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ABSTRACT 
 

This is a thesis work proposed by Sweco System in order to carry out a study related to the 
heating system of a circular fuel oil storage tank or cistern. The study tank is a 23m diameter and 
18m height with a storage capacity of around 7500m3 of Eo5 heavy fuel oil. The content ought to be 
at a minimum storage temperature of 50ºC so that the fuel oil is fluid enough and operation labors 
can be adequately performed.  In fact, these types of heavy fuel oils have fairly high viscosities at 
lower temperatures and the heating and pumping system can be compromised at temperatures 
below the pour point. For this purpose a heating system is installed to maintain the fluid warm. So 
far the system was operated by an oil burner but there are plans to its replacement by a District 
Heating-heat exchanger combo.  Thereby, tank heating needs, flow and thermal patterns and heat 
transfer within it are principally studied. 
 

Tank boundaries are studied and their thermal resistances are calculated in order to 
dimension heat supply capacity. The study implies Finite Elements (Comsol Multiphysics) and Finite 
Volume (Fluent) analysis to work out some stationary heat transfer by conduction cases on some 
parts and thermal bridges present on these boundaries. Afterwards both cooling and heating 
processes of the fuel oil are studied using several strategies: basic models and Computational Fluid 
Dynamics (CFD). CFD work with Fluent is focused on optimizing inlet and outlet topologies. 
Understanding the cooling process is sought as well; Fluent CFD transient models are simulated in 
this way as well. Additionally the effect of filling levels is taken into account leading to a multiphase 
(fuel oil and air) flow cases where especially heating coupling of both phases is analyzed. 
 

Results show that maximum heat supply needs are around 80kW when the tank temperature 
is around 60ºC and 70kW when it is around 50ºC. Expectedly the main characteristic of the flow 
turns out to be the buoyancy driven convective pattern. K-ε turbulence viscous models are applied 
to both heating and cooling processes showing thermal stratification, especially at the bottom of the 
tank. Hotter fluid above follows very complex flow patterns. During the heating processes models 
used predict fairly well mixed and homogenous temperature distribution regardless small 
stratification at the bottom of the tank. In this way no concrete inlet-outlet configuration shows 
clear advantages over the rest. Due to the insulation of the tank, low thermal conductivity of the 
fluid and vast amount of mass present in the tank, the cooling process is slow (fluid average 
temperature drops around 5.7 ºC from 60ºC in 15 days when the tank is full and ambient 
temperature is considered to be at -20ºC) and lies somewhere in the middle between the solid rigid 
and perfect mixture cooling processes. However, due to stratification some parts of the fluid reach 
minimum admissible temperatures much faster than average temperature does. On the other hand, 
as expected, air phase acts as an additional thermal resistance; anyhow the cooling process is still 
faster for lower filling levels than the full one.  
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NOMENCLATURE 
 

D inner diameter of the tank (m) Tci initial temperature on cooling (°C) 
H inner height of the tank (m) Thi initial temperature on heating (°C) 
ew insulation thickness (m) Thf final temperature on heating (°C) 
eis inner metal shell thickness (m) Tr average radial temperature (°C) 
eos outer metal shell thickness (m) Tz average axial temperature (°C) 
ering iron rings thickness (m) Tamb ambient temperature (°C) 
V tank volume (m3) t time (s)
Aw inner walls’ area (m2) tc cooling time (s)
Ab basement area or ceiling area (m2) th heating time (s)
ethb thermal bridge thickness (m) τ tank filling time constant (s) 
dthb space between thermal bridges (m) U heat transfer coefficient (W m-2 K-1) 
drings space between iron rings (m) h convective heat transfer coefficient (W 

m-2 K-1) 
Hring height of iron rings (m) r radial position (m)
di inlets’ diameter z axial position (m)
do outlets’ diameter φ azimuth position (rad) 
Hi inlets’ height 
Ho outlets’ height Physical properties
nthb number of thermal bridges ρ density (kg m-3)
nrings number of iron rings μ dynamic viscosity (Pa s) 
Cp specific heat at constant pressure (J kg-1 

k-1) 
ν kinematic viscosity (m2 s) 

p pressure (Pa) λ thermal conductivity  (W m-1 K-1) 
Pr Prandtl number β coefficient of thermal expansion (K-1)
Ra Rayleigh number α thermal diffusivity (m2 s) 
Re Reynolds number KT Isothermal bulk modulus (Pa) 
Gr Grashof number
Br Brinkman number Turbulence parameters
Rey Turbulent Reynolds number μt turbulent viscosity (Pa s) 
g gravitational  constant (m s-2) k turbulence kinetic energy (m2 s2) 
ux velocity in x direction (m s-1)  ε turbulent dissipation rate (m2 s3) 
uy velocity in y direction (m s-1) 
uz velocity in z direction (m s-1) SubscriptsV volume flow rate (m3 s-1) fo fuel oilQ heat rate (W) a airQi supplied heat rate (W) w wallQloss heat loss rate (W) c ceiling
T temperature (°C) b basement (floor)
Tmin minimum working temperature (°C) avg average
Ti inflow temperature (°C) 
To outflow temperature (°C) 
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1. INTRODUCTION 
 

 

1.1. BACKGROUND 
 

The present project deals with the flow and thermal characteristics that are developed inside 
a circular tank that contains Eo5 heavy fuel oil. The tank is 18m high and with diameter of 23m. 

 

This tank serves as a storage container 
of the fuel oil. It is situated in the harbor of 
Gävle (Gävle Hamn), on the east coast of 
Sweden by the Baltic Sea, around 180 km 
north of Stockholm. This harbor is considered 
the logistic hub of the east coast of Sweden, 
where around 5 millions of goods pass through 
every year of which 1.5 are petroleum 
products. The oil terminal has around 140 
cisterns or tanks and total storage capacity of 
around 950 000 m3. 

 

The fuel oil inside the tank has to be 
conserved under some storage temperature 
conditions so that the fluidity is not 
compromised and it can be manipulated 
correctly during filling and extracting 
operations. Later in this work this will be further explained, but the temperature inside the tank 
should be maintained above 50ºC. For this purpose, a heating system which warms the fluid to 
maintain it within the desirable temperature ranges is installed. 

 

 

1.2. FUEL OIL BASICS 
 

Fuel oil is obtained from crude oil refineries. It can be extracted as distillate or residue-product 
(Fig. 1-2). These types of products are intended to be consumed in order to generate heat, light, 
electricity in oil fired power station or to produce mechanical energy burning it in some type of 
motor or turbine (e.g. driving industrial vehicles, etc.). Fuel oil is stored and consumed in liquid form, 
it is composed by long hydrocarbon chains, mainly alkanes, cycloalkanes and aromatics and its color 
is black. This denomination of petroleum product is often used to refer to heavier fuels than gasoline 
and naphtha. It is also said that it is the heavier fuel product that can be produced in such distilleries 
at atmospheric pressure. 

 

Fuel oils, like every fossil fuel, when burned generate COx, NOx, SOx other gases and hazardous 
volatile particles that must be minimized. In fact, these combustion products affect negatively the 
environment causing acid rain, global warming and directly-related health diseases such as cancer 

Fig. 1-1. Harbor of Gävle. Storage tanks at the bottom of the 
photo. Source: gavle-hamn.se 
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(see Appendix A for heavy fuel oil safety guideline). Concretely due to the recent fastly growing 
global warming CO2 emissions are the main concern at the present. 

 

Internationally, it is made a division of six classes of fuel oils, numbered from 1 to 6 depending 
on their composition, use and boiling point. The first three are usually pointed as distillated oils 
whereas the last two are residual fuel oils or heavy fuel oils (RFO, HFO). The forth one is usually a 
mixture and can be considered both: 

 

N1 fuel oil The fraction obtained after gasoline. Similar to kerosene.  
N2 fuel oil Heating oil and/or diesel 

used for cars, trucks, etc. 
 

N3 fuel oil Rare use distillate fuel oil. 
 

N4 fuel oil A heavy distillate or blend 
between N2 and N6 fuel 
oils. 
 

N5 fuel oil Mixture of N2 and N6 as 
well, but with high content 
of N6 (around 80%) 
 

N6 fuel oil Heaviest fuel oil, it also 
contains sometimes some 
little N2 fuel oil amount. 

 

 

 

Fuel oils are not fixed in their compositions and properties, but vary from distilleries and 
therefore are difficult to describe a precise classification. Even in the same distillery, the composition 
can vary from day to day and obviously is dependant on the input type of crude oil and other factors. 
There are specifications concerning the amount of Sulfur content, density, viscosity and so forth that 
must be met in every country to classify the fuel oil. Yet, the composition and properties will vary 
within specifications. 

 

 

1.2.1. About heavy fuel oils 
 

The use of heavy fuel oils has recently decreased for many reasons (policy of cleaner type of 
energies, expensive cost of petroleum, etc.). This type of fuel oil, in addition requires custom 
installations to store the fuel oil warm and needs heating in the burners. Moreover, it contains high 
amounts of pollutants and hazardous particles and its sulfur content is rather high. This makes this 
type of fuel oils to be prohibited in some countries for burning purposes. But, at the same time, 
because of these inconvenient it is the cheapest type of fuel oil which in turn holds it still attractive 
for some earlier described purposes. However due to the cost and other technical adversities 

Fig. 1-2. Schematic diagram of the fractional distillation of crude oil. 
Source: bbc.co.uk 

Table 1-1. Fuel oil divisions. 
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connected with the heating system, heavy fuel oils can not be used for vehicles (road vehicles, small 
ships, etc.). Their use is thereby usually constrained to power plants, large bunkers and some heating 
for large facilities. It was also used for steam run trains and ships in the past. In Fig. 1-3 the relative 
importance regarding the production of heavy fuel oils compared to other crude oil products can be 
seen. 

 

 
 

Fig. 1-3. Crude oil production breakdown. Source: Energy Information Agency (EIA). 

 

The major drawback about heavy fuel oils is their high viscosity at ambient temperature (or 
even to be at a semi-solid state). It makes them impossible to work with unless there are heated up 
to higher temperatures where the 
viscosity is within the working (say 
principally pumping and burning) 
conditions range. The heating systems in 
storage tanks are equipped with hot 
bottoms (with hot water) or are made of 
recirculating loops where the fuel oil is 
reheated. 

 

International standards classify 
heavy fuel oils according to their quality in 
IFO classes. This IFO scale is sorted 
according to the heavy fuel oil viscosity, 
and goes from IFO-30 to IFO-500.  The number after the initials IFO gives the viscosity of the heavy 
fuel oil in centistokes (cSt) at 50ºC. Thus, 
an IF-180 heavy fuel oil has a 180 cSt 
viscosity at 50ºC. Similarly, and IFO-30 oil can be pumped at -10ºC but an IF-380-oil would need to 
be heated up to 35ºC instead. The reason for these high viscosities is the impurities that contain the 
heavy fuel oils as they are primarily made of residues from the refineries. On the other hand even if 
it is lighter than water the density is higher than for other fuel oils or distillate products such as 
gasoline. The densities are roughly around 920 to 996 kg m-3 at ambient temperatures. 

 

Impurities of heavy fuel oil are responsible for high wear in pumps, pipelines, motors, and 
other systems. Thus cleaning heavy fuel oils becomes rather important. There are some internal 
processes in the refineries for this purpose. The bulk of impurities are taken away by means of 

Fig. 1-4. Evidence of high viscosities and pour points. 
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separators. This technology is a spinning container where the oil is poured and due to centrifugal 
forces heavier impurities are separated in the periphery. Part of the water is also separated within 
these particles because of its higher density. The remaining cleaner oil remains in the middle and is 
later carried to other containers when the process is finished. 

 

 

1.3. THE FUEL OIL INSIDE THE STUDY TANK: EO5 HEAVY FUEL 
OIL 

 

Nowadays, the consumption of these types of products is being decreased. From Fig. 1-5, this 
tendency of oil products is reflected (Eo5 oil included). In Fig. 1-6 it can be appreciated how the price 
of the fuel oil was doubled in four years time, mainly due to the increase of crude oil price. In 
Sweden, thanks to the policy to decrease the dependency on oil, high taxes are set for these oil 
products. Table 1-2 shows these taxes for the specific fuel oil that is worked with in this project 
(Eo5). 

 

 

 

Type Taxes for Eo5 fuel oil [SEK m-3]
Energy 750
CO2 2 663
Sulfur 108
 
Total 3 521
SEK cents / kWh 33,3

 
Table 1-2. General energy and environmental taxes from January 1, 2007, excluding VAT. Source: [24]. 

 

This fluid that is contained inside the tank is a heavy fuel oil (HFO, Tjockolja in Swedish), 
denominated Eo5 by the Swedish standards. It is also named as Eldningsolja 5 in Swedish. Its 

Fig. 1-5. Use of oil products in Sweden, including foreign 
shipping. Source: [24]. 

Fig. 1-6. Development of oil products in Europe. 
Source: [24]. 
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viscosity at 50ºC is around 2701 cSt, therefore, it could be classified as IFO-270. Anyway, this type of 
fuel oil is regulated according to the Swedish Standard 155410 (Svensk Standard SS 155410). 

Preem AB is the company in charge of the heavy fuel oil in the cistern that is studied. From their 
specification sheet2 about Eo5 fuel oil, its main properties are:  

 

• Maximum sulfur content: 0.4%.  
• CO2 emissions during the combustion process: around 2.92 ton m-3. Around 0.3% of the fuel 

oil weight. 
• Effective calorific value: 41.6 MJ kg-1 (11.56 kWh kg-1). 
• Pour point: 39ºC. 

 

More specific properties that define the flow behavior in this type of fluid is described and 
modeled later in the work. 

 

 

1.4. REVAMP OF THE TANK’S HEATING SYSTEM 
 

Regarding to the heating system that maintains the fuel, it is based on a reheated feedback 
flow: a recirculation circuit allows drawing off fuel oil from the tank to be heated up and delivered 
back to the tank. The heating of the flow has been done by means of an oil boiler up to now, but due 
to the increase in price of the fuel (Fig. 1-7) in the recent years the cost of this operation has been 
labeled as too high. 

 

 
Fig. 1-7. Evolution of the crude oil price since 1986. Source: Energy Information Agency (EIA). 

 

For this reason the oil burner is to be replaced with a connection to the district heating 
network. Heat from this source is cheaper, and additionally, the impact made to the environment is 
lower. Fig. 1-8 shows a schematic drawing of the old and the new planned heating system of the 
tank. In the old system, fuel is burned in a boiler and heat is transferred to the recirculated fuel oil 
coming from the tank. In the new system, however, heat is transferred from district heating hot 
water by means of a heat exchanger.  

                                                           
1 Speaking of the fuel oil produced by Preem AB. 
2 More in Appendix A. 
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In this sense, since the heating system is to be redesigned, this work studies the flow inside 
the tank for different system configurations, scenarios and conditions so that it helps for the design 
of the rest of the heating system. For this purpose the heating needs will be calculated, then 
different models will be presented and CFD based simulations will be carried out. 
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Fig. 1-8. Old heating system (left) and planned new heating system (right). 
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2. OBJECTIVE AND LIMITATIONS 
 

 

2.1. OBJECTIVE 
 

In this thesis project, a complete analysis of a fuel oil storage tank system is carried out so that 
more knowledge on this area is available and to give answers to different questions related to these 
matters. All the research, data and conclusions are intended to serve and suggest in the design and 
calculations of the overall heating system. In this manner problems that could arise during extraction 
operations (or at the heating system itself) are intended to be highlighted as well. 
 

The estimation of the heating needs is totally connected with the heat losses from the tank to 
the exterior. Thereby, an exhaustive calculation of boundary thermal resistances and heat transfer 
coefficients is to be carried out. This should server to estimate heating needs of the tank for 
different ambient temperatures. 
 

The work should permit to explain the effect of number of inlets and outlets and their 
positioning inside the tank as well as the influence of inflow temperature and volume flow rates. For 
this purpose thermal, and flow patterns of the flow are to be studied. Differences as to heat supply 
needs and temperature distribution are the main concern to study in this project. It is wanted to be 
studied if there occurs some type of fluid and temperature stratification. Different ways or scenarios 
to maintain the fuel oil within storage specifications is to be analyzed. Also, insight around volume 
flow rates and inflow and outflow temperatures to utilize is to be given as well. 
 

The study of cooling process when the fuel oil is not supplied with heat is other aim of this 
project. Flow and temperature development patterns of this process will help to understand basic 
mechanisms that drive free convection flow in this tank. Actually, characteristics of these flows will 
probably be part of the real flow when the system is operative. What is more cooling is part of one 
heating scenario and will occur during maintenance or other type of periods.  Cooling times and heat 
losses are important to study in these types of fuel oil storage systems.  
 

Flow simulations are carried out for this purpose, however, the objective of this study is not to 
extremely precisely calculate the flow pattern but to see the overall effects its repercussions on the 
heating system especially. Some detail study is to be carried out, but the precision is not pretended 
to be so high to show every detail of the flows (especially during heating simulations). 
 

Finally the effect different filling levels have on all these aspects is purpose of this work too. In 
fact, the tank filling level is continuously varying and thus it should be studied to which extent it 
influences as to temperature distribution, flow pattern (especially stratification), heating needs and 
cooling variables. 
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2.2. LIMITATIONS 
 

2.2.1. Physical boundaries and surrounding conditions 
 

This work is limited to the study of supply energy requirements and conditions of a circular 
Eo5 heavy fuel oil tank described earlier in the introduction, as well as performing a detail study of 
the flow and thermal characteristics inside the tank. Therefore system physical boundaries are 
somehow well defined by the walls of the tank, inlets and outlets. Even though some description, 
comments and discussion are made about the heating and pumping system that is responsible of 
providing heat and work to the outflow in order to meet inflow specifications, those systems are 
outside from the boundaries defined in this work. Thus, it is not in the objectives of the work to 
study, propose or optimize any part that is out of these boundaries. 

 

Surroundings of the system are composed by the nearby atmosphere and the soil under the 
tank basement or floor. Conditions of these surroundings have a crucial effect on the target system 
and thereby have to be considered. In fact, from the point of view defined by our system limits, 
ambient atmosphere plays the role of a heat sink. Soil is a bridge to this sink for part of the heat lost 
from the tank. Therefore, in some way, the inclusion of the soil in the physical boundaries could be 
right, but only part of the soil where it is influenced1 by the tank. This extension is not well defined 
and clear until some simulation (see section 5.1.3.2) with respect to this is performed. In the same 
manner the immediate air boundary layers next the outside part of the walls are also taken into 
account. All in all, strictly speaking, real surrounding is the atmosphere as a heat sink, and part of the 
soil and immediate air layers would be part of the system and its limits would mark the boundaries 
with the surroundings. 

 

However, after these connections with the atmosphere are studied and modeled, when CFD 
simulations are performed, physical boundaries for the fuel oil will be the very the inner wall faces of 
the tank as well as inlets and outlets. But this is only a particular case of the whole work, so the 
general boundaries are the ones specified in the previous paragraphs. 

 

Regarding to the surrounding conditions, only ambient temperature is used as parameter in 
this work. Other factors such as humidity in the air, velocity, etc. will also have influence especially in 
the convective heat transfer coefficient. Solar radiation will also affect the heat transfer through the 
walls. Finally the heat conduction though the soil is very sensitive to its composition, humidity, etc. 
which can change with time. However, taking into account all those variables is unfeasible so 
constant values are imposed and only ambient temperature is changed. However, only for some 
cases calculations will be carried out for different ambient temperatures. In other cases, only the 
worst scenario is considered, i.e., Tamb = -20ºC, what in district heating terminology is considered as 
DOT (Dimensioning Outdoor Temperature) in Sweden. 

 

 

 

 

                                                           
1 Strictly speaking this domain is infinite, but in practical terms will only be some tens or hundreds of meters. 
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2.2.2. Limitations of other nature 
 

There are many other limitations aside from the physical boundaries of the study system. 
Among others, knowledge of the real physical process and tools to tackle it, time and technical-
economical resources can be included in this group. 

 

The complexity of natural convection type flows is high and although the basis is well 
understood there are many details (which can determine some problems) that are difficult to 
predict. Turbulent flow is an additional difficulty. These facts (will be further discussed throughout 
the work) make difficult to produce a precise mathematical model which is necessary to use and 
after solved so that some questions can be answered. Therefore, this is a very important limit that 
must always be beard in mind. 

 

Regarding with the time, this project is not limited a priori. However, in practical terms, a 
highly detail modeling and precise study of the system with all the variables involved would make 
this project (broadly speaking anyone) too long. It is a task of the author of any scientific-engineering 
problem to set this limits and weigh up the benefits of increasing the level of detail, and wonder if 
they really are necessary for the goals of the work. It is always possible, however, to suggest future 
work lines so that more people can continue and further investigate the case. 

