, it has been noticed that a general tendency 

appears. The temperature gradient from the bottom to the top is the most pronounced 

when the heat source is placed on the top of the tank whereas the temperature reached 

is the highest and the most uniform with the heat source on the bottom. On the other 

hand, putting the heat source in the middle allows creating two distinct temperature 

layers, one cooler on the bottom part and another one warmer on the top part of the 

tank. Setting the heat source on the bottom allows having faster the largest amount of 

hot water available thanks to an efficient free convection and then a high enough input 

power released. However, the vertical stratification is not ensured during the process. 

On the contrary, if the heat source is placed on the top, the water tends to stagnate on 

the top part, which lowers the convection quality and then decreases the input power 

involved. This enables the vertical temperature distribution to be highly ensured from 

the bottom to the top. Nevertheless, the amount of hot water available is much lower. 

Therefore, designing a tank with the heat source in the middle appears like a 

compromise as it allows having a reasonable amount of hot water quite quickly and 

the vertical stratification is clearly ensured.   

 

However, which came out from this study is that no universal best solution can be 

advocated since the choice of the location should be made according to the need. If a 

large amount of hot water at an even temperature quickly available is needed, then it 

is better to put the coil on the bottom whereas the coil on the middle enables to draw 

water at different temperatures.  

 

Finally, sensible heat storage represents an interesting means to collect the heat 

available from the supermarkets daily usage. The potential in this field is so 

significant that the supermarkets can be used as a buffer for its surroundings.  
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APPENDIX A – SPECIFIC HEAT CAPACITIES FOR SEVERAL 

MATERIALS 

In order to more understand why water is one of the most spread storing substances 

when speaking about sensible heat storage, the values of the specific heat capacity for 

several common substances have been investigated. 

Table A.1: Specific heat capacities for a list of common materials 

 

  
Materials Specific heat capacityxi Cp (J/kg.K) 

Air, dry  1005 
Alcohol, ethyl 2440 
Aluminum 897 
Ammonia, liquid 4700 
Clay, sandy 1381 
Concrete 
Copper 

880 
385 

Ice (0oC) 2093 
Helium 5193 
Hydogen 14304 
Iron 449 
Oxygen 918 
Polypropylene 1920 
Polystyrene 1300 - 1500 
Polyurethane cast liquid 1800 
Polyvinylchloride PVC 840 - 1170 
Quartz glass 700 
Salt, NaCl 880 
Sand, quartz 830 
Silver 235 
Soil, dry 800 
Soil, wet 1480 
Snow 2090 
Uranium 116 
Water, pure liquid (20oC) 4182 
Water, vapor (27oC) 3985 
Wet mud 
Wood  

2512 
1700 

Liquid ammonia and liquid water have the highest specific heat. However, as water is 

non-dangerous and scentless, it is the most used substance for sensible heat storage 

processes. 
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APPENDIX B – AVAILABLE HEAT POWER AT THE 

CONDENSER OVER THE TIME  

The first investigations done dealt with the amount of waste heat released by the 

refrigerating systems. To be accurate, the power shifting hour by hour has been 

estimated and listed below: 

 
Table B.1: Instantaneous recoverable heat power in January 

Table B.2: Instantaneous recoverable heat power in June 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hour of the 
day in 

January 

Instantaneous 
recoverable heat 
power (kW) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

 

138,45 
140,38 
125,76 
130,19 
129,79 
117,78 
116,40 
127,34 
135,99 
135,46 
129,41 
125,56 
125,47 
137,92 
145,70 
131,93 
128,64 
127,07 
125,89 
126,97 
125,17 
128,75 
131,38 
134,34 

 

Hour of the 
day in June 

Instantaneous 
recoverable heat 
power (kW) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

 

140,75 
131,36 
121,95 
130,41 
133,11 
119,45 
119,03 
125,21 
129,92 
138,29 
135,07 
132,26 
136,76 
148,50 
156,67 
144,17 
139,36 
137,53 
135,25 
133,61 
132,21 
132,42 
135,78 
149,95 
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Afterwards, in order to have a typical day tendency of the heat power released by 

month, the average of the instantaneous heat power available is calculated for each 

hour of all days in a month. The idea is to rebuild the data hour by hour to create a 

typical day in January for Winter time and in June for Summer time. 