 

Finally, and to some extent connected with time limit, there are the technical-economical 
resources. For this particular case, due to technical, economical and time reasons, it is not feasible to 
carry out any direct experiment. The tank is nowadays operative and running with the old system, 
making it impossible to measure anything that would be of interest for the work.  Moreover, there 
are not economical resources for this purpose. That is why all this work is only theoretical, an 
important fact to bear in mind, which will make difficult to validate and judge the results of this 
work. This is a common practice in engineering, and should anyhow be helpful when it comes to 
make decisions about this or similar systems. Technical resources can be considered as the major 
limit due to the tight connection with computational capacity and power this project has. Actually, 
many long simulations need to be carried out (as well as many tests before final simulations to 
tweak the models). Therefore, computer power, memory, capacity and availability are vital. 
Concretely computational costs of the problems solved in this work are very high although the 
geometry is not especially complicated. However, very different length scales involved in the system 
entail to very big and heavy meshes.  
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on some variables of the real case such as time, temperature, heat flux rate, etc. These basic models 
basically consist of:  

 

• Consider the whole fluid volume as a solid rigid. 
• Consider the fluid is perfectly mixed inside the tank. 
• Consider perfect stratified flow inside the tank. 

 

Once the problem is better framed thanks to these basic models, a more complex model is 
prepared, discretizing the fluid and performing computational fluid dynamics simulations and 
analysis. Results of these models are compared and contrasted to comprehend the characteristics of 
the problems and verify or confirm some presuppositions previously made. At the end, conclusions 
of the work are presented bearing in mind limitations and assumptions involved in the whole 
process. 

 

The present project can be considered completely theoretical in the sense that no 
experimental measure is carried out to compare and validate results obtained after the application 
of different theories and methods. Data from experiments previously carried out are taken as input 
for different calculations (i.e. material properties and empirical expression), but not explicit 
measurement is carried out. 

 

Several software packages were used in different parts of the work to calculate in an 
automated way precise calculations and to carry out finite and volume element based simulations; 
among others: Ansys Fluent, Gambit, Comsol Multiphysics, Matworks Matlab and Wolfram 
Mathematica. Computational fluid dynamics and heat transfer simulations were run on a double 3 
GHz processor and 4 GB RAM memory servers and Pentium D 2.2 GHz with 1 GB of RAM memory 
computers. 

 

Various type sources of information were necessary in this work. Information about the 
general case, tank construction (dimensions, materials, etc.) and other factors related with the 
heating system was obtained by means of Sweco AB. Major properties and specifications about Eo5 
heavy fuel oil were given by Preem AB and others were consulted in different reference sources 
cited in the work. Aside from these other references were used to contrast information used 
throughout the project.  

 

 

3.2. THEORY 
 

3.2.1. Fluid dynamics and heat transfer basics 
 

3.2.1.1. Introduction 
 

Several theories are applied on this work. Calculations of heat losses imply governing 
equations for the three heat transfer mechanisms: conduction, convection and radiation. 
Conduction in solid materials is calculated in some occasion by means of thermal resistances. Those 



 
3. THEORY AND METHODS 

12 

are expressions derived from steady state solutions of general conduction equation for some 
common geometries. Basic models make use of basic mass and energy conservation equations. 
Finally, the set of equations solved in CFD software packages are based on the differential form of 
fluid dynamics equations of motion and turbulence models. 

 

First governing equations for the fluid motion will be presented, including the equation of 
energy. Fluid formulation of energy equation is then particularized for a solid case. Convection is a 
heat transfer mechanism that involves heat transfer from a fluid to a solid or vice versa, thereby it is 
based in the former equations. Radiation equations are not presented here since due to some 
simplifications made they are not directly used in this work. Finally equations are averaged to show 
the statistical description of turbulence and k-ε model is presented. Turbulence relations for 
boundary conditions are also discussed. 

 

 

3.2.1.2. Governing equations of fluid dynamics 
 

In the continuum formulation, generally speaking, there are six1 variables that define 
completely the state of the fluid at any point of the domain: ux, uy, uz, p, ρ and T. Therefore six 
equations are necessary to solve these variables (are function of time and space): equations of 
continuity (1), momentum (3), energy (1) and state (1). The equation of state can be very complex 
and usually simple equations (e.g. simple perfect gas) or simplifications (e.g. incompressible fluid, 
incompressible flow, linear dependence of density on temperature) are used instead. Next general 
equations of continuity, momentum and energy are shown2. 

 

Continuity, ∂∂t · 0 (3.1) 

 

Momentum equations, derived from Newton’s second law of motion, 

 D D · ·  (3.2) 

 

where f (vector) and σ (stress tensor) are body and surface forces per unit of volume. The 
constitutive model for a fluid relates the components of the stress tensor with the variables of the 
velocity field (ux, uy, uz). As it is discussed later in this section (3.3.4) the fuel oil is modeled as 
Newtonian fluid for the range of conditions involved in this case. Therefore, only the result after the 
application of the constitutive model for a Newtonian fluid is presented, i.e., the so called Navier-
Stokes equations (note that there is one scalar equation for each spatial component): 

 

                                                           
1 In other cases there might be further scalar variables involved, but not for the cases solved in this work. 
2 Note that vectors are represented by bold characters, and tensors have double upper dash. Nabla operator 

for cartesian coordinates is  , , and  is the unit tensor. Expressions taken from [1], [3] and [9]. 
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· ·  (3.3) 

 

with  23 ·  

 

Energy, · · · ·  (3.4) 

 

where 

2  

 

Note that h is here the specific enthalpy and not the convective heat transfer coefficient that 
is represented by h for the rest of this work. e is the energy per unit of mass (J kg-1) and es are 
volumetric energy source (J s-1 m-3). 

 

 

3.2.1.3. General heat conduction equation 
 

Taking the energy equation presented before, considering u = 0 and applying some 
thermodynamic relations a general equation for conduction can be obtained: 

 ·  (3.5) 

 

where C is the specific heat capacity of a solid (J kg-1 k-1). 

   

 
3.2.1.4. Turbulence basic equations and overview of k-ε model 
 
Turbulence 
 

Defining turbulence is not easy and there is not any complete and formal definition. However, 
the turbulence can be described as a “state of continuous instability” [5]. This continuous instability 
makes very difficult to accurately predict the flow, thereby normally it is statistically described in 
terms of average quantities. In this manner, in the Reynolds-average approach variable fields are 
divided into mean ( ) and fluctuating ( ') components: 
 

 ̂  
 … 
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After introducing these expression into the governing equations and performing time average 

on them, the so called Reynolds averaged Navier-Stokes (RANS) equations are obtained1: 
 0 (3.6) 

 ̂ 23
 

(3.7) 

 

However, now new unknowns are present: -ρui'uj', named Reynolds stresses. The tensor -ui'uj' 
is diagonally symmetrical so six new unknowns are to be solved a priori. Thus new equations need to 
be introduced to the system. However, various turbulence models make use of the Boussinesq 
hypothesis: 
 23  (3.8) 

 
Models (k-ε one used in this work among them) that use this hypothesis need to solve only 

one or two additional equations to calculate the turbulent viscosity scalar, making it computationally 
attractive. 
 
 
k-ε models 
 

These turbulence models are perhaps the most common one used due to their robustness and 
reasonable good accuracy. Nowadays three different models are used: standard k-ε, RNG k-ε and 
Realizable k-ε models respectively. These models are grounded on the transport equations2 for 
turbulence kinetic energy (k) and turbulent dissipation rate (ε). In the case of the standard model, 
the two equations are: 

 

 
(3.9) 

 

 
(3.10) 

 
with: 

Gk Generation of turbulence kinetic energy due to mean velocity gradients. 

                                                           
1 Cartesian tensor notation is usually use to present turbulence related equations for simplicity reasons. Energy 
equation is specifically presented next for k-ε turbulent model. 
2 Here only transport equations for the standard model are presented. For further understanding of these 
equations and the difference with other models see [1], [9] or other related literature. 
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Gb Generation of turbulence kinetic energy due to buoyancy.
YM Contribution of the fluctuating dilatation in compressible turbulence to the overall 

dissipation rate. 
σk Turbulent Prandtl number for k.
σε Turbulent Prandtl number for ε.
Sk Additional source terms for k.
Sε Additional source terms for ε

 
The optimized constants for the majority of the flows are: C1ε=1.44, C2ε=1.92, Cμ=0.09, σk=1, 

σε=1.3. 
 

After the resolution of k and ε variables the turbulent viscosity is calculated and used in the 
Boussinesq hypothesis. 

 

 (3.11) 

 
Cμ is constant for the standard k-ε model. In the case of RNG k-ε model a differential relation can be 
used. For the realizable k-ε model it is not constant and depends on other parameters involved in 
the transport equations. 
 
The energy equation for average variables in the k-ε model is: 
 ̂ ̂ ̂

 
(3.12) 

with 
 23   

 
And in the case of standard and realizable models, 
  

 

 
 
Turbulent boundary relations 
 

When it comes to k and ε turbulent parameters at inlet type boundary conditions, it is 
important they represent in the best possible way turbulent properties in these zones. When there is 
no empirical measurement that provides this data (as it is in this work), some empirical relations for 
duct flows are useful to make a reasonable good guess about these variables. 
 

Turbulent intensity can be defined1 at inlet boundaries as: 

                                                           
1 Most of the expressions are taken from [9]. 
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 13 0.16  
(3.13) 

and 

 

 
(3.14) 

where Uavg is the average velocity at the inlet:  /  
 
Kinetic turbulent energy is defined as: 
 12  (3.15) 

 
Therefore, combining expressions (3.13), (3.14) and (3.15), it is got: 
 32 0.16 32 0.16 /  (3.16) 

 
Finally, to calculate ε, next expression is used, 
 / /0.07  (3.17) 

 
 

3.2.2. Computational Fluid Mechanics (CFD) basics 
  

3.2.2.1. Introduction 
 

Analytical solution of the set of partial differential equations of fluid dynamics and turbulence 
described earlier is known for very few simple cases and geometries. These equations are non-linear 
and they are coupled one to the other. That is why the approach is usually to find an approximate 
solution to these equations numerically via the so called Computational Fluid Dynamics discipline. 

 

Generally the main advantages of the CFD approach in comparison with direct experimental 
one can be summed up as: 

 

• Lower cost 
• Faster achievement of the solution 
• Information of variables at any point of the domain 

 

However, solution for some problems is not possible to achieve. The speed of finding a 
solution is also a moot point in some cases. The problem solved in this work, for instance, took very 
long time and computational resources due to the high complexity of the flow.  Usually this happens 
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due to strong non linearities, complex geometries, etc. that lead to very complex flow simulations. 
Aside from these, there are other disadvantages and limitations of CFD such as: 

 

• Based on a mathematical model that could not represent precisely the real physical 
process. 

• Based on numerical methods that might produce incorrect results in some cases. 
• Hard to judge and assure if the solution obtained really corresponds with the reality. 

 

Computational fluid dynamics is based like every numerical method on the discretization of 
the real domain, boundaries and time (when applicable). In other words, the continuous variables of 
space and time are replaced by discrete variables:  

 , , ,  in ,  and      , , ,  for 1,2, … ,  and 1,2, … ,  

 

The process of solving the system of partial non-linear coupled differential equations for 
continuous variables is replaced by the solving an algebraic system of equations for discrete 
variables. This, roughly speaking consists of inverting a matrix that usually requires performing many 
iterations by the computer. Once the solution is found for every point of the grid and time, the 
solution is interpolated for any other point of the domain (Ω) and time (t). 

 

 

3.2.2.2. Brief description of discretization methods and computational grids 
 

There are plenty of methods to discretize the space and time. When it comes to the space, the 
most common ones are finite difference method, finite element method and finite volume method. 
The last two are the methods that are usually implemented in both CFD and other FEA (Finite 
Element Analysis) software packages. In Fluent cases finite volume method is used. Comsol 
Multiphysics, which is also used in this work, however, uses the finite element method. Both 
methods are popular and generally speaking better suited to discretize complex geometries than 
finite difference method is. 

 

The finite difference method is based on the differential form of the governing equations, and 
uses Taylor series to approximate the derivatives of the variables. The finite volume method, 
however, is based on the integral form and the space discretization is directly done in the physical 
domain. Its flexibility makes this method very attractive to implement in CFD based softwares. 
Finally, the finite element method uses a weak form of the integral from of the governing equations. 
It decomposes the problem into elements and an approximate solution is created for each element, 
later all the components are put together to obtain a global solution. 

 

Regarding to the temporal discretization several schemes are possible. However, the 
fundamental methods to discretize the time are the explicit (forward) or implicit (backward) 
methods. The former is easier to implement but the maximum time step is limited to avoid stability 
problems, and it depends on the grid elements sizes and other parameters of the problem. Implicit 
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method is trickier to implement and require the variables to be solved simultaneously in each time 
step. 

 

Regarding the computational grid, it can be classified in two large groups: structured and 
unstructured grids. The formers can be identified with the use of indexes as they are ordered 
according to the boundaries. The cells are made of quadrilateral elements in 2D and hexahedra in 
3D. The latter ones can not be identified by any index because they do not follow any type of 
particular order. For 2D only triangle cells or combined with quadrilaterals cells are used whereas for 
3D a mix of tetrahedral, hexahedral, pyramids and prisms are used. 

 

 

3.2.2.3. Under relaxation factors 
 

Under relaxation factor are used in computational fluid dynamics to “relax” the solution after 
each iteration. This means that the solution of the variables in each iteration is not the one 
calculated (new solution) with the program algorithm but a mix between the old and the new one: 

 Δ (3.18) 

 

In the previous expression b is the under relaxation factor which can go from 0 to 1. This 
technique permits to control the stability of the solution so that it does not diverge due to the non 
linearity nature of the underlying equations. In particular turbulent and natural convection flows are 
highly unstable and as [9] recommends they should be lowered. The flows involved in this work are 
both turbulent and buoyancy driven. In fact, later on this work will be explained how low these 
parameters had to be set so that convergence was achieved in steady state solved cases. These low 
factors lead to an extreme increase in computational time to find the solution to the problems. 

 

 

3.2.2.4. Convergence criterion 
 

There is not any universal way to judge if a solution has converged. Usually scaled residuals 
are used to judge convergence in Fluent, being 10-3 for all variables except 10-6 for energy the default 
criterion. However if a good initial guess is given these residuals may not drop. There are other cases 
as well where residuals may be misleading. However, a converged solution should always have 
stable residuals. Other common way of judging convergence is to monitor global variables or fluxes, 
or local variables and wait until they reach stable values. For instance checking mass or heat balance 
are good approaches as to judging convergence. In this work, specially, average temperature was 
taken into account to see if the solution converged (in each time step for transient simulations and 
in throughout the global iterative process for the steady state cases). Also stabilization of residuals 
and global heat balance was accounted for. 
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3.3. GENERAL APPROXIMATIONS, ASSUMPTIONS AND 
SIMPLIFICATIONS 

 

3.3.1. Introduction 
 

The relevance of approximations, simplifications or assumptions made in every work must 
always be carefully explained and discussed. In fact, every engineering and scientific work is based 
on theories, methods, etc. where hypothesis and assumptions are constantly made. However, if any 
result is due to be precise enough, these assumptions should be correct and based on previous 
results, empirical observation or other theories that justify these decisions. Some minor assumptions 
made in this work are explained throughout this text. However, here, main assumptions made as to 
the physical model of the fluid and flow inside the tank is discussed.  These assumptions are: 

 

• No inclusion of the viscous dissipation term in the energy equation. 
• Use of 2 dimensional axisymmetric model for the cooling process. 
• Model of the fuel oil fluid as Newtonian fluid. 
• Use of Boussinesq approximation to model buoyancy driven flow. 

 

 

3.3.2. On the viscous dissipation term 
 

Viscous dissipation term in the energy equation, 

 · 23 · ·  

 

contributes to internal heat generation in the flow due to viscous work between fluid layers that 
have relative velocity between each other. This is an irreversible work that is transformed into heat. 
However, this term is usually negligible is the major part of the flows. Two main factors characterize 
this term: fluid viscosity and velocity gradients. This is why the inclusion of this term is normally only 
important in compressible flows where very high velocities (and thus gradients) are developed, i.e. 
high Mach-number flows. In flows with high viscosity fluids it can also be important to include this 
term. In this case, the viscosity of the fuel oil is fairly high; however, velocities and its gradients 
inside the tank are so small that the whole term becomes negligible. According to [9], this term 
should be included when Brinkman adimensional number approaches or exceeds the unity. 

 

Δ  (3.19) 

 

Velocities within the system are of the order of some mm s-1 or cm s-1, and temperature difference in 
the system is of the order of some degrees. This gives an order of magnitudes of around 10-4 to 10-6, 
thus the inclusion of this term is totally unnecessary as it has been predicted. 
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3.3.3. On the validity of two dimensional axisymmetric model 
 

This is the model used (further details are given later in the work) to simulate the transient 
cooling process of the fuel oil inside the tank. It implies that scalar and vector fields only vary in the 
radial and axial coordinate and not azimuthally (φ direction). In the real process this is not strictly 
true. Sidewalls construction geometry (described later in the work) is not axisymmetrical due to the 
inclusion of Z support profile in the interior of the walls (see Appendix D) which makes the heat 
transfer coefficient to vary with φ. Anyway, modeling the walls in this manner would complicate the 
model extremely and the effect on the overall flow is not deemed to be critical. That is why constant 
heat transfer coefficient is adopted for the sidewalls. On the other hand, as discussed in [11], large 
eddies as well as instable Rayleigh-Benard convection have three dimensional characterization. But 
for high Pr and Ra numbers as happens in this case, studies also mentioned in [11] have proved that 
the general flow behavior and quantities (Nu, Re, etc.) are very similar to the 2D case. 

 

Therefore, for these as well as for computational resource limitations reasons 2D 
axisymmetric was chosen to model the cooling transient. 

 

 

3.3.4. On modeling fuel oil as Newtonian fluid  
 

Heavy fuel oils (as the one in this case study Eo5) are made of residual products from some 
refinery processes, and they are usually blended with other refinery by-products and distillates. 
Heavy fuel oils, as many other heavy crude oil fractions, generally behave as Non-Newtonian fluid. 
Several studies have been carried out in order to study and test the rheological properties and 
behavior of these fluids1. According to [10], the Power Law model fits properly the dynamic viscosity 
dependence on the shear rate:  

 (3.20) 

 

where:  is the dynamic viscosity,  is the shear rate (   ), K is the consistency index and n is 

the flow index. For n different to the unit, the flow will behave as Non-Newtonian. In the case of 
heavy fuel oils, which are said to be shear thinning or pseudoplastic materials, n < 1. This means that 
viscosity drops with increasing shear rate. Flow index is function of fluid temperature and pressure. 
 
In the study carried out in [10], flow indexes were calculated after calculations based on 
experimental data. Fig. 3-2 shows the results they obtained:  
 

                                                           
1 Main reference: Maria J. Martín-Alfonso, Francisco Martínez-Boza, Pedro Partal, Críspulo Gallegos, 
Influence of pressure and temperature on the flow behaviour of heavy fuel oils: [10]. Other 
interesting references can be found there, e.g.: Yasutomi S, Bair S, Winer WO (1994) An application 
of a free volume model to lubricant rheology. I Dependence of the viscosity on temperature and 
pressure. J Trib 106:291–303 
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Fig. 3-2. Evolution of the flow index with pressure (A) and temperature (B) for heavy fuel IFO180. Source: [10]. 

 

The authors of the study conclude that for temperatures above the pour point, heavy fuels 
oils have apparent Newtonian behavior (n is approximately 1), and thus, can be considered as 
Newtonian fluids since the viscosity dependence with shear rate is almost non-existent. For 
temperatures below the pour point there is a transition towards Non-Newtonian fluid; and then, 
Non-Newtonian behavior is presented. 
 

In this thesis work case, fuel oil Eo5 is analyzed in range of temperatures from around 45 to 60 
ºC for the vast part of the volume. This is about 6 to 21ºC above the pour point. Thereby, Newtonian 
behavior model is applied regarding it as a fairly sensible choice. 
 

Moreover, pressure dependency on viscosity is neglected and only temperature dependant 
viscosity is used. In fact, the maximum pressure (over atmospheric) can be roughly calculated taking 
only into account the static pressure: 

 
(3.21) 

 

For h = H = 18 m this expression yields 161 kPa above atmospheric pressure (density value of 
914 kg/m3 for most dense1 case at T = 45 ºC is used, so the pressure will certainly be slightly smaller). 
This is rather small pressure difference to affect the viscosity. It is not common to find relations of 
the viscosity with the pressure, but traditionally Barus equation is used to model viscosity variation 
with pressure at constant temperature: 

 ∆  (3.22) 

 

                                                           
1 See section 5.2.2.1 and Appendix B where densities are shown. 
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where  is the viscosity at the reference temperature for atmospheric pressure,  is piezoviscous 
coefficient and ∆  is the pressure difference with the atmospheric pressure. 
 

 
Fig. 3-3. Shear rate (A) and temperature (B) dependence of piezoviscous coefficient obtained from the Barus model for 
heavy fuel oil IFO 180. Source: [10]. 
 

The study carried out in [10] shows piezoviscous coefficients for IFO180 heavy fuel oil. As 
there has not been found any similar data for Eo5 oil, it is relied on the behavior similarity between 
heavy fuel oils, and data from experiments carried out in [10] are used for the following discussion:  
taking  value of around 3⋅10-3 bar-1 (for T = 40 ºC) the exponential term gives 1.005 for the 
mentioned pressure difference of 161 kPa. This gives an error of 0.5 % which is considered small 
enough to neglect the pressure dependency on the viscosity in the studied case (note that in this 
study temperatures are above 45 ºC, therefore the error of 0.5% should be a slight overestimation). 
 

 

3.3.5. On the Boussinesq approximation to model buoyancy driven 
flow 

 

Due to heat loss to the surroundings and inflow thermal properties the temperature and thus 
the density is not uniform inside the tank. In other words, the fluid and flow are compressible. 
However, in this work (and in most of similar works that can be found in references) Boussinesq 
approximation is used for both air and fuel oil phases. This approximation assumes incompressible 
flow due to low variations in density that makes small difference in the governing equations. 
However, the effect on the gravitational force term is important and thus is considered in this 
approximation. This approximation is rather popular in buoyancy driven flow where temperature 
differences are not very high. This approximation is described as follows: 

 

Constant reference density ρo in all the governing equations except in the buoyancy term. 

Approximation of the density change for the buoyancy term with a constant thermal expansion 
coefficient: 
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 1 Δ (3.23) 

 

The buoyancy term entered in the equations is, thus, 

 Δ (3.24) 

 

with T0 the reference temperature where ρ = ρ0. Discussion and development of the validity of this 
approximation can be found in [5]. Conclusions say that this model is considered valid only when: 

 Θ 1 (3.25) 1 (3.26) 1 (3.27) 

Θ 1 (3.28) 

 

Using properties of both air and fuel oil (described in section 5.2) for T0 = 50ºC, characteristic length 
(L) = H and temperature difference scale (θ) of 20ºC (probably overestimating), following values for 
the constants are obtained: 

 

Eo5 fuel oil Air

A 1.540E-02 6.200E-02

B 1.454E-04 1.599E-03

C 7.706E-05 5.440E-04

D 1.244E-03 8.786E-03
 

Table 3-1. Values of the adimensional expressions for the validity of Boussinesq approximation. 

 

In light of this, the approximation seems reasonably valid for both phases in the cases solved 
in this work. 
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4. CASE BACKGROUND AND SCENARIOS 
DESCRIPTION 

 
 

4.1. INTRODUCTION 
 

This work, as said earlier, pretends to serve a reference as to flow pattern, temperatures and 
timings inside the specified heavy fuel oil tank, as well as technical requirements that are expected 
to operate the tank, i.e. heat power, volume flow rates, inlets and outlets, inflow characteristics, etc. 
 

In this way, the work is specially framed in the area of fluid dynamics and heat transfer. In fact 
these two disciplines are intrinsically coupled and connected in the flow developed inside the 
cistern. Firstly, some previous works on these topics are described and presented.  Secondly, the 
way this work has been organized is explained (division on scenarios and cases). Finally, a brief 
theoretical description of the flow characteristics developed inside the tank is presented. This should 
serve to focus and give some facts about the principal phenomenons and forces that are expected to 
develop in the tank and their influence on the heat losses, mixing, homogenization and other 
parameters related to the heating system. 
 
 

4.2. PREVIOUS STUDIES AND WORKS 
 

There have been plenty of works regarding to storage tanks, its simulation and optimization. 
Most of them have focused their work on water storage tanks [22], [18], specially, recently, due to 
the remarkable development on solar energy systems in the last decade. The requirements of these 
types of tanks are, however, different to the oil tank in this work. Their 
basic function is to store thermal energy of water to tap hot water (or 
cold for other type of situations) on demand. This seems fairly the 
same objective as in fuel oil storage where fuel oil is extracted from 
time to time at a working temperature. Hot water storage systems, on 
the other hand, have a recirculation filling system so that the tank is 
usually always full of water. This demands stratified type fluid 
distribution inside the tank where hot water is available near the outlet 
in order to supply thermally conditioned water (see Fig. 4-1). 
 

If the new water was totally mixed with the hot water the 
temperature of outflow water would decrease significantly and thus 
the effectiveness of the tank. Fuel oil tank works in other way: when 
fuel oil is drawn off the level of the tank simply goes down, so the 
outlet is placed somewhere at the bottom of the tank. The 
temperature of the fuel ought to be above certain value (pour point). This fact is not against 
stratification, which would be very useful provided low temperature zones are at the top. However 
some mixing with the hot inflow is necessary to assure that there is not a considerable amount of 
volume at lower temperatures than the minimum recommended (Tmin). This is again somehow 
contrary to stratification so it can be concluded that objectives of fuel oil and water tank storage 

Fig. 4-1. Example of temperature 
distribution (good stratification) 
on water storage tank. Source: 
[22]. 
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systems do not completely match. The first should be designed taking into account that some degree 
of mixing is wanted. In fact in the ideal tank the whole fluid would remain at a constant minimum 
temperature (no stratification). This is rather hard to achieve (even if it was, due to investment and 
other costs, probably it would not be affordable), so, actually, the next level of ideal situation would 
be placing hotter fluid at the bottom and colder one above. This means stratification and the easier 
way would be to place the recirculation outlet at the top (inversely to water storage tanks). With 
fuel oil this is very difficult because the level of the tank decreases and it would be necessary a level 
adjusting output which presumably does not seem cost effective. In other words, the outlet is placed 
below or at the minimum filling level, thus the basic operation is different from that of water storage 
systems. Moreover, due to natural convection hot fuel ascends making it more difficult to achieve a 
constant or stratification with hot fluid at the bottom temperature distribution. 
 

Anyway, many ideas and conclusions can be drawn from these works: wherever stratification 
is sought, inversely, ideas to mix the fluid can be taken and so forth. In [18] it is described which 
factors cause the destruction of stratification in a tank: heat losses to the surroundings, heat 
conduction within the fluid from hot to cold zones, conduction through walls from hot to cold zones 
and mixing due to inflow and outflow. The same source also claims that inlets and outlets placed at 
the top and bottom disturb the flow less than others do, and diffuser type ones are the best for that 
purpose. Following the same line, Loise and Simon in [22] say that specially inlet design (location and 
geometry) is crucial as to the flow pattern and thus efficiency of thermal storage, being flat baffle 
plate the one that permits more stratification and raw pipe type the one which mixed most the flow 
in their study. 

 
In countries that use District Heating, like Sweden, hot water storage has a vital importance as it is 
very common to make use of them in subscriber stations. Johan in [8] develops a work on this 
subject, where it is also stated that that increased flow rates enhance the mixing process. Inlets and 
outlets near the walls increase the heat loss to the ambient by larger convection coefficients in the 
surroundings. He uses the derivative of the temperature with the height gradient to compare 
different levels of stratification, while Jae, Sung and Choon in [18] use the thermocline thickness 
(proportion of the tank height where the thermocline is developed) as benchmark. Johan concludes 
that thermocline generation is biggest for medium flow rates. 

 
Most of the studies assume tank walls as perfectly insulated [22], [18], [14], some set a 

constant temperature for the fluid next to the walls [11], and others relate this temperature to an 
empirical time-or no time- dependant function [7]. So, most of the read works are connected to the 
flow inside the tank, but, tank’s envelope-insulation and the interaction with the ambient is not 
considered as it is in this case. 
 

Nurten in [14] develops a numerical model for oil storage with one inlet but no outlet, and 
two different flow rates for different aspect ratios of the tank. Similar to this work analyzes time to 
takes to cool down and later the effect of heating (assuming two cases with lateral walls at a 
constant temperature) for the two flow rates in order to study the temperature distribution so that 
the oil is above about 55 ºC to make the pumping possible. It also remarks how the thermocline 
divides the flow pattern in two regions: above and below of it. 
 

Cooling process in tanks submitted to surrounding conditions is studied in [6], [7], [11], [12], 
[13] and [16]. All of them described the strongest driving force in these types of flows: cooler fluid 
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near the wall descends due to higher density and hotter fluid goes upward. This results in a 
stratification of the fluid. At the bottom there are stable conditions at the thermal boundary layer 
but at the top fluid is again cooled down so instability occurs and Rayleigh-Bernard convection 
appears which helps in the mixing process between hot a cold flows. The heat within the flow is 
transferred via both convection and conduction mechanisms. 
 

Only few of the works use turbulent flow and almost all of them make use of Boussinesq 
approximation for the study of flow characteristics inside the tank. 
 

 

4.3. SCENARIOS DESCRIPTION 
 

This work deals with fuel oil storage temperature, which is the main concern when it comes to 
extracting and filling operations. In fact oil temperature must be above the pour point temperature 
so that it can be properly pumped, thus avoiding high viscosities that make impossible this 
operation.  
 

According to the company1 which operates the fuel oil studied in this work, fuel oil Eo5 has a 
maximum pour temperature of 39 ºC2. This means that the storage temperature should always be 
above this value. In this direction, the company recommends to set a storage temperature 10 ºC 
above the maximum pour temperature and 20 below its minimum flashpoint (which is 100 ºC). This 
is: 

 80º 49º (4.1) 

 
According to this fact, minimum storage temperature (Tmin) of 50 ºC is set for this work. The 

fuel oil tank heating system must be designed to meet this specification. Therefore, two possible 
scenarios are can be proposed to achieve this goal: 
 

• Scenario A: Constant or steady state heating with the purpose of maintaining the fluid 
temperature always at 50 ºC or higher.  
 

• Scenario B: Cyclic heating-cooling process where the fluid is heated up from 50 to 57 ºC 
(95% of the minimum inflow temperature in this scenario) and then it is let to cool down 
again to 50 ºC. This process is repeated periodically. It means that in the lower point of 50 
ºC, the goal is that most of the particles are above 50 ºC. Likewise, in the upper point of 57 
ºC, particles are due to be above this temperature.  

 
Temperature distribution inside the tank will not be uniform; therefore, average temperatures 

will be used throughout the work. However, attention will be paid to this distribution and conflict 
areas will be described and suggestions around these matters are given. Also percentiles will be used 
to compare different configurations. 
 

                                                           
1 Preem AB. www.preem.se 
2 See Eo5 fuel oil properties in Appendix B. 
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In principle, the heating system is intended to be operated according to scenario A after the 
new heating system is designed and installed. However, presently, scenario B is used. Due to this 
fact, CFD simulations will be carried out for Scenario A. As part of scenario B, as well as for a wider 
knowledge of the study case and flow pattern, transient cooling process is simulated too.  It is useful 
to know the pace of the cooling process to know the pace of temperature drop and temperature 
distribution with time in case of break down of the system, or other possible cases. However, the 
heating transient is only studied with the help of more basic models. 
 

For scenario A steady state analysis and simulation is carried out for different volume flow 
rates, inflow temperatures, inlet/outlet configurations. Analyzing differences regarding temperature 
distribution and supply energy are the main aims. 
 

For scenario B different volume flow rates, are described. Attention is paid as to how much it 
takes to reach the upper temperature. Also the energy consumption like in scenario A. 
 

Before carrying out any type simulation or calculation, these are a priori the advantages and 
disadvantages of scenario A over scenario B: 

 
Advantages Disadvantages 

• Better temperature distribution 
• Less peak heating power is required 
• Less power is required 
• More average heat supply rate necessary 
• Less volume flow rate is required 
• Smaller energy related bill 
• Probably smaller installation needed 
• Probably smaller installation costs 

 

• More difficult to maintain 
• Variable volume flow rate or variable inflow 

temperature necessary to minimize energy 
losses 

• More control on flow and temperatures 

 
Table 4-1. Main advantages and disadvantages of scenario A over scenario B. 

 

In scenario B during the cooling periods, attention must be paid so that temperature at the 
bottom does not drop significantly and some parts solidify. Also, in B more power peak is required if 
heating up time is constrained not to be extremely long. This will require more volume flow rate 
(given a constant inflow temperature) which also means higher head losses and therefore more 
pumping power consumption. Average supply heat rate will be higher since there will be more heat 
losses (temperatures in the tank are higher than in scenario A). All this might lead to bigger 
installations (because of higher peaks) and thereby higher installation costs. However, the 
installation of scenario A may be oversized so that heating up times are no so long (if temperature 
drops in case of some breakdown). This is because it may take rather long if volume flow rates of 
steady state are used to heat up the fluid. It is all matter of specifying desired heating times (in 
scenario B for the heating-cooling cycle and for both scenarios in case of breakdown or any other 
kind of circumstance that would require heating the fluid) and the added cost related to cutting 
down heating times. Anyway, although further study may be necessary to asses this matter (which is 
not in the scope of the present study) it is thought that bigger installations are required for scenario 
B.  
 



 
4. CASE BACKGROUND AND SCENARIOS DESCRIPTION 

28 

On the other hand, hysteresis type heating-cooling cycle does not seem to demand so much 
automatic control as constant temperature tracking system (for scenario A). Moreover, in case of 
scenario B cooling periods can be used for maintenance purposes in the heating system whereas in 
case of scenario A the process has to be altered in order to do maintenance works. In scenario A 
some type of variable volume flow rate (constant variable speed or gearbox perhaps) or inflow 
temperature is needed if a steady temperature is desired inside the tank (due to variable ambient 
conditions and tank filling level). However, maintaining an absolute constant temperature might not 
be necessary. Other steady approach which is probably to be taken is to set a constant volume flow 
rate. In this case inflow and outflow temperatures can vary. This is configuration is going to be 
studied and discussed further in the work. 
 
 

4.3.1. Summary of cases to study 
 

All in all, three types of cases are studied in this work:  
 
• Steady state conditions (case 1). 
• Transient heating from 50 to 57 ºC (case 2). 
• Transient cooling from 60 to 50ºC (case 0). 

 

They are going to be named “case 1”, “case 2” and “case 0” respectively for the rest of the 
work. The order of analysis will be: first case 0, then case 1 and finally case 2. Case 0 and 1 are 
studied with the help of basic and CFD models whereas case 2 is treated only by means of basic 
models. 
 
 

 

4.4. HEAT TRANSFER AND FLOW DRIVING MECHANISMS 
DESCRIPTION 

 

4.4.1. Cooling process 
 

First of all, how flow and temperatures distribute within the vessel when the fluid is freely 
cooled down prescribed to ambient conditions is to be discussed (there is not any type of flow 
recirculation or reheating in this part). Fig. 4-2 shows the general schematic bulk flow movement 
expected within the tank.  

 
Due to temperature difference with the surroundings heat will flow from the hot tank to the 

colder ambient that surrounds the envelope.  Heat loss comes from the fluid next to the tank walls, 
ceiling or basement, and decreases the temperature, thus increasing the density. The buoyancy 
forces will in turn force the fluid to flow downwards along the side-walls, and hotter fluid in the 
center of the tank will flow upwards so that constantly circulating currents are created. Moreover, 
this means that fluid near the walls is continuously renewed with hotter one resulting in a heat loss 
rate enhancement since there will be higher temperature difference than if no flow was present. 
When it comes to temperature distribution colder fluid is expected next to the wall boundaries and 
hotter when one approaches the tank’s symmetry axis. Likewise, tendency to vertical temperature 



 
4. CASE BACKGROUND AND SCENARIOS DESCRIPTION 

29 

distribution along the height axis is due, having heavier and colder fluid at the bottom and lighter 
and hotter fluid with increasing height, i.e. vertical stratification. Here, formation of thermocline has 
a vital importance and will be discussed later on the work. 

 

 
 

 
 

This phenomenon is well-known as natural convection, free convection or flows driven by 
natural convection and has been thoroughly studied within heat transfer and fluid dynamics areas of 
knowledge. There are three main forces that take part in these kinds of flows: inertial forces, 
gravitational volumetric forces and viscous forces (momentum equation for fluids). The second ones 
are commonly referred as buoyancy forces1, and are responsible of net force in the gravitational axis 
direction as a consequence of density difference of the fluid with its surroundings. 
 

Density can vary due to pressure or temperature change, but as discussed in sections 3.3.5 
and 3.3.4, in this case temperature variations will be responsible of the change in density.  
Accordingly, temperature distribution is governed by energy equation and takes into account mainly 
conduction and convection. The latter is totally dependant on velocity distribution within the fluid. 
This means that in order to solve a flow pattern and temperature distribution case, both momentum 
and energy equations have to be simultaneously solved (as well as continuity equation): 
temperature affect buoyancy forces in momentum equation and velocities affect convection in 
energy equation. Consequently solving a natural convection case requires experimental or numerical 
work in the majority of the cases. 
 

To see roughly the effect of the acting forces, now it is going to be considered non-
compressible flow, Boussinesq approximation, constant viscosity and stationary conditions. For 
steady conditions, it is obtained2: 

                                                           
1 Note that part of gravitational forces will lead to a kind of hydrostatic pressure distribution equilibrium and 
only the part of buoyancy-gravitational forces will participate as unbalancing forces. 
2 See [5] for further understanding of these equations and assumptions made on the governing equations. 

Fig. 4-2. Schematic representation of the fluid motion and heat losses in 
the tank. 

Fluid at T > Tamb 
Tam
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· 0 (4.2) 

 · 1 ∆ β∆  (4.3) 

 · T (4.4) 

 
where p’ is the variation of pressure respect to the hydrostatic pressure. 
 

Returning to the forces responsible of motion in free convection, as can be seen from the 
above equations, buoyancy force is the one that boosts the motion. Flow will continue, and will not 
be stopped, only if buoyancy force does not disappear and it is balanced with viscous and/or inertial 
forces. In fact, the beginning of the flow comes into play when density difference occurs, thereby 
buoyancy; this causes movement and it goes gradually compensating with inertial forces as it gains 
height. As velocity grows viscosity forces become more important and tend to dissipate this flow. At 
the same time, fluid rising (or falling) tends to lose (or gain) thermal energy by means of conduction. 
This causes density to be leveled with that of surrounding fluid and therefore buoyancy effect goes 
losing its strength. This means that there are many properties and parameters involved in these 
types of flows: 
 

• Temperature difference scale (Θ): will cause density variations and therefore buoyancy 
force. Will be partly dependant of ambient temperature, thermal insulation, etc. 
 

• Gravity constant (g): buoyancy force will be proportional to this parameter. 
 

• Viscosity (ν): viscosity forces are opposed to buoyancy forces, thus, viscosity force goes 
against buoyancy driven motion. 

 
• Thermal conductivity (λ): tends to weaken buoyancy force as temperature and 

consequently temperature levels off with that of surroundings. 
 

• Volume heat capacity (ρCp): indicator of thermal inertia. The higher the more difficult will 
be the temperature to vary. 

 
• Length scale (L): effect on volume and gradients. 

 
These parameters are compiled in two adimensional numbers: Grashof (Gr) and Prandtl (Pr).  

Actually these numbers, or their combination (Rayleigh: Ra) are used to characterize free convection 
flows: Θ

 (4.5) 

 

 (4.6) 

 
(4.7) 
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Table 4-2 shows the adimensional numbers for the convective nature flow of the cooling 
process. Properties of the fluid taken to work out the figures can be found later in this chapter. 
Temperature scales of about 5 ºC have been chosen and for the length scale the height of the tank 
(H). 
 

Adimensional numbers 

T [ºC] 
50 55 60 50 

Eo5 Fuel oil 
Air 

1/3 filling level 2/3 filling level

Pr 4.030E+03 3.116E+03 2.422E+03 7.023E-01 

GrL 3.071E+09 5.507E+09 9.790E+09 1.027E+11 1.027E+11

RaL 1.238E+13 1.716E+13 2.371E+13 7.215E+10 5.772E+11
 

Table 4-2. Pr, Gr and Ra adimensional numbers for typical temperatures of the fluids in the tank. 

 
According to [2], when RaL > 1708 fluid begins to flow as natural convection, thus overcoming 

viscous forces and having strength enough not to buoyancy forces to decay due to conduction.  
When the fluid Ra number is below this limit it can arguably said will remain at rest. The heat 
transfer within the fluid would consequently be only through conduction (Nu = 1 at boundaries), and 
temperature distributions would probably be formed from the boundaries to the core rather 
uniformly with time. 
 

For the flow of this work, during the cooling process, as Grashof number is much bigger than 
the lower limit for natural convection flow, the fluid of the tank will be strongly dominated by 
natural convection. This is in high proportions because of the high length scale of the tank and poor 
thermal diffusive properties of Eo5 fuel oil.  Thereby, earlier described fluid currents will form and 
Nu will increase enhancing the heat losses to the ambient. 
 