The numbers show that every day, the power range is the same depending on the hour 

of the day. Consequently, it is possible to calculate the tendency for each month. 

Below are the data for January and June on which the study is based: 

 

Figure B.1: Tendency of the power rejected from the condensers for a typical day in January 

 

Figure B.2: Tendency of the power rejected from the condensers for a typical day in June 

The figures B.1 and B.2 above show that the tendency is the same in January and 

June. The power span is between 120 kW and 160 kW and the peak consumptions 

occur almost at the same time. Thus, a constant mean power of 140 kW will be used 

for the calculations. It should be the input power introduced by the heat source inside 

the water tank.  
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However, doing this prevents from taking into account the power shifting during the 

day. Then, knowing the mean recoverable heat power each day allows to calculate the 

daily mean recoverable heat energy. Here are the results for both January and June: 

Table B.5: Heat recoverable In January and June 

Months Mean recoverable  
heat power (kW) 

Mean recoverable  heat 
energy  in a typical day 
(kWh/day) 

   
January 130 3122 

June 135 3239 
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APPENDIX C – DETERMINATION OF THE OPTIMUM 

INSULATION LAYER  

The tank will be buried near the supermarket´s cooling heat pumps, at around 10m 

depth where the temperature begins to remain constant. At this depth, the ground 

temperature set for the outside boundary in the model is Tground = 10
o
C.  

The heat transfer coefficient on the outside shell is hground = 5,5 W/m
2
.K. This value 

comes from the surface resistance of the ground which equals 0,18 m
2
.K/W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The outside temperature is quite low in comparison with the one inside the tank. That 

is why to avoid too much heat losses through the shell, the insulation layer should also 

be estimated. Then the model will get closer to reality. 

The properties of the polyurethane foam are used and are given in the table below: 

Table C.1: Polyurethane foam insulation layer properties
xii

 

 
 

In order to know which thickness range can be the most efficient in this case, the heat 

flux through the insulation has been studied. As showed on the figure C.2 below, a 

value seemed to be reached when increasing the thickness does not significantly affect 

the transfer anymore: this range started at around 12cm. 

 

Figure C.1: Ground temperatures as a function of the ground depth 
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Here is the chart representing the heat losses drop when increasing the insulation 

thickness: 

 

Figure C.3: Relative heat losses gains according to the insulation thickness 

At the beginning, increasing the thickness is worth because the gains are still high 

enough to have real effects on the water temperature inside the tank. However, from 

12cm, the heat losses drop becomes very low and the effect of insulation does not 

seem significant enough. 

Thanks to this preliminary study, the optimum insulation thickness is set at 12cm all 

around the tank. 
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Figure C.2: Evolution of the heat losses flow through the insulated walls as a function of 

the insulation thickness Winsulation [1 ; 20 cm] 
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APPENDIX D – INFLUENCE OF THE HEAT SOURCE 

TEMPERATURE ON THE STRATIFICATION 

General knowledge about heat pump temperatures led to turn towards a low 

temperature released by the condenser. However, so as to choose the temperature to 

set to the heat sources, a simulation is done where several temperatures are tried. The 

parameter Theat has been chosen in a range from 35
o
C to 50

o
C with a 5

o
C step.  