As it is pointed out in [12], the fluid next to the sidewalls starts descending and it transmits 
the momentum by means of viscosity drag to the whole volume. Next to the walls, in the thermal 
boundary layer, where the motion begins, the buoyancy forces are balanced by the viscous forces, 
thus: ν ulT ~ g∆ρρ gβΘ (4.8) 

 
The length of the thermal boundary layer (lT), is of some centimeters at the beginning as it will 

be shown later in this work. Therefore, from the previous equation, velocities of some centimeters 
or millimeters per second are expected next to the sidewalls. 

 
In addition, turbulent flow might be present in these conditions: in [7], referenced to other 

source1, it is said that for the initial process, the flow in these types of circular tank can be 
considered as natural convection in a isothermal wall and the transition to turbulence starts for GrL 
number of approximately 1.3 x 109.  In [2] is also pointed that for vertical plates the critical Grashof 
number is 109. Despite not being a vertical plate, the flow next to the tank sidewalls is likely to be 
very similar (this does not bear in mind the floor and ceiling of the tank which may make the flow 

                                                           
1 A. Bejan, Convection Heat Transfer, John Wiley & Sons Inc., New York, 1995. 
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even more complex), specially at the first stages. This means that in our case, it is fairly probable to 
have turbulent flow (GrL = 3-9 x 109 > 1.3 x 109, from Table 4-2). This holds even if temperature 
scales of around 1 ºC are taken. The same can be said about the air phase (at least for the filling 
levels that have been simulated, Table 4-2). 
 

On the other hand, next to the ceiling unstable conditions are foreseen. In fact, as one goes 
vertically upwards hotter fluid is expected, but next to the ceiling the fluid will also be cooled due to 
heat transfer through the ceiling to the surroundings. It means that heavier fluid is above lighter 
fluid next to the ceiling so the former will fall and consequently the latter will rise. This process 
begins approximately when RaTl ~ 103 as described in [11], creating periodic mixing vortices next to 
the ceiling. In this case, the characteristic length is taken as the length of the thermal boundary 
layer. 
 

Regarding the heat transfer mechanisms, when the tank is let to cool down, the first process 
that comes to play is conduction. There will be a stationary process where boundary fluid particles 
will get colder and cool will flow by means of conduction from the close-to-envelope fluid to the 
interior. Later, the mentioned convective currents will form and heat loss process will be faster. This 
will happen when the order of advective term of the energy equation equals the conductive one. In 
[12], order of time for this matter to occur is expressed approximately: 

 ∆ ~ ∆ ~  (4.9) 

 
this gives a time order of around some tens of minutes. 
 

All described mechanisms which drive heat transfer and flow inside the tank is even more 
complex if one takes into account that the tank is not always full of fuel oil. In fact, above the fuel oil 
filling level air is present as it can be seen in Fig. 4-3. 
 

In this case, an interface between air (and VOC) and the fuel oil will be formed at the filling 
level height. Through this interface there will be heat exchange (conduction-convection) but also 
evaporation. Anyway, the effect of evaporation is going to be neglected from now on, but it is 
convenient to bear in mind that this process also occurs. 
 

Since the volumetric heat capacity of the air is much smaller than for Eo5 fuel oil (around a 
thousand of times smaller), air will act as an additional thermal resistance between the fluid and the 
ambient. This does not mean that air will stay at rest. As for the fluid natural convective flow will be 
created following the same argumentation that has been used for the fuel oil. So, the thermal 
resistance will be lower than if air was at rest, i.e. Nusselt number for the air will be higher than the 
unit. 
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4.4.2. Self maintaining (steady) conditions 
 

In order to achieve desired storage conditions for the fuel oil inside the tank, some type of 
heat source must be used to maintain storage temperature above Tmin. This, as previously described, 
is specified to be done by means of recirculating and reheating the fluid (See Fig. 4-4). 
 

 
 
 
 

Eventually, this reheating is the heat source that prevents the temperature to decrease too far 
from specifications. As to the flow, when there is inflow and outflow the mechanism there is no 
longer natural free convection, but a combined natural and forced convection. This is even less 
predictable than the former and generally depends on: 

Fuel oil at Tfo > Tamb Tamb 

Air at Ta > Tamb

Evaporation

Inlet

Outlet 

Heat loss

Fig. 4-3. Schematic representation of the two phase flow in the tank. 

Fig. 4-4. Schematic mass inflows, outflows and energy fluxes of the tank. 
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• Geometry disposition and spacing between inlets/outlets 
• Number of inlets and outlets 
• Geometry of each inlet and outlet 
• Inflow temperature 
• Outflow temperature 
• Recirculating flow rate 
• Inflow and outflow velocities 
• Fluid properties 
• Filling level 
• Ambient temperature 
• Etc. 

 
In other words, it is very difficult to predict the flow pattern and temperature distribution 

without any type of experiment or numerical simulation. Anyway, some general ideas or trends as to 
how to design the heating system can be taken from the cooling process, trying to correct undesired 
flow and temperature distribution by correctly placing inlets and outlets and setting volume flow 
rates and inflow temperatures. 
 

It has been discussed earlier in this work that colder fluid is near tank envelope. Therefore, in 
order to heat the fluid the best solution seems to be extracting as colder fluid as possible, avoiding 
drawing off hotter fluid.  
 

Ratio between inertial and buoyancy forces can show the nature of the mixed convection flow 
pattern. Using data advanced from later sections of this work, inlet velocities of some tenths of m s-1 

are expected. This ratio yields: Θ ~ 1 100 (4.10) 

 
Therefore the flow pattern expected will be presumably dominated by buoyancy forces so 

very convective flow pattern is expected. That is why all what has been already said for the cooling 
process will also apply to this case in a high extent. 
 

The flow nature of the fuel oil entering the tank can be classified according to Reynolds 
number: ν  (4.11) 

 
Using again data advanced and interior diameter of 150 mm that will be used, laminar flow is 
expected (Re goes from 157 to 1414  <  2300, for flow rates from 10 to 90 m3h-1) in the interior of the 
inlets’ pipes. 
 

Combining Gr and Re numbers is another popular form to characterize conditions on storage 
tanks: 
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~ 10 10  (4.12) 

 
It shows again the strong domination of buoyancy forces, especially due to the high height and 
volume of the tank compared to the low flow rate. Actually, advancing later calculations, the tank 
filling time constant is the order of: 
 ~ 3 20  (4.13) 

 
depending on the flow rate chosen. 
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5. PROCESS AND RESULTS 
 

 

5.1. PHYSICAL BOUNDARIES 
 

5.1.1. Description and specification 
 

The description of the physical boundaries in the study case, as said before, consists of the 
tank’s side-walls, ceiling and roof and floor, in other words, the envelope of the fluid. The 
compositions of these parts were obtained hereby Sweco. 

 

 At the top of the fluid there is a ceiling composed by a thin metal sheet and a thick rock wool 
insulation layer. There is a roof above the ceiling made of some sort of plastic-rubber. The height of 
the ceiling was assumed to be 1.5 m; anyway, the relevance of this plays a very small part for the 
calculation of the ceiling-roof thermal resistance, since the insulation is the most important part. 

 

 The bottom of the tank is not insulated. Only the thin metal shell is present, which is placed on 
top of a structural concrete layer surrounded by the soil. Therefore, the soil is the main responsible 
of insulation this part of the tank. 

 

 The construction of the side-walls is more complex, it is made of the thin metal shell, followed 
by the same insulation used in the ceiling. The outer shell is a so called TRP 20, i.e. a very thin folded 
metal sheet that serves to protect the tank from the outside atmospheric conditions. This outer shell 
is mounted on some iron rings that are attached to the tank. This attachment is made by screws to 
evenly distributed Z profiles placed between the inner metal shell and the iron rings. These iron rings 
are also distributed evenly along the height of the tank.  

 

 Specification of each component is presented in Table 5-1, Table 5-2, Table 5-3 (ordered from 
the interior of the tank to the exterior of it), Fig. 5-1 and Fig. 5-2. But a clearer picture of the tank 
construction can be found in the drawings of the Appendix D. 

 

 

Roof-ceiling

Component Material Specification 

Inner metal shell Steel 11 mm thick 

Insulation Mineral rock 10 cm thick 

Roof Rubber-plastic and structure D ≈ 23m ; H = 1.5 m 
 

Table 5-1. Roof-ceiling construction materials and specifications. 

 

  



 

Component 

Inner metal shell 

Structural layer 

Soil Cla
 

Table 5-2. Floor (Basem

 

 

Component 

Inner metal shell 

Insulation 

Z type profile 

Ring 

Outer shell: TRP 20 

Table 5-3. 

 

 

Fig. 5-1. Specification of Z profile
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Fig. 5-2. Specification (left) and picture (right) of TRP20 construction shell (right). Source: www.johanssonplat.se. 

 

In order to carry out this work, it is vital to obtain first thermal parameters of all the fluid 
boundaries. This means to have available thermal conductivity, density, specific heat capacity and 
thermal diffusivity of the surrounding elements. Aside from this, surface heat transfer coefficients 
will be also used in order to calculate the thermal resistances. 
 

When studying unsteady cases of this system, a comprehensive work should include thermal 
inertia of tanks wall and soil. In the next section values for this purpose (Cp, ρ, α) are given, but this 
work does not take into consideration these effects as it is computationally too expensive and does 
not worth the trouble. Further argumentation is given later on. 
 
 

5.1.2. Thermal properties of construction materials 
 

The next table summarizes thermal properties of the different materials that are present in 
the construction elements of the tank: 
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λ [W m-1 K-1] 4,50E-02 1,40E+00 1,70E+00 5,30E+01 5,30E+01 8,02E+01

ρ [kg m-3] 1,50E+02 2,20E+03 2,30E+03 7,80E+03 7,80E+03 7,87E+03

Cp [kJ kg-1 K-1] 8,00E-01 9,20E-01 9,00E-01 5,00E-01 5,00E-01 4,60E-01

α [m2 s-1] 3,75E-07 6,92E-07 8,21E-07 1,36E-05 1,36E-05 2,21E-05

Volumetric Cp [kJ m-3 K-1] 1,20E+02 2,02E+03 2,07E+03 3,90E+03 3,90E+03 3,62E+03

Heat capacity [MJ K-1] 2,08E+01 4,49E+05 3,30E+02 7,91E+01 1,33E-02 1,24E-02

Volume/α [μm s] 4,62E+02 3,20E+05 1,94E+02 1,49E+00 2,52E-04 1,54E-04
 
Table 5-4. Thermal properties of materials present in the boundaries (ceiling-roof, sidewalls, and basement-soil). Data 
obtained from various sources: [2], [4], and [24]. 

 

In Table 5-4 heat capacity shows the thermal inertia of each component (see Appendix C for 
the calculation). If they are compared with that of the fuel oil (1.2 107 MJ/K, full tank) it arguably can 
be said that only the inertia of the soil should be meaningful (due to the large amount of volume of 

http://www.johanssonplat.se/
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the soil1) for transient analysis. Anyway it is guessed that this effect should not be relevant for the 
tank cooling study since the goal of it does not go so far. 

 

The figure of the volume divided by the thermal diffusivity gives a better insight of the effect 
of thermal inertia in transient analysis because thermal conductivity is important in this matter. In 
other words, high thermal inertial volume with very high conductivity could be less important than a 
not so high thermal inertial volume with low conductivity. This is because thermal conductivity says 
about how fast the volume will get rid of its thermal load. In this case, the figure for the fuel oil is 
1.17 108 which is three times of magnitude order higher than that estimated for the soil. This 
strengthens the argumentation given above. 

 

When it comes to the outside surface heat transfer coefficient it is highly dependant on the 
external meteorology, especially on the wind. Since this is vary variable and unpredictable, a 
constant value of 25 W m-2K-1 (0.04 m2K W-1 external surface resistance, from [4]) is used. For 
interiors (used for the ceiling), 7.69 W m-2K-1 is used instead (0.13 m2K W-1 internal surface 
resistance, [4]). Actually these values do not include only the effect of convection, but also of low 
wave length radiation. Thus, they are often referred to as combined convection and radiation heat 
transfer coefficient. This fact will simplify the models used for the calculation of thermal resistances, 
avoiding including non linear equations of radiation. 

 

 

5.1.3. Thermal resistances 
 

In this section, thermal resistances calculated for the boundaries of the tank are presented. 
Different approaches have been taken since each part has its own peculiarities regarding to thermal 
resistances. 
 

Ceiling part for instances can be considered as a constant thermal resistance from the fluid’s 
point of view. The floor, however, is colder (higher U value) next to the side-walls as a consequence 
of being closer to the outside: path of heat rate lines are shorter than the ones starting from the 
centerline of the tank. 
 

In case of the side-walls, owing to the construction nature of it, there are shortcuts or thermal 
bridges through the iron rings supports via Z steel profiles. 
 
 
5.1.3.1. Roof-ceiling 
 

The construction of the ceiling with its roof as described before gives the simplified thermal 
resistances network depicted in Fig. 5-3. Note that thermal radiation related resistances are not 
directly included, but their effect is somehow taken into account with the combined heat transfer 
coefficients. 

                                                           
1 This volumen is only a rough estimation based on floor simulation model presented later in this work, a real 
effecting amount of volumen is not known, so this figure is not very exact. Area where thermal gradients and 
temperatura are significant has been taken (around 20 m deep and 28 m diameter floor volume). 
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The value of each thermal resistance is given in Table 5-5. For a detailed description of the 
calculus worked out see Appendix C. Note that thermal resistance in the interface of fuel oil-ceiling 
has been ignored since it is an unknown before any simulation is carried out. Anyway it is foreseen 
that will be small and will not affect significantly the result. Furthermore, not taking into account the 
interface thermal resistance will give as the maximum heat loss which will be a reference value. 
Anyway later calculations taking data from the transient cooling simulations gives values around 20-
50 W m-2K-1 (see Appendix C) or higher i.e. order of magnitude similar to the exterior heat transfer 
coefficient (which as seen below is rather low compared to others). 
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5,3486E-03
Inner metal shell 4,9954E-07
Surface internal convection-radiation ceiling 3,1289E-04
Surface internal convection-radiation roof 3,1027E-04
Roof resistance 3,5800E-04
Ambient surface convection-radiation 9,3460E-05
Ventilation resistance (n = 1 h-1) 1,4650E-02

Total thermal resistance 6,3861E-03

U Value [W m-2K-1] 3,7689E-01
U A [W K-1]  1,5659E+02

 
Table 5-5. Total thermal resistance and heat transfer coefficient of ceiling-roof and its components. 

 

U values for other ventilation rates are shown in the table below; the variations are not very 
high and the definitive value will be that of n = 1 h-1 (typical value for attics, [4]). 

 

n [h-1] U Value [W m-2K-1]

1 3,7689E-01

5 3,8408E-01

10 3,9053E-01

20 3,9879E-01
 

Table 5-6. Ceiling-roof heat transfer coefficient (U value) for different ventilation rates. 

 

Including the effect of thermal resistance between fuel oil and ceiling the U value is around 
0.372 (very similar to the previously calculated). For the model though, this value should be not 
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Fig. 5-3. Simplified version of thermal resistance composition in ceiling-roof. 
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floor in several zones. What is more, the calculus from [4] is not a radial distributed function but the 
average heat loss (average thermal resistance is only possible to calculate from that). Anyway the 
mentioned three methods were used to compare and verify the result from the FEA calculus. For a 
detailed development of the process see Appendix C. 

 

 

Tabulated data 
 

Zone Length from center [m] U [W m-2K-1] Resistance [K W-1] 
1 10,5 - 11,5 1 0,01446863 
2 5,5 - 10,5 0,29411765 0,01352817 
3 0 - 5,5 0,22727273 0,04629962 

 
Table 5-7. Basement U value zonal distribution from [25]. 

 

This gives an average U value of 0.396 W m-2K-1. 

 

 

Expression from Carl-Eric 
 

 From [4], it is obtained: · ,  (5.1) 

with ·  

 

The expression is for the heat loss through rectangular floors. R is the resistance of the floor 
(concrete layer), λ is the thermal conductivity of the soil (clay in this case), B is the width of the 
building, L the length and hs is a depicted function. There were encountered some ambiguities to 
find the value of hs and the shape of the tank obviously is not rectangular, but two reference values 
were found: 18.3 and 13.7 kW for a temperature difference of 80 ºC. This is to say, approximately: 

 0.41 0.55  W m-2K-1  

 

 

FEA calculation 
 

A two dimensional axisymmetric model containing the tank floor, part of the sidewalls and a 
large amount of volume of soil was modeled. Beneath the floor the concrete layer was modeled 
connected to the soil. This soil is 100 m deep and 180 diameter wide. Temperature of 60ºC was set 
as a boundary condition for the floor and inner part of the sidewalls. Mesh and other parameters 
used are described in Appendix C. 

 

The simulation provided the following temperature profiles shown in Fig. 5-5 and Fig. 5-6 of 
the soil (which has the same pattern as the one described in [4]).  
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Fig. 5-5. Soil temperature distribution when tank soil is at 60ºC (333.15ºK). Temperature is in ºK. 

 

 

 
 

Fig. 5-6. Detail of soil temperature distribution next to the sidewalls. Temperature is in ºK. 

 

It can be observed how the gradient of the temperature increases as one is closer to the wall. 
As it was suggested in [25], heat transfer coefficient increases with radial coordinate. It is also 
possible to see that most of the heat loss is returned to the ambient through the area right next to 
the outside wall. This fact is represented in Fig. 5-7. The figure also shows the heat transfer 
coefficient profile for the floor-basement that will be used as in the rest of this work. 
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Fig. 5-7. Heat flux through the soil (left) and local heat transfer coefficient profile of the basement (right). 

 

As it can be seen the profile of the U value is very sharp next to the tank wall (r = 11.5 m), so 
there will be an important heat loss (heat flux shortcut). From Fig. 5-7 it seems that the coefficient is 
near zero for r < 10 m but this is misleading. Fig. 5-8 shows in detail how the curve grows. 

 

 
Fig. 5-8. Detail of the heat transfer coefficient for the floor. 

 

The shape of this curve can be adjusted to a Gauss type one through root mean square 
method with a low error. 

 

In Table 5-8 there is a comparison between the values tabulated from [25] and the averages 
calculated for the same zones of the profile obtained by means of FEA.  

 

Zone Length from center [m] U [25] [W m-2K-1] U FEA [W m-2K-1] 
1 10,5 - 11,5 1 1.826 
2 5,5 - 10,5 0,294 0,244 
3 0 - 5,5 0,227 0,1315 

 
Table 5-8. Comparison between tabulated data from [25] and results from Finite Element calculations. 

 

Results do not correspond very closely to the data given in [25], but the trend can be said to be 
similar. Finally, the average floor heat transfer coefficient is compared for the three approaches. 
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Approach U [W m-2K-1] 
Tabulated resistances, [25]   0.396
Carl-Eric expression, [4] 0.41 - 0.55
FEA calculation 0.482

 
Table 5-9. Comparison of three different approaches to calculate heat transfer coefficient of the floor-basement. 

 

The value calculated according to data from [25] is slightly smaller compared with the other 
two, and the figure obtained in FEA calculation is between the two values chosen from Carl-Eric 
expression. Thereby, somehow the result of FEA is verified in this way. As said before, the U value 
profile1 from FEA calculation will be used in the rest of the work (and the average value of the 
profile, Uavg b = 0.482 W m-2K-1 in other parts). 

 

 

5.1.3.3. Sidewalls 
 

If a proper thermal resistance is to be calculated for the sidewalls, the use of elementary 
thermal resistances is not enough. Looking at drawing from Appendix D, it is evident that the 
construction of the sidewalls implies changes as to thermal resistances in both z and φ directions, 
especially due to thermal bridges in the construction of the wall. For this reason, three dimensional 
finite elements model would be necessary to obtain a precise calculation of the heat fluxes and 
average U values for these boundaries of the tank. This was the first taken approach, but as 
described below it would not be an easy task for several reasons. Thus another more simplified way 
had to be finally taken. Anyway, the error between those approaches is deemed to be small enough 
so that other assumptions may have much more influence on the final value, and especially, on the 
flow simulations. 

 

The heat flux has several ways to reach the outside surroundings: it has to first go through the 
inner metal shell. Then, it will probably need to go through the insulation, but if the flux line is close 
enough to the thermal bridge (Z profile), it may choose this way which has less resistance. As the Z 
profiles bridges are welded along the contact perimeter to both inner metal shell and outer iron 
rings two ways are possible to take: cross through the welding or “jump” from the inner metal shell 
to the Z profile. With regards to thermal resistances, the second way is usually referenced as contact 
thermal resistance. These resistances have an important significance especially when the two 
materials in contact have high thermal conductivities (like in this case: two steel parts). Therefore 
these resistances are modeled. In case the heat flux is in some height of the tank where Z profiles 
(and therefore support iron ring too) are present, once the heat flux has crossed either the 
insulation or the Z profile (thermal bridge), it will go through the iron ring. Then it may either go 
directly through the TRP (outer shell) and reach the ambient or cross the air gap before crossing the 
TRP and end up in the surroundings. But if the height is fat from the thermal bridges, the heat flux 
will always have to cross the insulation, after a slightly thicker air gap, then the TRP and finally reach 
the ambient. For the contacts between the Z profile and the iron ring there are contact thermal 
resistances again, and so are for the contact between the iron ring and the TRP. 

                                                           
1 Average value is also used for some other basic calculations. 



 
5. PROCESS AND RESULTS 

46 

 

In light of the above, the complexity lies especially in the different length scales of the layers. 
In fact, there are thermal bridges every 0.6 m in the φ direction and vertically distributed every 1.2 
m. The thickness of the TRP is 0.8 mm though, and 50 μm for the model of the contact thermal 
resistances. This is a difference of order in length scale of around 104. This gave plenty of problems 
when trying to generate the mesh (COMSOL Multiphysics 3.5 was used in this part of the work), and 
finally could not succeed to generate the mesh. 

 

For these reasons the calculation regarding sidewalls thermal resistances was divided in two 
parts. This division is totally related to the vertical distribution of the sidewalls construction. In other 
words, thermal resistance is divided into two parallel thermal resistances (Fig. 5-9): one for the part 
where there is neither iron rings nor thermal bridges (thermal bridge free branch) and the other for 
the part where the thermal bridges and iron rings are present (thermal bridge branch). In this 
manner, the first part is calculated by means of convectional composite wall thermal resistances 
whereas the second is worked out with the help of a two dimensional finite elements model run on 
COMSOL Multiphysics software package. More details of this process can be found in Appendix C. 

 

 
 

 

First, figures found for thermal bridge free branch are presented: 
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] 1,6359E-07

Insulation 1,7432E-03
Still air 2,4625E-04
Outer metal shell 1,1777E-08
Ambient surface convection-radiation 3,1015E-05

Total thermal resistance 2,0206E-03

U value [W m-2K-1]  3,9027E-01
UA [W K-1] 4,9490E+02

 
Table 5-10. Total thermal resistance and heat transfer coefficient of sidewalls (thermal bridge free branch) and its 
components. 

 

The air present between the insulation and the outer TRP shell has a maximum width of 21 
mm (5 mm iron ring + 19 mm of TRP gap) and the minimum is 0 mm. According to [4], the combined 
conduction and convection heat transfer coefficient for non-ventilated air gaps will be approximately 
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Fig. 5-9. Decomposition of sidewall’s thermal resistance: thermal bridge branch and thermal bridge free branch. 
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Fig. 5-11. Contours of temperature on the thermal bridge branch of sidewalls. 

 

 

 
 

Fig. 5-12. Heat flux vectors on the thermal bridge branch of sidewalls. 

 

 

 



 
5. PROCESS AND RESULTS 

49 

 
 

Fig. 5-13. Detail of isotherms and heat flux vectors on thermal bridge branch of the sidewalls. 

 

From the figures above the effect of the thermal bridge is evident. The major part of the heat 
is lost through them. The heat flux enters the thermal bridge through the Z profile’s inner wing, 
travel outwards through the soul. Then some part goes through the outer soul (not shown in the 
graphs because of the plot spacing), and a slightly larger other part takes the iron ring as a 
consequence of higher thermal conductivity (80.2 vs. 53 W m-1 K-1).  From this point on, the flux is 
spread in the iron ring and heads to the outer shell. It is possible to see how sometimes the flux 
prefers to go round the outer shell than crossing the air gap. 

 

The effect of the contact thermal resistances is there as well. Heat flux finds easier to go 
through the welded parts than through the metal-to-metal contacts. Table below summarizes the 
thermal attributes of this thermal bridge branch. This branch is also divided in other two aiming to 
understand better what it going on: insulation branch (referred to the heat flux trough the 
insulation, branch 1) and thermal bridge branch (referred to the Z profile and welded parts, branch 
2). 

 

U value [W m-2K-1] Area [m2] % UA [W K-1] % 
Branch 1 (Insulation) 4,7352E-01 2,9846E+01 91.7% 1,4135E+01 12.6% 

Branch 2 (Thermal bridge) 3,6411E+01 2,7000E+00 8.3% 9,8312E+01 87.4% 
 

Total 3,4550E+00 3,2547E+01 100% 1,1245E+02 100% 
 
Table 5-11. Local heat transfer coefficient on the thermal bridge branch of the sidewalls: decomposition into insulation 
and thermal bridge. 
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It is remarkable that 87.4% of the heat (of the thermal bridge branch) is lost through thermal 
bridges. This is due to the high local U value of these elements, even though the area covered is 
fairly small (only 8.3%). 

 

Regarding the thickness used to model the contact resistances, it was bear in mind both the 
roughness of the materials involved in the contact as well as the possibility to construct the mesh. 
This metal parts are usually manufactured using forming processes, thus, typical maximum 
roughness are below the 50 μm (see graphs in Appendix C). Cold rolling is most probable for these 
types of sheets (around 10 μm), thereby 50 μm is considered quite safe value (remember that 
contact maximum length will be smaller than two times the maximum roughness). 

 

Having the figures for both branches all what is left is combining them to have an equivalent U 
value for the whole area of the sidewalls, so that the later model is not too complex: 

 

 
Total vertical

length [m] 
% U value [W m-2K-1]

Weighted U value 
[W m-2K-1] 

% 

Thermal bridge free branch 1,7550E+01 97,5% 3,9027E-01 3,8051E-01 81,5%
Thermal bridge branch 4,5000E-01 2,5% 3,4550E+00 8,6374E-02 18,5%

Resultant U Value [W m-2K-1] 4,7689E-01 
 

Table 5-12. Summary of sidewall’s heat transfer coefficients composition and resultant values. 

 

It should be underlined (as commented also before), that although only 2.5% of the sidewalls 
area corresponds to the thermal bridge branch, 18.5% of the heat loss from this boundary is lost 
there. This is a rather high amount and it is anticipated that this means about 10% of the tank heat 
losses. On the other hand, the U value of the thermal bridge branch is sensitive to the inner metal 
shell thickness, Z profile thickness, iron ring thickness and to the steel and iron thermal 
conductivities. 

 

However, this U value might be a bit higher due to several reasons: 

 

− Heat transfer in vertical direction has not been accounted in this 2D model. This will happen 
from the thermal bridge free branch to the thermal bridge branch around the boundaries of 
those two branches. 

− Some welding parts are missing which would contribute to enhance the previously cited 
vertical heat transfer. 

− Straight wall type geometry is used and not cylindrical walls for the thermal bridge branch 
2D model. This should have very minor importance however. 

− Air will not be completely still but will circulate enhancing the convection between the 
surfaces and thus increasing heat loss. 

− Screws have not been modeled because their area is very small compared with the total. So 
all the heat goes through contact resistances. 
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These factors should not have considerable importance, and the final U value is deemed to be 
close enough to the calculated one so that the flow and heat transfer patterns will not be altered for 
this negligible reasons. Again other assumptions play much important roles than those ones. Anyway 
they are worth mentioning to bear in mind. 

 

It has been already commented that some studies point out the influence of vertical heat 
transmission due high conductive walls can have influence in the flow pattern. However, due to the 
big dimensions of this industrial tank this heat rate can be roughly approximated (assuming around 
10 ºC from the top the floor, see Appendix C) as around 0.03 kW which is around 0.037% of the total 
heat loss, and probably big part of it is directly lost to the surroundings. Therefore, in this case, the 
effect on the global flow can be considered negligible. 

 

 

5.1.3.4. Summary 
 

In several analysis, calculations and simulations that are carried out from this point onwards 
boundaries’ U values, basement U value profile and/or average UA values are used. Like stated 
previously, basement heat transfer profile is used for computational fluid dynamics simulations and 
not for other simpler analysis carried out. Next table summarizes average U values as well as the 
general UA values in order to have a clear and straightforward reference: 

 

 U values [W m-2K-1] UAavg [W K-1] 
Ceiling-Roof Uc  0,38

981,61 Basement (floor) Uavg b  0,48
Sidewalls Uw  0,48

 
Table 5-13. Summary table with heat transfer coefficients of the boundaries and total heat transfer constant (UAavg). 

 

 

5.1.4. Decomposition of the heat loss flux to the surroundings 
 

Once the thermal resistances and/or the U values of the boundaries are known, a prediction 
of the heat losses can be made. Knowing the maximum heat loss is rather useful in order to carry out 
other design and calculations for the heating system. This system must be able to balance the heat 
losses from the tank with the supplied heat. Thus, it must be able to provide at least as much heat as 
the maximum heat loss estimated. Strictly speaking, the heating system should provide enough heat 
power to maintain storage steady conditions in case of scenario A, and to heat up the fluid in a 
reasonable time in scenario B. But, as a rule of a thumb having enough power to maintain maximum 
heat loss level is thought a safer approach. 

 

The maximum heat losses are calculated setting Tamb as DOT (Dimensioning Outdoor 
Temperature, -20ºC). This is based on weather history for Gävle, and it implies that temperatures 
lower than -20ºC are not common and thus not expected. Anyway, some security factor should be 
applied to account for this fact and other calculus errors and assumptions as well. On the other 
hand, three fuel oil temperatures have been used: 50, 55 and 60ºC. Critical value of 60ºC is taken as 
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area (based on soil simulation outcome). Total outside average temperature is approximately -
18.4ºC. 

 
Fig. 5-15. Average temperatures in the outer layers of the tank (Tamb = -20ºC). 

 

Outside soil next to sidewalls is hotter than sidewalls despite losing less heat. This obviously is 
because heat exchange area for the outside soil is much smaller (a ring only around 2.5 m far from 
sidewalls perimeter). 
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5.2. EO5 FUEL OIL AND AIR PROPERTIES AND SPECIFICATIONS 
 

5.2.1. Introduction 
 

The fluid inside the tank is the Eo5 heavy fuel oil previously described in the introduction. Its 
characteristics and specifications have been found from mainly from the information provided by 
Preem AB, but other data such as thermal conductivity and specific heat capacity were modeled 
according to the proposed expressions given in [21] by F. Peterson. 
 

In order to model the flow inside the tank continuity, momentum, energy and turbulence 
equations must be solved according to previously developed fluid dynamics theory. These equations 
(assuming Boussinesq approximation), need to be provided with the next properties of fluid: 
 

• Density, ρ [kg m-3]. 
• Coefficient of thermal expansion, β [K-1]. 
• Viscosity (Dynamic viscosity, μ [Pa s], or Kinematic viscosity, ν [m2 s]). 
• Specific heat capacity, Cp [J kg-1K-1]. 
• Thermal conductivity, λ [W m-1 K-1]. 

 
Next, these properties for Eo5 fuel oil are presented and described according their variation 

with temperature. These expressions will later be introduced into the CFD models. For simpler 
calculations not involving the resolution of the fluid dynamics governing equations, however, 
constant values were used. 
 

On the other hand, in models where the tank is not fully filled there is air as second phase, and 
thus properties of air also need to be accounted for. Since the main aim of this work is to study the 
fuel oil flow and its consequences constant properties or air were taken, except for the coefficient of 
thermal expansion. This latter is used to capture the convection for the air volume and the heat 
transfer related to it. 
 
 

5.2.2. Fuel oil physical properties 
 
5.2.2.1. Density and coefficient of thermal expansion 
 

These two properties are related to each other. Density as any other thermodynamic property 
is function of any other two in this case of pure simple substance. However, in conditions of low 
pressure as happens in this case, the density of heavy fuel oil as for the majority of materials in liquid 
state, can be considered to vary only with temperature. 
 

According Eo5 fuel oil datasheet maximum density could be 965 kg m-3 at 15ºC, however, 
typical figures lie between 925-935 kg m-3.  Therefore, data1 provided from Preem AB shows figures 
for three different common reference densities at 15ºC: 925, 930 and 935 kg m-3. The variation of 

                                                           
1 See how to obtain density dependence with temperature with this data in Appendix B. Also there can be 
found a comparison with other data from other authors. 
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the density with temperature for the range of temperatures from 40 to 80ºC is represented in Fig. 
5-16 for those three reference densities. 
 

 
 

Fig. 5-16. Density vs. temperature for Eo5 fuel oil. 

 
Naturally only one density is chosen to work with: that of 930 kg m-3 at reference 

temperature. This curve is close to be linear with temperature. In fact, Boussinesq approximation 
assumes this very fact (i.e. constant β). In order to calculate a constant coefficient of thermal 
expansion 50ºC is taken as a reference temperature. The reason of choosing 50ºC as reference 
temperature is that the bulk of the fluid will be close to this temperature and thus the error of 
having a constant value of β is smaller. Therefore, density expression inside the models will be: 
 · 1 905.72 · 1 0.00077 50  (5.2) 

 
where, ρ50ºC is 905.72 kg m-3. Units of β are [ºK-1] and thus for ρ are [kg m-3]. Details for the 
calculation of the coefficient of thermal expansion are available in Appendix B. Fig. 5-16 also shows 
points of density based on the simplified expression according to Boussinesq approximation (3.1). 
The error as to density is totally negligible for the range of temperature represented (bear in mind 
that the bulk of fluid will lie between 40 and 60ºC). In this case, the principal error for implementing 
Boussinesq approximation is not the fact of taking a constant β but the error in flow governing 
equations for considering a constant density (discussed in more detail in 3.2.1.2  and 3.3.5). 
 

For simpler calculations and models like solid or perfect mixture constant density of ρ55ºC 
(902.28 kg m-3) was used. The same can be said about the rest of properties. 
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5.2.2.2. Viscosity 
 

The importance of high viscosity in these types of flows has already been discussed. It also has 
been discussed about the fact that the dependence on the pressure is negligible for the case of this 
work. Therefore, the dependence on the temperature will be the factor that will alter the viscosity 
within the tank. Data from Preem AB found in Appendix B shows experimental curve of the 
kinematic viscosity for the Eo5 fuel oil. The range of temperature goes from approximately the pour 
point up to 180ºC. However, only viscosities at temperatures up to 90ºC will be used to define the 
curve of viscosity that is later in the CFD models used. 
 

The models in Fluent need to be inputted with dynamic viscosity instead; therefore values of 
kinematic viscosity are worked out together with those of the density previously presented in the 
previous section.  After having the experimental data for the dynamic viscosity a polynomial curve is 
fitted. Both figures are shown in Fig. 5-17.Fig. 5-17. Dynamic viscosity vs. temperature (in ºK) for Eo5 
fuel oil. Note that since Fluent works only with absolute Kelvin temperature scale, the polynomial is 
fitted for temperature in Kelvin degrees. 
 

 
Fig. 5-17. Dynamic viscosity vs. temperature (in ºK) for Eo5 fuel oil. 

 
The fit was chosen to be a polynomial for two reasons. First because it was suitable to input 

into Fluent, and second because as it is discussed in Appendix B, it was the best fit found1. The fit is a 
four degree polynomial and it resulted in a R2 factor of 0.9998 (for the working temperature range) 
which is estimated to be very precise: 

 
 (5.3) 

 
as it has been mentioned, with temperature in ºK and the following coefficients, 
 
 
                                                           
1 Other two were worked out: exponential type and an expression for fuel oils referenced in the international 
standard ASTM D341. 
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μ0 1,2956833302E+06

μ 1 -1,4578260648E+04

μ 2 6,1575150510E+01

μ 3 -1,1569212144E-01

μ 4 8,1573543394E-05
 

Table 5-15. Coefficients for the dynamic viscosity polynomial fit on Eo5 fuel oil. 

 
For Fluent models, since local temperature next to walls might be lower than the minimum 

values supplied by Preem AB (see Appendix B), viscosity was extrapolated using this same 
polynomial expression until 298 ºK (assumed semisolid state). There, a constant viscosity was set 
(having, thus, a continuous profile). Therefore, a piecewise-polynomial function was used to input 
the viscosity profile into the models. 
 
 
5.2.2.3. Specific heat capacity 
 

Specific heat capacity does not change significantly in the working range of temperature (from 
40 to around 60ºC). There was not possible to find any data about this property from Preem AB, thus 
other ways were figured. Particularly, some expressions by F. Peterson were found in [21]1 for Eo 
type heavy fuel oils. For our case, where ρ20ºC > 900 kg m-3: 
 2.9 0.0013 0.0023 20 (5.4) 

 
with units in kJ kg-1 K-1. 
 

 
Fig. 5-18. Specific heat capacity vs. temperature for Eo5 fuel oil. 

 
The above expression can be rearranged to obtain a more suitable polynomial expression in 

order to input into Fluent models: 
 

(5.5) 

                                                           
1 Note that the reference is a bit old, and therefore, slight changes in these fuel oils might have ocurred. 
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Units are J kg-1 K-1 in this new expression, temperature in ºK and the following coefficients: 
 

Cp0 1,02125248E+03

C p1 2,30000000E+00
 

Table 5-16. Coefficients for the specific heat capacity polynomial fit on Eo5 fuel oil. 

 
 
5.2.2.4. Thermal conductivity 
 

Similarly to the specific heat capacity the variation in the working temperature range is not 
very determinant. Also from [21]: 
 1 0.0053 20 (5.6) 

with 117
 

and units in W m-1 K-1. 
 

 
Fig. 5-19. Thermal conductivity vs. temperature for Eo5 fuel oil. 

 
Again, rearranging: 
 

(5.7) 

 
Units are again W m-1 K-1, temperature in ºK and the following coefficients: 
 

λ0 3,224708982E-01

λ 1 -6,692638551E-04
 

Table 5-17. Coefficients for the thermal conductivity polynomial fit on Eo5 fuel oil. 
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5.2.3. Air physical properties 
 

Constant properties for air at 50ºC [31] are shown next. 
 

Kinematic viscosity, ν [cSt = mm2 s] 1.78804E+01 
Density, ρ [kg m-3] 1.09328E+00 
Specific heat capacity, Cp [kJ kg-1K-1] 1.00620E+00 
Thermal conductivity, λ [W m-1 K-1] 2.80064E-02 
Coefficient of thermal expansion, β [ºK-1] 3.10000E-03 

 
Table 5-18. Constant physical properties for air at 50ºC. 
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5.3. BASIC MODELS 
 

5.3.1. Introduction 
 
It is possible to take several ways to work and analyze in order to solve and achieve results in 

any physical process. Among those, experimental analysis, applied theory and numerical simulations 
are present. It is already been discussed that experimental analysis is not possible in this case. 
Numerical simulations may be considered as the best possible replacement for this. These ones are 
based on the scientific-technical theory developed. However, there are many sources of errors 
(numerical, human) and computational cost can very high. This is the main reason why in any 
engineering work there should always be awareness to asses the outcome from any type of 
simulation (even from experiments). Having in mind orders of magnitude or ranges where the 
solutions must fit is vital. It is also useful to check if future and more complex fluid based CFD 
simulations may be correct or are totally different to those simpler models (which would make us 
suspicious that something might be wrong). It should never trust in any complex simulation or 
experiment directly without wondering if the result could be approximately according to the real 
physical phenomena.  
 

Due to this very fact, working out rough numbers is customary for scientific or engineering 
works. It helps to be rational with the outcome and rule out results that can not be right. Working 
with basic models is the next step in this way. Actually basic models are just simplifications of more 
complex models. They give a wide and preliminary view of the problem in the beginning stages. 
Their importance is thus enormous. Another advantage of these simpler models (perhaps the 
biggest advantage) is their short time consumption comparing to the complex ones. All in all, these 
models somehow act like a picture frame, helping to make a rough estimation of the boundaries 
where some variable of the solution should lie. Variables like time, heat loss and temperature can be 
compared among those models to study and reflect on the reasons for the deviations and have a 
deeper insight and understanding of the underlying process. 
 

Basic models will be presented in this section for Case 0, 1 and 2. Actually, for Scenario B due 
to high computational costs there will not be any numerical simulation so only the basic model will 
serve as a guide. However as discussed earlier, scenario A is estimated as the better choice and 
actually is the planned solution for the heating system of the tank. 
 

The first simplification made for all these models is to take the properties of the fluid as 
constant. 

 
All the developments of the equations presented here and other Mathematica code used to 

work out the results can be found in Appendix E and I. 
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5.3.2. Case 0: Cooling transients 
 
5.3.2.1. Introduction 
 

Before simulating the cooling process, it is interesting to get some general ideas from more 
basic models of the system. Two approaches are taking for this case. The first one considers the tank 
constantly perfectly mixed or a solid of infinite conductivity. The second approach considers the fluid 
as a solid rigid with finite conductivity. This latter model is a bit more complex, requires discretizing 
the model and to carry out a fast numerical simulation. The first model is simpler and yields more 
rough data, but on the other hand other information can be obtained. 
 