Here are the results regarding the temperature evolution on a vertical cut line in the 

middle of the tank from the bottom to the top after three days: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure D.1: Temperature profile for different Theat values as a function of the height 
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It can be noticed that the temperature gradient from the bottom to the top is always a 

little bit higher when the source is warmer but seems to decrease when the source is 

50
o
C as shown below: 

 
Figure D.2: Temperature gradient according to the heat source temperature set Theat 

However, it is obvious that the gradient difference between each case is not so 

significant, with an average of 0,2
o
C. Then, none of the cases tested seems to make 

the difference regarding the temperature gradient reached inside the tank. That is why 

it is enough to estimate the temperature at the condenser in a specific case assuming 

the operating characteristics of the heat pump. The detailed process leading to 35
o
C is 

developed in the appendix E. 
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APPENDIX  E – STUDY ON THE REFRIGERATING CYCLE 

FOR THE SETTING OF THEAT VALUE 

As it has been proved that the temperature of the heat source does not affect 

significantly the temperature distribution within the tank, a specific value has to be set 

for all the simulations carried out on COMSOL. To this end, the refrigeration cycle is 

studied assuming that R134A refrigerant is used (Tables C1, C2, C3).  

Saturated vapor enters in the compressor at -10°C and the temperature of the 

refrigerant going out of the condenser is 30°C. The mass flow of refrigerant is 0.08 

kg/s. It is also assumed that the pressure of the saturated liquid going out of the 

condenser is 9 bar and the isentropic efficiencies of the compressor and the condenser 

are equal to 80%. 

All these stages are summarized in the two schemes below: 

 
Figure E.1: General refrigerating pump principle  

 

In order to know the refrigerant state and properties at each stage of the process, 

knowing the assumptions made above, the tables of saturated and superheated R134a 

refrigerant properties
xiii

 are used: 

 

Figure E.2: Temperature-Entropy thermodynamics 

diagram of the refrigerating pump process 
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Here are the refrigerant properties at each stage of the cycle:  

 
Table E.1: Values of the thermodynamics parameters involved at each point of the cycle 

Point on the cycle T (°C) P (bar) h (kJ/kg) 

1 -10 2.01 241.35 

2 48.03 9 280.15 

2’ 35.5 9 269.3 

2’’ 35.5 9 101.6 

3 30 9 91.49 

4 -10 2.01 91.49 

The refrigerant enters in the condenser as vapor, then it is saturated and turns into 

liquid before leaving the condenser. It is calculated that 89% of the transformation 

occurs with a saturated refrigerant at 35.5°C. Indeed, the enthalpy difference between 

the inlet and the outlet of the condenser is equal to 188,5 kJ/kg whereas the enthalpy 

difference between the saturated vapor point and the saturated liquid point is equal to 

167,7 kJ/kg. 
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APPENDIX F – TOWARDS THE STUDY WHEN ADDING AN 

INLET OF HOT WATER 

The idea was to study the temperature distribution within the tank when an inlet of hot 

water is installed in the tank. In other words, the heat source would have been 

removed from the reservoir and placed outside, heating directly the water injected 

inside the tank. 

The first simulations that have been run as a turbulent model led to error messages 

from COMSOL that have not been solved whereas there was no problem when 

running the simulation with a laminar model. As a consequence, it was investigated 

how close were the results when simulating with a turbulent model and a laminar one. 

The model used for these simulations was a 8 meter high tank with three heating 

plates in the middle. In order to compare the results, two vertical cut lines have been 

drawn, between the heating devices and on the side of the tank: 

 

Figure F.1: Comparison of the temperature distribution on the central cutline for a turbulent and a laminar 

simulation 
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Figure F.2: Comparison of the temperature distribution on the central cutline for a turbulent and a laminar 

simulation  

These two charts show that the temperature profiles are completely different when 

simulating a turbulent and a laminar flow. The figure F.3 below proves that the 

temperature distribution within the tank cannot be identical since the input powers of 

both cases are different at any time. 

 

Figure F.3: Comparison of the input power for a turbulent and a laminar simulation  

Consequently, as the results are not even close to each other, the approximation of 

simulating the inlet of hot water within the tank with a laminar model cannot be done, 

otherwise the results would be completely false. 
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