 
5.3.2.2. Solid with infinite thermal conductivity or perfectly mixed 

 
Introduction 

 
When it comes to the cooling process the easiest model is that of the cooling as solid of 

infinite conductivity where the heat transfer along the solid is instantaneous so that the 
temperature is uniform in it. This may also be thought in other way which yields the same effect: 
cooling process of a constantly perfectly mixed fluid in a vessel where the fluid has the same 
temperature in every element: . In our case the latter presumption would be closer to the 
process involved in the fuel oil tank since there is a low conductive fluid in it. However the mixing 
process might be far from being perfect (mixing occurs by means of advection due to natural 
convection). 
 
This model should serve as a lower limit when it comes to average temperature, i.e. it is likely that 
fluid particles next to the walls, roof and floor will be colder than the average temperature due to 
heat loss trough the boundaries; the opposite is unlikely to happen. This eventually causes lower 
heat losses1 than if next-to-wall particles had the average temperature (higher than actual one). 
Thus cooling time (of average temperature) is lower for no-perfectly mixed fluid than for the 
perfectly mixed one. In other words, cooling time that takes the average temperature to decrease 
will be shorter for perfectly mixed fluid due to higher heat losses (next-to-wall particles have 

 which is higher than for no-perfectly mixed fluid). This is a reference value which 
later should be checked when no-perfectly mixed fluid cooling case is simulated. Concluding: 
 , (5.8) 

 
 
Results and discussion 
 

The uniform temperature within the tank in this model follows the next expression: 
 , · ·  

(5.9) 

                                                           
1 Remember that walls will have the same temperature as next-to-wall fluid particles and heat losses will be 
proportional to the temperature difference with the ambient (Twall - Tamb). 
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This evolution is depicted in the following figure for Tamb -20, 0 and 20ºC: 
 

 
 

Fig. 5-20. Case 0 temperature evolution for different Tamb and filling levels in perfect mixture model. 

 
Inversely, the cooling time that takes to cool the fluid down from 60ºC to 50ºC is depicted in Fig. 
5-21 according to: , · · ·

 (5.10) 

 

 
 

Fig. 5-21. Case 0 cooling times vs. Tamb from T = 60ºC to 50ºC for different and filling levels in perfect mixture model. 
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Here can be appreciated the high time constant involved in the process. For a full tank, it takes 
around 19 days to the fluid to drop its temperature by 10ºC as fastest for DOT and around 30 days 
for Tamb 10ºC. The logarithmic nature, in addition, increases the cooling time rapidly with Tamb. 
 

In order to have a rough idea about the effect of filling level on the tank temperature a ratio 
between the amount of heat to supply and the constant of heat loss rate (UAavg) is plotted. Note that 
here the effect of the thermal resistance imposed by the air in the empty space of the tank has been 
approximated using data obtained from simulations that are presented later I this work. That is why 
the slope of the curve is decreasing with height; heat losses are lower when there is more air 
because it acts as an additional thermal resistance. 
 

 
 

Fig. 5-22. Case 0 cooling time constant for different cooling levels in perfect mixture model. Tamb = -20ºC. 

 
In the y axis the time constant is shown. In light of the figure, the more filling level the more it 

will take to cool down the fuel oil. This was foreseen but now is somehow proved with this basic 
model. 
 
 
5.3.2.3. Finite conductivity solid cooling 
 
Introduction 
 

To have a more accurate understanding of the cooling process, the effect that conductivity has 
on it must be studied. Treating the system as if it was solid will show this effect and will help to 
isolate it from other factors. The result will not be of course the addition of this effect to others, but 
will anyway provide very valuable information and general lines. 
 

Moreover, average cooling temperature of finite cylinder will provide a maximum limit of 
cooling time. This is because during the process of cooling convection will also be present so the 
cooling will be faster. This is, cooling time (as to average temperature) of finite cylinder will set the 
upper limit, and thus the actual cooling time will take shorter time than this. 
 

This way, there are two limits with regards to the time that takes to cool down the fluid from 
Tci to Tmin as to average temperature. The upper limit will be the cooling time as solid with finite 
conductivity whereas the lower limit will be cooling time as a perfectly mixed fluid. So it can be said 
that cooling time of the fluid inside the tank, tc: 
 ,  , (5.11) 
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Results and discussion 
 

This part of the work has been carried out with both Fluent and Matlab packages. Here results 
from Fluent are presented so that the comparison with the flow simulations is more accurate. In 
Appendix E, however, the results obtained with Matlab are shown with further explanation, and 
also, the code implemented to plot the graphs (Appendix I). 
 

The mesh (around 16524 elements) used was the same one used for the case of full tank 
cooling CFD simulation explained later in this work. All the fluent input is given in the Appendix H 
together with other models solved with this package. To sum up, initial temperature of 60ºC, and 
boundary conditions of convection were set (constant1 U values on the walls). Convergence criteria 
of 3.5 10-8 for scaled residuals was set for the energy equation. Time step of 60 seconds and 
maximum of 150 iterations for each time step was input achieving excellent convergence. It took 
around 16 hours to simulate 50 days of cooling. 
 

All the results in this section were carried out for Tamb of -20ºC. First of all, Tavg is plotted in Fig. 
5-23 against the time. 
 

 
Fig. 5-23. Case 0 average temperature evolution in finite conductivity solid model. Tamb = -20ºC. Full tank. 

 
The average temperature profile is not exponential like in the previous model, but the slope 

also goes decreasing with time as a consequence of lower heat loss rate. It can be seen that it takes 
the fluid more than 50 days (around 55) to drop the temperature 10ºC as solid rigid. This is more 
than double the time that was expected according to the perfect mixture model. 
 
                                                           
1 See summary of constant U values for each wall in section 5.1.3.4. 
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Therefore, it can already be concluded that for Tamb of -20ºC the time that will take to cool 
down from 60 to 50ºC will be in the next range: 

 19 55 (5.12) 

 

Next figure, however, gives information about the temperature profiles for different radial 
coordinates of the tank: 

 
Fig. 5-24. Case 0 local temperature evolution for different radius in finite conductivity solid model. z = H/2 = 9m, Tamb = 
-20ºC. Full tank. 

 

From the figure, the temperature history is rather different with r. For coordinates from the 
centerline up to around 9-10 m the temperature is held constant and no variation is seen (talking 
about time up to 50 days simulated). However, as one approaches the walls the temperature drops 
quite rapidly. Anyway to properly see this phenomenon, it is best to have a look at Fig. 5-25: 

 

 

-10

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

Te
m

pe
ra

tu
re

 [º
K]

Time [days]

Tank as solid rigid: T as function of r

r = 4m

r = 10m

r = 11m

r = 11.5m



 
5. PROCESS AND RESULTS 

66 

 
 
Fig. 5-25. Case 0 temperature contours for t=10h, 15 days and 50 days in finite conductivity solid model. Tamb = -20ºC. 
Full tank. 

 

Temperature contours are well defined and show how the fluid is gradually cooling from the 
exterior walls to the core. It is also worth commenting that the point with lowest temperature is 
found in both vertexes of the tank (is there where there is more area to loss heat). Temperatures are 
low next to the boundaries and especially in the vertexes. Actually, in the inferior vertex the 
temperature should be much lower because in this model constant U value for the floor was used, 
but as discussed earlier this is not the real case (in flow models is shown this phenomenon). Even in 
the first 20h there are some regions with temperature below the pour point. The temperatures even 
below zero are reached. This means that solidification would occur according to this model and as 
the temperature is below the pour point next to the walls, extracted fuel oil coming from those 
zones would provoke problems. Anyhow those points will be further discussed with the proper flow 
model. 

 
 

5.3.3. Case 1. Steady state heating 
 
5.3.3.1. Introduction 
 

In this section, very basic thermodynamic and heat transfer equations will be used in order to 
calculate the amount of volume or mass flow required to maintain the tank in a steady state. Perfect 
mixture model will be used. But it will be also calculated for unknown conditions inside the tank, 
making suppositions on heat losses and different outlet temperatures. For all the cases, as it is 
planned to do, inlet temperature is 60ºC and the common inlet diameters are 150 mm. 

   

, ,     

 

(5.13) 
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5.3.3.2. Perfect mixture 
 

The model assumes constant uniform temperature within the fluid and thus temperatures of 
the boundary walls as well. Outgoing flow temperature is to be also the fluid temperature. So except 
for the inflow temperature the rest is held at a given temperature: 

 60º  
(5.14) 

 

 
 

Fig. 5-26. Schematic diagram of the heating system according to perfect mixture model of Case 1. 

 
 

 
Fig. 5-27. Heat supply and volume flow rates vs. tank temperature for different Tamb in perfect mixture model for Case 

1. Full tank. 

 
As the above figure shows, this model predicts that volume flow rates will grow reaching an 

asymptote in T = 60ºC even though heat supply is linear with temperature. Sure enough, this is 
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because outlet temperature grows and therefore more flow rate is necessary to equal the heat 
losses of the system. 
 
 
 
5.3.3.3. Arbitrary conditions inside the tank 
 

Perfect mixture model would be a good solution as to the temperatures inside the tank if it 
was possible to maintain the whole fluid at Tmin. However, inevitably temperatures of the walls will 
be lower. Low temperature below the pour point could cause problems, but on the other hand, it 
would imply a decrease as to heat losses. Temperature of the outflow is not known a priori but 
might lie somewhere next to Tavg or lower if placed next to the walls. Therefore the amount of 
volume flow rate need to maintain a steady state condition is not straightforward. Here, assuming 
constant temperature at the walls, volume flow rate has been estimated. In this case calculations 
have been carried out only for Tamb as DOT. 
 

 
 

Fig. 5-28. Heat supply and volume flow rates vs. outflow temperature for different wall average in perfect mixture 
model for Case 1. Tamb = -20ºC. Full tank. 

 
According to this figure maximum and minimum average velocities in the inlet and outlets as 

well as Reynolds numbers would the ones in Table 5-19. 
 

Max. average velocity [m s-1] 0,520
Min. average  velocity [m s-1] 0,058
Max. Re 519,96
Min. Re 57,77

 
Table 5-19. Case 1 maximum and minimum average velocities and Reynolds numbers at the inlets (setting To max. = 
55ºC). 
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Min velocity values should be even lower for filling levels other than full. This, however, was 
not calculated since it does not have any interest (upper limits are the interesting ones in the 
heating process). 

 
According to Table 5-19, therefore, laminar flow is expected (Re < 2300) in both inlets and 

outlets of the tank. However, as commented earlier flow inside the tank is expected to be turbulent 
due to high Ra numbers.  
 
 

5.3.4. Case 2. Heating transient 
 
5.3.4.1. Introduction 

 
The second approach to maintain the fuel oil within the storage conditions has already been 

described (scenario B). Here basic models of perfect mixture and perfect stratification are used to 
give an insight of the timing and average temperatures of the fuel oil during the heating process 
according to scenario B. However, this approach, as previously mentioned, can give problems during 
the cooling process in local areas where solidification may occur. 
 

Models for the cooling process have already been presented. Therefore, despite the fact that 
the cooling is part of scenario B and is included in some result of this section, in this case only the 
heating will be developed in deep; cooling is assumed to be already understood. 
 

Heating process will be modeled starting from Thi of 50ºC to end in Tfi 57ºC (95% of inflow 
temperature, Ti) 

 
 

Fig. 5-29. Transient heating (case 2) basic models: perfect mixture (left) and perfect stratification (right). 

 
 
5.3.4.2. Perfect mixture at constant heat supply rate 
 

This model assumes again perfect mixture in the whole tank. In addition, the fluid is supposed 
to be heated at a constant heat rate, Ps.  The expression for the temperature during the heating 
process is similarly to the cooling process exponential expression: 

 , , · ·  (5.15) 

Inlets: Ti 

Outlets: To < Thi 

T(t=0)=Thi Inlets: Ti

Outlets: T

Fluid: uniform T 

T(t=0)=Thi 
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Fig. 5-30. Heating cycle examples in scenario B according to perfect mixture and constant heat supply rate.  
Qi = 200 kW left curves and 80kW right curves . Tamb = -20ºC. Full tank. 

 
Time to complete the cycle is rather dependant on the heat rate supplied to the fluid as in can 

be seen from the above Fig. 5-30. Anyhow, this effect is represented in the following expression and 
graph about the heating time: 

 

, , · · ·
 (5.16) 

 
 

 
 
Fig. 5-31. Heating time vs. heating power (to reach 57ºC with fluid at 50ºC at t=0) according to perfect mixture and 
constant heat supply rate. 

 
The asymptote is for Qi  Qloss. Obviously the process is not possible unless more heat than 

the losses is supplied to the system. From around 400 kW on the heating time can be approximated 
by a linear expression; heat losses are negligible and thereby time to heat up the fluid total mass 
would be representative. 
 

It is useful to compare which scenario is best as to energy saving according to this basic model. 
For that reason, two heat supply rates are compared: constant heat supply rate used for scenario A 
and an average heat supply rate used in scenario B. The latter is calculated according to: 
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·
 (5.17) 

 

 
 
Fig. 5-32. Comparison of average heat supply rate between scenario A and B according to perfect mixture (and 
constant heat supply rate) model for the same time average temperature. Tamb = -20ºC. Full tank. 

 
Fig. 5-32 shows the difference in supplied heat rate. For scenario A fluid temperature of 

53.5ºC (mean of Thi and Tfi) is set, yielding 72.1 kW. It can be concluded that for constant power rates 
below around 150 kW scenario A is better as to energy usage. However, the difference is so small 
that no actual conclusion should be given from this (simplifications of the model can vary this fact in 
much higher proportions than the result of Fig. 5-32). Anyway, in scenario A temperature could 
theoretically be maintained colder (at Tmin) so less heat supply rate would be needed according to 
this models. 
 
 
5.3.4.3. Perfect mixture, heat supply by means of reheated feedback flow 

 
In this model, the heating is done according to the actual system: a number of outlets draw 

the fuel oil off, after the fluid is reheated up to Ti, then it is introduced again in the tank through one 
or more inlets. Outflow temperature is, again, the same as the uniform tank temperature. 
Expressions for the temperature and time for the heating period are: 

 , , · ·  (5.18) 

 

, , · · ·
 (5.19) 

 
Fig. 5-33 is a plot of the temperature for various volume flow rates. From the figure, it can be 
deduced that a minimum volume flow rate is needed to reach a goal temperature. These minimum 
flow rates are the same calculated for case 0 earlier in this chapter. The higher the volume flow rate, 
the faster the final temperature is reached. If the volume flow rate is very small, temperature can 
even drop because the heat supply rate is not enough to maintain the initial conditions. 
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Fig. 5-33. Temperature evolution with time during the heating (case 2) according perfect mixture (reheated feedback 
flow) model for different volume flow rates. Tamb = -20ºC. Full tank. 

 
Time that takes to reach Thf is plotted in the next figure for ambient temperatures of -20, 0 

and 20ºC respectively. The asymptotes again show the minimum flow rate necessary, and from this 
minimum on, time decreases logarithmically. In order to achieve the goal of around 95% of Ti it is 
necessary volume flow rate of around 70 m3h-1 to heat the fluid in a reasonable time of around 10-
15 days for the worst surrounding conditions (DOT). 

 

   
 
Fig. 5-34. Temperature evolution with time during the heating (case 2) according perfect mixture (reheated feedback 
flow) model for different volume flow rates. Tamb = -20ºC. Full tank. 

 
It is also interesting to study how the supply heat rate varies with the time and know the 

maximum power that the heating system should be able to provide. Of course, this figure should be 
bigger for any given volume flow rate since the real outflow temperature may be lower than the 
predicted in this model (Tavg). This is depicted in Fig. 5-35 in combination with the heat losses for the 
same volume flow rates as before: the maximum temperature possible for each flow rate is reached 
when the supplied heat rate equals the heat losses rate and steady state equilibrium is achieved. 
However for scenario B, Thf is likely to be lower than the steady state temperature for the given 
volume flow rate. Therefore the heating cycle would be finished before reaching the steady state. 
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Fig. 5-35. Supply heat rate and heat loss rate evolution with time during the heating (case 2) according perfect mixture 
(reheated feedback flow) model for different volume flow rates (15, 25, 35, 45 and 55 m3h-1). Tamb = -20ºC. Full tank. 

 
The power rate or supply heat rate decreases with time as a direct consequence of higher 

outflow temperature with time. The power peak needed is much higher than that used for scenario 
A (around 70-80kW vs. 350kW). This is another advantage already cited for scenario A, it will 
decrease the cost of peak power and the equipment could be smaller. If the hysteresis window was 
smaller (lets say heat the fluid from 50 to 53 for instance), however, this effect would be smaller, but 
the benefits of scenario B would also be smaller (frequency of turning on and off the system higher, 
etc.). 
 

To finish, Appendix E shows the comparison as to energy use between scenario A and B by 
means of average supply heat rate. Again at the beginning scenario A is slightly better for the same 
mean temperature over the time. 
 
 
5.3.4.4. Perfect stratification model 
 

This model is just the opposite of the perfect mixture model. It implies that the fluid does not 
mix at all within the tank. A simple way to see this model is to imagine a piston type of flow where 
the flow enters from the bottom and leaves from the top. As discussed earlier, this type of flow is 
not possible to be established in the actual system since the tank might not be full making it 
impossible to draw off the fluid from the top (installing the inlet on the top and the outlet at the 
bottom would produce an undesired temperature distribution). However, this model is useful to 
have a lower limit regarding to the time that takes to reach Thf. In fact, in practice this is the fastest 
way to do it for any given volume flow rate (in theory too, assuming simple models, no local cold 
fluid zones, etc.): 

,  (5.20) 

 
In this model, T distribution inside the tank is considered along the height of the tank (one-

dimensional). Heat loss is only accounted through the tank body and not in the base and the top 
(because of the one-dimensional analysis). Moreover, by means of this way of heating, there is no 
such lower limit when it comes to volume flow rate, i.e., in theory, if there was not heat losses, Thf = 
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Tavg = Ti no matter the volume flow rate. Taking into account the heat losses, a linear temperature 
distribution will be established from the bottom (Ti) to the top. 

 

No analytical solution was possible to find. Therefore the involved partial differential 
equations (see Appendix E) were numerically solved (Appendix I). The next result does not take into 
account one-dimensional conduction inside the tank1. 

 

 
Fig. 5-36. Temperature evolution with time during the heating (case 2) according perfect stratification model for 

different heights of the tank. V=70 m3h-1. Tamb = -20ºC. Full tank. 

 

Examining Fig. 5-36 (for 70 m3h-1) one can see how the temperature goes dropping for each 
height as a result of heat losses. Then when the jet reaches a considered height the temperature 
rises immediately. From another point of view, a jet continuously enters the tank with Ti and 
because of heat losses its temperature goes gradually dropping. This jet travels along the tank height 
and goes sweeping the area and setting the temperature that it has at that height. In fact the 
behavior of the jet can be compared to that of a wave. 

 

To compare with the perfect mixture model, this volume flow rate makes a minimum 
temperature at the top of the tank of around 57ºC like the average temperature set for the perfect 
mixture. Therefore the average temperature of the tank in this model is around 58.5ºC. But, what is 
more important in this case, the time that takes to reach this temperature distribution is around 4.6 
days. For the same volume flow rate, it takes around 12 days in the perfect mixture model. 

 

The results show what already had been discussed: the conclusions from this model are rather 
important in case scenario B is to be chosen; the aim of the heating and inlet/outlet system should 
be to try avoiding mixing and trying to extract the fluid from the tank at as lowest temperature as 
possible. This would decrease the time to heat up the fluid. Of course, this is not an easy task, and in 
the real system there are other facts involved. However, the line should go in this direction as 
discussed earlier. 

 

                                                           
1 Due to numerical instabilities. The result is very similar though, see Appendix E results with conduction and 
more details of this model. 
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When it comes to the supply heat rate, power goes up due to heat losses at the top of the 
tank and when the waves hits the top it drops to remain at a constant value to make up for the heat 
losses along the tank (steady state reached). The wave shape is due to minimal numerical 
instabilities, but it does not alter the result. 

 

 
Fig. 5-37. Supply heat rate evolution with time during the heating (case 2) according perfect stratification model. 

V=70 m3h-1. Tamb = -20ºC. Full tank. 

 

This way of heating the tank is very similar to the constant supply heat rate described earlier 
as another model. In fact the power curve is almost constant (at around 300-400 kW). If this result is 
compared with that of the model of constant power (section 5.3.4.2) it can be seen that for around 
350kW th was also around 4-5 days. That is other reason why that previous model was also worth 
working out. 
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5.4. COMPUTATIONAL FLUID DYNAMICS (CFD) BASED 
SIMULATIONS AND ANALYSIS 

 

5.4.1. Introduction 
 

Previously other basic models have been also presented which are helpful to understand the 
process and make rough estimations on the variables involved in the physical processes involved in 
the studied cases. However, the core of this work is based on Computational Fluid Dynamics (CFD) 
simulations.  
 

The CFD work and analysis has been divided into case 0 and case 1 (case 2 is not analyzed in 
this approach) like in the entire project. This differentiation is even more notable here since the 
approaches taken have significant differences. The cooling process, obviously, have been simulated 
using a transient scheme whereas for the heating configurations a steady state analysis was carried 
out. On the other hand, when it comes to the mesh, two dimensional meshes were used using an 
axisymmetric scheme (i.e. no gradient expected in φ direction) for the cooling process. This 
assumption is intended to be sensible enough, that is why the sidewalls are modeled with constant 
U value. Otherwise thermal bridges would be necessary to be modeled, leading to a dramatically 
heavy model which would require rather long time and computational cost. On the other hand, 
three dimensional models are indispensable when inlet(s) and outlet(s) are entered in the model. 
 

The preprocess was done with Gambit 2.2.30. The cases where afterwards solved with the 
commercial Fluent 6.3.26 software. 
 

5.4.2. Case 0: Cooling transients 
 
5.4.2.1. General model description 
 

The general lines of the model used to simulate the cooling process are depicted in Fig. 5-38. 
For all the cases, initial temperature of 60ºC and zero value for all other field was established for the 
whole volume of the Eo5 fuel oil fluid. For the case of filling levels other than full a steady state 
temperature, velocity and pressure fields were set as initial condition for the air fraction volume. 
This is further explained later when these cases are presented. As to the properties of the fluids, 
they were inputted as defined in section 5.2. No slip conditions were set for the walls and U values 
used in the boundaries have already been defined in 5.1.3.4. 
 

 Case 0

Type Transient cooling

Dimensions 2D cylindrical coordinates. Symmetry 

Initial temperature, Tci [ºC] 60

Total cooling time, tc [days] 15

Ambient temperature, Tamb [ºC] From -20 to 20 with increments of 20 ºC 

Filling levels Full. 2/3 and 1/3 only for Tamb of -20ºC 
 
Table 5-20. Main parameters and conditions involved in the model for the simulation of the cooling process (Case 0). 
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Fig. 5-38. Schematic drawing of the general model used to simulate cooling transients (Case 0). 

 
For this case, since the boundary layer is meshed fine enough (first element 0.5 mm far from 

walls), enhanced wall treatment was used in the turbulent model. Maximum y+ values of around 
0.15 were obtained, thereby the laminar layer was possible to solve precisely. 

 
• Laminar sublayer:          y+  <  5 
• Buffer region:   5  <  y+  <  30  
• Turbulent region:         y+  > 30 

 

The flow is modeled as incompressible fluid using the Boussinesq approximation as discussed 
in method and theories. As discussed previously in this work, due to the turbulent nature of the 
flow, standard k-ε model was chosen to solve the case. This is a model used for many industrial 
applications that usually gives fairly good results. It enters two more variables and equations to solve 
in the system. 
 

Different time steps were tried out and compared. According to the Fluent Manual [9], since 
the formulation used is implicit there is not stability criterion as to time step size. For buoyancy-
driven flows, the manual estimates the time step based on velocity and length scales as: 
 ~ ∆  ∆ 4 

 
Since the temperature difference within the 

fluid is not known a priori in our case, the 
recommended time step is plotted vs. ΔT in Fig. 
5-39. Time step size estimation.. Maximum ΔT of 
80ºC is plotted (Tci – Tamb) although so large ΔT 
would never occur (because of thermal 
resistances). 

 
According to this guideline, taking around 10 
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seconds should be enough. However better convergence was obtained with the time step of 2 
seconds (Table 5-21). Moreover, as a rule of a thumb, the manual suggests that a maximum of 
around 5 iterations should be needed to reach convergence in each time step so that the flow is 
modeled properly. With a time step of 2 seconds, around 3-4 iterations were needed, so the chosen 
time step is a even a bit conservative. What is more, the cell courant number in the field was much 
lower than the recommended upper limit by [9]. 
 
 
5.4.2.2. Convergence criterion 
 

When it comes to convergence criterion, iteration limits and so forth, the following 
parameters were established: 
 

Iteration parameters

Time step size [s] 2

Maximum number of time steps per iteration 350

Number of time steps 648000 

 

Convergence. Maximum scaled residuals

Continuity 10-3

x-velocity 10-4

y-velocity 10-4

Energy 7.5 10-8 

k 10-4

ε 10-4

 
Table 5-21. Main iteration and convergence parameters used during the cooling process CFD simulation. 

 
Special interest was paid as to energy residuals to be low enough since the main aim of the 

simulations is to determine the temperature distribution over the time in the tank. Residuals of 
continuity were difficult to lower, they remained constant around 4 10-4, however due to the fact 
that the flow is enclosed and that there are no inlets or outlets it should not cause any trouble. 
Momentum residuals are sensitive enough to obtain precise results for this work too. 
 

The number of iterations per time step was reached at the beginning of the simulations (about 
the first 50 iterations), but the residuals would stabilize in each time step showing convergence. 
 

Total time simulated for all the cooling cases where 15 days which was enough to show the 
pattern and nature of the flow, as well as to estimate other variables of the process. 
 

Other parameters like under relaxation factors, etc. can be found in Appendix H where the 
summary of all CFD simulations are shown. 
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5.4.2.3. Full tank 
 
Model description 
 

The structured mesh1, 2 used consists of 16524 rectangular elements (162 along the axis and 
102 in the radial direction). The width of the first element next to the wall boundaries is 0.5 mm far 
from the walls.  Other elements are placed using a double sided (axial direction) or single sided 
(radial direction) grading, according to a constant successive ratio between two adjacent elements R Li 1 Li⁄ . This way more elements are placed next to walls where the activity is due to be higher. 
The value of the ratio is 1.096 for the case of axial direction and 1.077 in radial direction. Thereafter, 
both thermal and viscous layer were possible to be solved accurately. It took around 10 days of real 
time to simulate 15 days of cooling process. 
 
 
Global behavior 
 

The cooling process is a rather slow process principally due to high amount of mass inside the 
tank, low conductivity of the fuel oil and high viscosity. Fig. 5-40 shows the average temperature of 
the fuel oil as well as the total heat losses rate. Judging from the graph, the average temperature 
follows almost a linear tendency in the first stages of the cooling (15 days). This was already known 
from more basic models previously studied. For the most severe case (Tamb -20ºC), the average 
temperature drops only around 5.75ºC in fifteen days.  
 

 
 

Fig. 5-40. Average temperature and total heat loss rate for different Tamb. Full tank. 

                                                           
1 Meshes used in this process are plotted in Appendix G together with other meshes used for the CFD 
simulations. 
2 See Appendix F to know about the mesh comparative analysis that was carried out. 
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Heat losses decay rapidly in the first stages of the cooling. This is because the fluid is initially at 
high temperatures next to the wall, but as soon as the thermal layer is formed, and thus wall 
temperature drops, the gradient of the heat losses decreases. After this rapid transitory the pace of 
heat loss becomes smoother with time. There is an almost constant difference for the heat loss rate 
at different ambient temperatures, what suggest that accordingly, wall temperatures will maintain 
also constant differences. The average temperature, however, shows rather different paces in those 
three cases at the beginning, but in a longer period will show also a more stable difference. 
 

Around 2ºC of difference in Tavg is expected after 15 days of cooling between each 20ºC 
difference in Tamb, leading to a small number of only 1.75ºC drop for the case of 20ºC in fifteen days. 
 

However, a decomposition of the heat losses gives a better image of the situation (Fig. 5-41). 
Heat loss rate decrease at a fast rate in the case of the ground (cold fuel oil is deposited there and 
the mixing process is small). On sidewalls, as 
new fuel oil from top hotter zone is constantly 
flowing the heat loss rate decay is more 
uniform. In contrast, heat loss rate of the ceiling 
is almost constant during the first fifteen days. 
This is because the mixing process is relatively 
important there. On one hand hotter fuel oil 
ascends, so there is a constant inflow of hotter 
fluid there. On the other hand due to 
instabilities the mixing process is enhanced 
thanks to the vortexes. This helps to remove 
cold heat next to the ceiling with hotter one, 
and therefore the heat loss rate decays very 
slowly. 
 

With regards to the fluid movement 
inside the tank, there is not any significant 
difference for different surrounding conditions. 
Fig. 5-42 shows how the average velocities are 
quite similar in three cases (overlaid in the 
graph). However, maximum velocities are 
gradually higher as the ambient conditions are 
tougher. This may mean that next to the 
boundaries velocities are higher with harsher 
conditions, but inside the tank this effect is diminished so the average is hardly altered. Therefore 
the mixing process inside the tank is fairly similar and can not be said that with higher temperatures 
the main patterns of the process is different. 
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Fig. 5-41. Heat loss breakdown evolution during the 
cooling process. Tamb = -20ºC. Full tank. 
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Fig. 5-42. Flow average (left) and maximum (right) velocities for different Tamb during the cooling process. Full tank. 

 
The flow motion has a quick transient too, velocities are settled and then it goes losing 

strength as the flow continues being cooled until a quasi-stationary state is reached (always taking 
about average behavior and magnitude). The time constant, however, is slower than the one of the 
heat loss rate explained earlier.  
 
  These effects are clearer represented in the next figures, where it is seen that maximum 
velocities follow the same trend. Fig. 5-43 shows a detail of the very early stage. It is interesting to 
see how the flow inside the tank, as to maximum (and in a smaller degree for averages) velocities 
shows rather fluctuant behavior over the time. The order of velocities is of some cm s-1 as highest, 
but the average is about some mm s-1 only. This shows a very slow movement inside the tank, 
especially due to high viscosity of the heavy fuel oil in it, implying a low Re number patterned flow, 
which in turn, shows the difficulty of numerically simulation there types of flows. 

  

 
Fig. 5-43. Flow average, maximum (and fit) velocities evolution (left) during the cooling process. Detail of the 
beginning of the process (right). Tamb = -20ºC. Full tank. 
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Fig. 5-44. Velocity distribution in the ta
tank. 

 
 
Initial flow pattern 
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Fig. 5-45. Beginning of the fluid motion next to the
temperature. t = 40s Tamb =   -20ºC. Full tank. 
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Fig. 5-46. Velocity (magnitude) profile next to the sidewalls. t = 40s Tamb =   -20ºC. Full tank. 

 
However, as the flow reaches the bottom the temperature is lower there and (see later 

stratification and local cold zone next to the bottom corner) velocities drop again. This is probably 
due to higher viscosity at lower temperatures, slowing down the downward flow. Velocities in the 
top corners of the tank are also smaller compared to the rest (Fig. 5-47, Fig. 5-48), but the difference 
is not so big.  
 

 
 

Fig. 5-47. Contours of velocity (magnitude) during the cooling process. t = 5h Tamb =   -20ºC. Full tank. 
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Fig. 5-48. Velocity vectors next to the upper corner during the cooling process. t = 5h Tamb =   -20ºC. Full tank. 

 
It is also of interest to see how boundary layers grow next to the sidewalls (plotted in Fig. 

5-49). It can be seen that the viscous boundary layer grow rate is faster and is much thicker. There is 
not more data represented about the viscous layer because form that time on viscous layer 
oscillates due to other phenomenons. However, the order of magnitude is the depicted in the 
figures. The thermal boundary layer (will be also plotted later in this chapter), however, after a fast 
initial transient, settles and is stabilized in reaching a thickness of around 9-10 cm. The thickness of 
the viscous layer is bigger than the thermal one. This happens for fluids with high Prandtl numbers 
like this one. 
 

  
Fig. 5-49. Formation of thermal and viscous boundary layers during the cooling process. Tamb =   -20ºC. h=H/2=9m. Full 
tank. 

 
As it is been explained in the introduction about these types of flows, at the bottom of the 

tank conditions are stable, because the body forces are bigger that the inertial forces of the 
downward flow. However, next to the ceiling conditions are unstable. The fluid next to the ceiling is 
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cooled, thus falls and gets hotter (from particles below) so it goes upwards again. This effect also 
called Rayleigh-Benard (Fig. 5-50) convection is also present in this case. It comes out in the first 15-
20 minutes after the 
cooling process starts 
for this case. It is visible 
in the next figure, how 
these unstable vortices 
are created next to the 
top of the tank. 

 
The lengths of 

these vortices are of the 
order of only some 
centimeters at the 
beginning. The 

beginning of the process 
can also be studied from 
the point of view of the heat loss rate through the 
ceiling. Fig. 5-51 shows a detail of the very beginning 
heat losses through the ceiling. It can be seen that at 
the start the heat loss rate decays rapidly because at 
this stage the fuel oil is behaving like a solid. 
However, when the RB convection comes into play 
and the mixing is important next to the thermal 
boundary layer, and the heat loss rate is periodically 
unstable but decays very slowly with time (Fig. 5-41). 
 
 
Pathlines 
 

In order to inspect the flow characteristics of the cooling transient, pathlines are very 
straightforward and useful way to examine the flow inside the tank. It will also help to discern the 
flow at the bottom part of the tank (where there is little activity) from the central and top part 
(where the motion is more evident). The stagnation of the fuel oil at the bottom of the tank will also 
be visible. Next plots are only for half of the tank (symmetry axis is the right line) for outdoor 
conditions of -20ºC. The pathlines are colored by velocity magnitude (red higher and dark blue lower 
velocities respectively). 
 

At the first minutes, the major activity is concentrated next to the sidewalls, where the fuel oil 
descends and ascends again very close to the wall too. When this flow reaches the top it diverges: 
part of it will again go down along the cold sidewalls and the other part will head along the ceiling, 
where it get colder and descend again. In other words, there are two loops, a very thin one next to 
the wall, and much wider one to the tank center axis. 
 

As time goes by (see 10 min plot), the left loop widens more and more. Some recirculation 
patter also starts to form at the top and bottom of the tank. In fact, the fluid that descends from the 
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Fig. 5-50. Rayleigh-Benard kind vortices next to the ceiling (picture above). t = 900s. 
Tamb = -20ºC. Full tank. 



 
5. PROCESS AND RESULTS 

86 

ceiling is not as cold as before, so it acquires enough energy to go up again. The contrary could be 
said for the down part recirculation loops. 
 

All in all, in the very first minutes, the flow follows a rather uniform pattern. 
 

2min 10min 

  
Fig. 5-52. Pathlines during the cooling process. t = 2 and 10 min. Colored by velocity magnitude. Tamb = -20ºC. Full 
tank. 

30 min 1 hr 

  
Fig. 5-53. Pathlines during the cooling process. t = 30 min and 1 hr. Tamb = -20ºC. Full tank. 
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When the half hour of the cooling passes, the left-hand loop has not only widened more but 
the shape of it also changed. Actually, from the figures, it can be seen how the former left loop 
occupies the whole bottom of the tank, displacing the right one upper. Therefore, from the half hour 
onwards there is a radial flow at the bottom in direction to the center of the tank where will take the 
upwards path once again. Little by little this tendency keeps on and the right loops goes gradually 
disappearing so that there exists a net upwards flow all along the center of the tank to. Recirculation 
loops grow from the left right corner step by step too. 
 

However, as velocities inside the tank as higher, the main loop breaks up again, and a right 
inverse loop arises again (Fig. 5-54). At the same time instabilities at the top are more evident and 
have more influence on the overall flow pattern and the pathlines become more complex and less 
uniform than before. Velocities at the bottom of the tank are decreasing too, principally due to 
higher viscosities as cold fluid piles up on the floor. 

 
2hr 5 hr 

  
Fig. 5-54. Pathlines during the cooling process. t = 2 and 5 hr. Tamb = -20ºC. Full tank. 

 
This tendency leads to a creation of a third big eddy between the former two. Smaller eddies 

are also formed next to those ones (Fig. 5-54). The predictability of the flow becomes more complex 
as time goes by. 
 

Anyhow, these eddies are slowly dissipated by viscous forces, so 10 hours after the beginning 
of the process, the stratification of the flow becomes more apparent and two rather differentiate 
zones are visible. Approximately from the middle plane of the tank separates these zones; the upper 
is an active zone with velocities that can reach some centimeters per second, whereas the other half 
of the tank the flow the order of velocities is some millimeters per second.   
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The trend is to this latter zone to grow up slowly. Meanwhile eddies are continuously forming 
and breaking up, so the flow at the upper zone is rather fluctuating an chaotic. 
 

10hr 1 day 

  
Fig. 5-55. Pathlines during the cooling process. t = 10 hr and 1 day. Tamb = -20ºC. Full tank. 

 
2 day 5 day 

  
Fig. 5-56. Pathlines during the cooling process. t = 10 hr and 1 day. Tamb = -20ºC. Full tank. 
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In the flow at the lower part of the tank there are very few and not well defined eddies since 
the flow is stable especially at the bottom. However, the paths are very winding. On the other hand, 
velocities are really low; for instance, for the case of 5 days, in the main part of this zone the order of 
velocities in the range of 1 to 100 μm s-1 only. This means that the flow is stagnating and becoming 
still. 
 

10 day 15 day 

  
Fig. 5-57. Pathlines during the cooling process. t = 10 and 15 day. Tamb = -20ºC. Full tank. 

 
 
Thermal pattern characteristics 
 

It has already been underlined some general lines about the temperature field inside the tank 
and other thermal characteristics of this case. In fact, it is a flow driven by the temperature 
differences, so one field is related to the other very closely. However, and because it is one of the 
objectives of this work, the thermal pattern is to be studied in detail. 
 

One of the problems regarding the management of these tanks is the possible temperature 
drop of the fuel below the pour point. It even could be worse and start solidification. These 
problems are more common in scenario B during the cooling than in scenario A. That is why it is 
crucial to understand when it starts to happen, where and which extent (i.e. how much volume?). 
Sure enough next to some boundaries the fluid will cross the pour point threshold. That might be 
acceptable provided that the extension is not excessive. 
 

Investigating about the tank thermal map can serve as a reference as to how long could the 
tank be left to cool down, where is best to place the fuel extraction outlet and so forth. 
 

The first zone of the tank to be pointed out is the bottom corners of the tank. It is the worst zone 
as to temperatures due to several reasons: 
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• Placed next to two boundaries where heat is lost. Heat transfer next to the corners is 
enhanced and is often considered a thermal bridge. 

• Cold fuel oil arrives at this place after being cooled down along the sidewalls. 
• The bottom part of the tank is inevitably the coldest part due to stratification in the tank. 
• Due to global heat transfer coefficient profile, next to the corner is the place with highest 

heat transfer coefficient (see section 5.1.3.2). 

 
If a closer look to this zone is had, it takes only 1 minute of cooling to drop the temperature 

below the pour point (40ºC). This zone is very small, less then one centimeter at this time. However 
it gets colder rapidly, after only ten hours the temperature reaches 23ºC, 12ºC in five days and 6ºC in 
fifteen days. Thereafter this zone is due to contain a semi-solid fuel oil so every component of the 
heating and extraction system is suggested to be placed out of the this range. For a warmer ambient 
temperature (20ºC), it takes 10 hours to reach the pour point, and 15 days to reach 30ºC. 
 

Fig. 5-58. Contours of temperature at the bottom corner. t=1 
min. Tamb = -20ºC. Full tank. 

Fig. 5-59. Temperature profile at the floor. t=10 hr. 
Tamb = -20ºC. Full tank. 

 
 

Next, thermal boundary 
layers next to the sidewalls are 
studied for the different times. 
From Fig. 5-60 it can be perfectly 
observed the formation of the 
thermal boundary layer with 
time. The growth of the 
thickness with time is already 
been discussed before, but here 
it is seen from other point of 
view how it goes stabilizing.  On 
the other hand, it is also 
apparent how both interior and 
wall temperatures go dropping 
with time as a consequence of 
energy loss to the surroundings. 
The slope (gradient) of the 
curves is proportional to the 
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heat loss rate, and its sharpness drops with time, very rapidly at the beginning stages. This, as it has 
been advanced, leads to a very rapid drop on the heat loss rate just at the very beginning of the 
cooling process. Another phenomenon is the rise on the temperature difference between the 
interior and exterior points with time. Finally, with exception of the first minutes of cooling, it is 
visible how the temperature rises slightly before reaching the thermal boundary layer and then it 
drops sharply as one approaches the wall. This occurs because the fluid that is dragged is hotter 
because it comes from the top and is not close enough to the wall to decrease the temperature so 
much as in the boundary layer. 

 
As a consequence of a growing thermal boundary layer and temperature difference between 

walls and interior, the heat transfer coefficient also drops rapidly with time and then is stabilized. 
Next graph shows the local variation of the heat transfer coefficient on the sidewalls for the middle 
height of the tank. 
 

 
 

Fig. 5-61. Example of the evolution of a local convective heat transfer coefficient at the sidewalls. h=H/2=9m. Tamb =       
-20ºC. Full tank. 

 
With regards to the variation of the thermal boundary profile with z, the first minutes the 

profile is almost identical (except for the very low part where the previously cited cold zone has 
influence) because the fluid is cooled 
down mainly by means of pure 
conduction. However, as time goes by, 
convection enters into the play and the 
profile varies slightly with the height 
(Fig. 5-62). From the figure, as one 
descends the boundary becomes 
thicker. This is because the flow 
starting at the top drags hotter fluid 
with it, and as the flow keeps 
descending the dragged fluid is cooled 
due to adjacent cooler fluid next to the 
sidewalls. The change is more notable 
in the upper half of the tank; 
afterwards the layer is more uniform. 
On the other hand, as the flow 
descends it becomes colder, that is why 
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at lower heights the temperature profile drops. 
 
 
Vertical thermal distribution and stratification 
 

With regards to the vertical temperature distribution, temperature stratification is present. 
Even though some internal mixing process is present during the cooling, the high viscosity of the fuel 
oil and its variation with temperature makes the cold mass of fuel oil to be deposited at the lower 
parts of the tank in the end. At the first stages of the cooling process, the cold flow descending along 
the walls goes getting colder. When it reaches the bottom some part will ascend again following 
some path previously described. Some other part, however, due to stable conditions at the floor will 
remain there. What is more, when the cooling process is more advanced in time, this flow is even 
colder so the viscosity reaches rather high values. This boosts notably the stratification process and 
divides the tank volume in two totally different flow and temperature patterns. At the high 
temperatures are higher, thus the flow is more fluid and the activity is notably higher. The behavior 
of the low part however, is more alike to that of a solid. Velocities are very low and the fluidity is 
compromised by high viscosities. Therefore, these two reasons contribute to the stratification of the 
fuel oil. 
 

Although the temperature drop is present as one goes from the top to the bottom, there is a 
dramatic gradient at fairly low heights of the tank. The height where this high gradient begins rises 
with time (Fig. 5-63 and Fig. 5-64). From the same figures, it can be guessed that the high 
temperature gradient is intrinsically connected to the big change in viscosity of the fuel oil. In fact, 
the increase of viscosity with colder temperatures is not proportional but fairly sharp. Therefore at 
lower temperatures the fluid is very viscous, slowing down the motion and enhancing stratification. 
In light of the above, it could be said that the lower temperature stratification is mainly due to high 
viscosity gradient. The other part (from the high gradient above) is also stratified but viscosity does 
not have so high impact and convective flow pattern has importance there. 
 

Fig. 5-63. Isotherms (left) and constant viscosity curves (right) during the cooling process. . t = 5 day. Tamb = -20ºC. Full 
tank. 
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Fig. 5-64. Isotherms (left) and constant viscosity curves (right) during the cooling process. . t = 15 day. Tamb = -20ºC. 
Full tank. 

 
For a better understanding of this process Fig. 5-65 and Fig. 5-66 are analyzed. First of all, it 

can be seen that the temperature for the upper three quarters of the tank is above the total volume 
average temperature (Fig. 5-65). What is more, the curves keep diverging showing that lower parts 
of the tank are being cooled 
down at a higher rate than the 
higher parts1.  It will reach a 
point, however, where this 
tendency reverses and these 
curves start to converge (first 
the one of 1/4H, then 1/2H, 
etc.). Other aspect to mention 
is the first fast transient on the 
flow pattern which affects 
these averages temperatures 
too. Afterwards the tendency is 
very uniform. As to the ceiling 
temperature, contrary to other 
heights, the variation with time 
is very fluctuating. This is direct 
consequence of flow instability 
at the top part primarily due to 
RB convection. In contrast of 
this, Fig. 5-66 shows the quick 
cooling of the floor. Comparing with temperatures at other heights the temperature is much lower 
there. Temperature drop rate is not uniform as for higher heights the drop in the slow is visible. This 

                                                           
1 The fact that figures have been plotted for quarters of volumen does not mean the lower quarter have 
different characteristics. In fact, the change lies where the previously cited high temperature gradient is 
(occurs to be lower than ¼H for the first fifteen days of cooling). 
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is because the temperature is closer to Tamb. Actually, as shown in Fig. 5-59, the drop in temperature 
is very high where the floor U value is high. In other words, the heat loss rate at the floor loses 
strength. That is the reason for the shape of floor temperature curve. It means the cooling next to 
the floor follows a similar pattern to that of a solid whereas in other boundaries the effect of the 
flow is evident and thus is differentiated from cooling as a solid.  

 
Fig. 5-66. Average temperatures at the floor during the cooling process. Full tank. 

 

In order to sum up the main lines of the stratification process inside the tank, temperature 
profile along z axis are indispensable. Fig. 5-67 shows that stratification is present and growing with 
time the way is has 
previously been pointed 
out. However for the first 
fifteen days only around 1 
meter of the tank height 
is inside the highly 
stagnated zone. It is clear 
from the figures that the 
gradient at the first 
thermocline is rather 
steep. The temperature 
change is considerable 
and then it grows slowly 
towards the top. Finally 
the temperature is almost 
constant in the top part 
of the tank (with 
exception of the thermal 
boundary layer). All in all, 
the two temperature 
gradient zones are 
apparent (thermoclines): 
next to the bottom the 
gradient is strong, and 
then it is smoothened. 
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The first is mainly related to high viscosities and the second is more dominated by stratification due 
to convective flows.  

 

Next figures show the details of the two zones which are related with the temperature 
gradients. It can be seen at the very bottom of the tank a gradient related to the heat losses through 
the floor. But then the thermocline separates this very low zone with the smoother-thermocline 
zone. When this second thermocline is passed a uniform temperature zone is reaches. This is the 
zone of the tank where no stratification is present, and more importantly, is there where the activity 
of the flow is considerable. Actually these two facts are connected, i.e. the high activity mixes the 
fuel oil and thereafter a uniform temperature is reached. 

 

Fig. 5-68. Details of temperature profile evolution along the z coordinate at the center of the tank. First (left) and 
second (right) thermocline: zones 1, 2 (left) and 3, 4 (right). Tamb = -20ºC. Full tank. 

 

Summarizing, five different zones can be differentiated along the height of the tank. From the 
bottom to the top, respectively: 

 

Zone 1: Thermal boundary layer where heat is removed through the floor.

 

Zone 2: High temperature gradient zone or first thermocline zone. Here is where the flow is more 
still. The motionless (near-zero mixing process) character turns out in a highly stratified 
zone with thermal and viscous horizontal (Fig. 5-63 and Fig. 5-64) layers very well 
defined. The fluid is very stable in this zone. 

 

Zone 3: Second thermocline zone. The smoother temperature gradient means that flow motion 
is more active than the previous one. However it is also a passive zone dominated by 
slow velocities and low mixing. 
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Zone 4: This zone is the so called active zone. Mixing is constant and temperatures almost 
uniform. Highly active recirculation zones with large eddies are constantly formed and 
destroyed. The flow pattern is very complex and constantly changing with time. Some 
unstable smaller vortices due to RB convection are also formed and destroyed 
interacting with the flow pattern and enhancing even more the mixing process. 

 

Zone 5: Thermal boundary layer where heat is removed through the top. This is also an unstable 
zone as explained earlier in this chapter. 

 
These zones are shown in Fig. 5-69. The flow pattern and activity connected with the different 

zones (especially zone 2, 3 and 4 are clear) and its connection with temperature-viscosity gradients is 
clear. For this concrete instant, the zone (Fig. 5-68) divisions are at the z coordinates (0.2, 1.2, 13.1 
and 17.8 m respectively). 

 

 

 

 

 

 
 

 
Fig. 5-69. Description of 5 vertical zones created during the cooling process. Pathlines colored by temperature (left) 
and velocity magnitude (right). t=15 day. Tamb = -20ºC. Full tank. 

 
When it comes to crossing the threshold of pour point, with exception of local zones 

previously discussed (low corner and near to wall zones), the temperature profiles along the height 
provides the following crucial information for DOT: the forth day after the beginning of the cooling 
process there are already some layers where the temperature is below this point. Thereby, the first 
layer appears between the second and the forth day. But, according to this work proposals (and oil 
manufacturer suggestions, temperature should not be below Tmin (50ºC). This happens after the first 
day of cooling for Tamb of -20ºC. 
 

This means that in case the fuel oil extraction outlet was placed right in the floor, the 
permitted cooling period time for scenario B should be at the most only one day. However, if the 
inlet was placed somewhere at a higher height (for instance around 1 m from the floor) around a 
week could be reasonable. This  suggestion comes from the fact that it takes around eight days to 
reach Tmin for the 0.5 m height level, thus around 0.5 m below the extraction outlet T > Tmin. 
 

Zone 1

Zone 2

Zone 3

Zone 4

Zone 5
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The same argue is valid to suggest placing heating system outlet at least one meter above the 
soil for the case of scenario B. Even in case scenario A is chosen, in case of any break down the outlet 
should not be very low and around one meter seems also sensible. Anyhow, in case of scenario A, it 
should be checked if the temperature is above Tmin there. 
 

 

5.4.2.4. Filling levels of 1/3 and 2/3: two-phase flow 
 
Model description 
 

When the filling level is not full it is necessary to take into account the air phase in the model 
as well. The interaction between the two phases is rather complex and more sophisticated 
techniques of modeling such as VOF would be necessary. However, the computational cost that this 
would require is too high taking into account that the objective of this work is not, for example, to 
simulate in a very accurate way the interphase between oil and air. It is already highly time 
consuming to simulate the transitory of the tank with only one phase (around 10 days with the 
resources available). Introducing such models would increase this time extremely. In this case, no 
doubt, the result is not worth this effort. In fact, the presence of the second phase above the fuel oil 
(lower density) leads to lower heat rate losses. This is the fact that will specially alter the fuel oil flow 
pattern. 
 

The approach taken in this work is described next. Two phases are modeled inside the volume 
of the tank: Eo5 fuel oil and air. The interphase is modeled in such a way that the heat transfer is 
coupled (i.e. the heat rate leaving the fuel oil cells enter the air volume cells). On the other hand, 
when it comes to the free surface modeling, zero shear stress conditions are set. This way, the fuel 
oil is free to move at the interphase. This was done in this way because due to the high density 
relation ratio (around 900) between fuel oil and air fuel oil can flow almost freely at the interphase. 
 

With the introduction of this model two phase-coupled convective flows can be numerically 
simulated. Even though this model will not be as computationally costly as a VOF model, it will 
require more time (around 50%) than the one used with only fuel oil phase. 
 

Setting zero values for velocity and pressure fields and initial temperature of Tci the air phase 
would not be correct in this occasion. In fact, initial conditions of fuel oil standstill at Tci remain (good 
storage conditions). However, velocity and pressure field, and more importantly temperature field in 
the air phase if the conditions of the fuel oil had been uniform for a long period of time would be 
totally different and not uniform. Therefore, first a steady state case is solved for the air phase 
volume, setting interphase temperature constant at Tci and other wall and ceiling conditions as 
before (no slip and defined U values). Once this case is solved, the results are used for air phase 
volume as initial conditions. 
 

In this case, simulations were carried out only for exterior DOT conditions. Two filling levels 
were simulated: one third and two thirds of the volume. The structured quadrilateral type meshes 
utilized are summarized in Table 5-22. First element remained at 0.5 mm from the walls and single 
sided successive ratios were applied on all edges. Next to the interphase boundary layer meshes 
were applied. 
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 2/3 filling level 1/3 filling level 

Number of elements 15912 17340 

  Fuel oil volume Air phase volume Fuel oil volume Air phase volume 

Axial number elements 108 48 96 74 

Radial number elements 102 102 102 102 

Successive ratio (axial) 1.089 1.3 1.09 1.1 

Successive ratio (radial) 1.077 1.077 1.077 1.077 

 Interphase boundary layer

Number of elements 20 20 20 20 

Grow factor 1.2 1.3 1.3 1.3 
 

Table 5-22. Summary of meshes used for cooling process (Case 0) with filling levels. 

 
Boussinesq approximation was also used for the air phase. To finish, the same model of 

turbulence used for one phase case was chosen. 
 
 
Effect of air phase and filling level on overall heat losses (steady state cases) 
 

Next the effect that air has on the fluid heat balance will be studied with the help of the 
steady state case solved to set air phase’s initial conditions. When the interphase is at 60ºC and 
surrounding conditions of -20ºC, here is some valuable information1 about the effect of the air phase 
that was worked out based on solved steady state cases: 
 

 Filling level (quantity of fuel oil) 

 1/3 2/3 

Tavg,a [ºC] 44.71305 48.7 

Total UAair [W K-1] 426.39 287.43 

UAair reduction [%] 26% 21% 

Maximum heat loss rate reduction [%] 18% 9% 

Air-ceiling equivalent thermal resistance [K W-1] 1.867677E-03 1.511984E-03 

Air-sidewalls equivalent thermal resistance [K W-1] 8.816686E-04 1.451589E-03 

Equivalent U value [W K-1 m-2] 1.03 0.69 
 

Table 5-23. Effect of air phase on heat losses (equivalent heat transfer coefficient on the interface). 

 
In light of the above, as it was foreseen, air acts like a thermal resistance, reducing thus the 

heat loss to the surroundings. However, the less filling level the less mass to cool down, so finally, as 
described in the chapter of basic models, it will take less time to cool down. Fig. 5-73 shows a very 
uniform convective flow in the air phase. The air flows from the bottom to the top along the 
centerline and then descends next to the sidewalls as the fluid gets colder. This way, heat is 
transferred at the interphase from the fuel oil to the air, then via air convective flows and finally 
through the walls and ceiling. It can be seen that next to the ceiling, there are not unstable vortices. 

                                                           
1 Appendix C shows how these figures were worked out. 
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Values of RaTl next to the ceiling of around 70-300 predict no RB unstable vortices accordingly. This is 
due to low viscosity and low Pr numbers (around 0.7) of the air. The flow pattern is rather simple if it 
is compared to that of the fuel oil previously described. In fact, RaL numbers are around one or two 
orders of magnitude lower than for the fuel oil (yet in laminar-turbulent range). This means that if 
the flow was more unstable more mixing would occur and thereby more heat would be removed. 

 
 

Fig. 5-70. Steady state temperature distribution on the air 
phase when uniform interface temperature of 60ºC is set. 
Tamb=-20ºC. Filling level: 1/3. 

Fig. 5-71. Steady state air temperature profile at the 
center of the tank. Tamb=-20ºC. Filling level: 1/3. 

 
Fig. 5-72. Steady state pathlines of the air phase. Tamb=-20ºC. Filling level: 1/3. 

 
Fig. 5-73 shows how the filling level makes the fuel oil to be cooled down faster. The effect of 

the air as to additional resistance can be appreciated on lower heat loss rates. The more volume of 
air (less filling level) the less heat rate is lost. This is fairly proportional at the beginning (9% less for 
2/3 and 18% for 1/3 of the tank total volume). However average temperature drops more rapidly 
with lower filling level. This effect is not proportional; it can be seen that the final temperature 
difference is much higher from 2/3 to 1/3 filling levels than from full to 2/3. This suggest as foreseen 
in the basic models that the decrease of fuel oil mass affects more than the decrease of heat loss 
rate. Therefore, temperature decreases quicker and therefore heat loss rate also decreases faster 
for lower filling levels even though at the beginning it is almost proportional to the filling level. 
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Fig. 5-73. Comparison of average temperatures and total heat loss rates of fuel oil during the cooling process (Case 0) 
for different filling levels. Tamb= -20ºC. 

 
 

Overview of flow and thermal patterns 
 

In general lines, the flow pattern is similar to that of the full tank. Yet, due to high Ra numbers 
the complexity of the flow makes it again very unpredictable (Fig. 5-74 and Fig. 5-75), there are again 
similar eddies forming and being destroyed over the time. This time, however, there can not e 
appreciated RB character convective eddies. This might be due to free surface condition related 
movement freedom. Fluid flowing at the interphase has enough inertia not to drop rapidly (due to 
buoyancy forces) and form small eddies. However, instability is still present even though no small 
eddies are created. It can be seen from Fig. 5-76. Therefore a bit of mixing is lost at the very upper 
part of the fuel oil volume. 

1h 2h 

Fig. 5-74. Fuel oil pathlines during the cooling process. t = 1 and 2 h. Colored by velocity magnitude. Tamb = -20ºC. 
Filling level: 1/3. 
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10h 1day 

 
10day 15days 

Fig. 5-75. Fuel oil pathlines during the cooling process. t = 10h, 1, 10 and 15 days. Tamb = -20ºC. Filling level: 1/3. 

 
 

 
Fig. 5-76. Heat loss rate through the interface at the beginning stages for filling levels. Tamb = -20ºC. 

 

When it comes to fuel oil motion, judging from Fig. 5-77, maximum velocities are higher when 
the tank is not fully filled. This is probably caused by the higher freedom of motion next to the 
interphase fuel oil-air. When air is present above the fuel oil phase fluid layers next to the free 
surface are not slowed down and thus particles can achieve higher velocities. What is more, when 
the tank is not full decreasing tendency of maximum velocities does not occur, yet, it does regarding 
the average velocities due to the slowing effect due to cooling process. There is not apparent 
important change as to the average velocities history. For the case of tank filled up to on third of the 
volume average velocities are slightly higher than for the other two cases, probably due to more 
rapid cooling process as shown in the average temperatures figures. 
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Fig. 5-77. Comparison of maximum and average velocities for different filling levels of the tank. Tamb = -20ºC. 

 
With regards to the air phase flow, however, it is very uniform and constant for the fifteen 

days of simulation. It arguably can be said that the shape of the pathlines almost does not change. 
Fig. 5-78 shows the two phases flow after fifteen days of cooling. If the flow pattern of the air phase 
is compared with the one which was solved for steady state conditions (and entered as initial 
conditions), it can be seen that it is almost identical. Temperatures vary but the trends remain 
almost invariable.  

 
 

Fig. 5-78. Pathlines of both air and fuel oil phases during the cooling process. t = 15 days. Tamb = -20ºC. Filling level: 
1/3. 

 
As to the air cooling pace it is seen that it is slightly slower than that of the fuel oil (Fig. 5-79). 

The volumetric capacity of the air is much smaller than that of the fuel oil (≈1.1 kJ m-3K-1 for air vs.  
≈1600 kJ m-3K-1  for Eo5 heavy fuel oil). That is the reason for the fast drop of temperature. However, 
the hot interphase acts as a heat source for the air phase. Thereby the cooling pace of the air phase 
is controlled by the slower fuel oil cooling process. The result is two converging average temperature 
curves for both phases (convergence point is Tamb).  
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Fig. 5-79. Evolution of average temperatures of both fuel oil 
and air phases. Tamb = -20ºC. 

Fig. 5-80. Temperature profile at the top of the fuel oil 
phases for different filling levels. Tamb = -20ºC. 

 
On the other hand, the presence of air phase stabilizes the temperature profile of the last fuel 

oil layer acting like a damp. In the example showed in Fig. 5-80 can be seen this effect. This is other 
reason that also prevents the formation of RB convective periodic small vortexes. 
 
 
Vertical thermal distribution and stratification 
 

The stratification pattern remains for in these cases as well. The five zones described for the 
full tank case are still present, 
but the gradients are slightly 
smaller than for the full tank 
case. For this reason it can be 
said that temperatures inside the 
tank are more homogeneous.  In 
addition, the second thermocline 
stretches with lower filling levels 
(Fig. 5-80), but the most active 
zone (zone 5, temperature fairly 
constant) is nearly as large as for 
the case of full tank. Zone two 
(first thermocline) is also 
shortened a bit. The second 
thermocline is actually composed 
by a very small gradient and a 
shorter in length, but bigger, 
gradient after (this also occurred 
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Fig. 5-81. Temperature distribution along the tank height during the cooling 
process. at the center of the tank (r=0m). Tamb = -20ºC. Filling level: 1/3. 
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in some period for the full tank case). 
 

These simulations have provided very interesting results. Since basic models predicted faster 
cooling process for not fully filled tank cases, worse conditions were foreseen before carrying out 
these simulations. 
However, after analyzing 
the outcome data it is 
seen that according to 
these models temperature 
is more homogenous 
inside the tank, and as a 
consequence stratification 
gradients are not so 
strong. This means that 
stratification process, 
which depends on how 
fast cold particles are 
deposited at the bottom 
of the tank among other 
factors, is slower (at least 
for DOT conditions) than 
the effect that heat loss to 
the surroundings on the 
whole fuel oil volume has. 
In fact, there is more heat 
loss rate per unit of mass1, but this has a bigger effect on the whole volume instead of enhancing 
stratification and having lower temperatures at the bottom of the tank. In some way, now, cold 
particles have shorter paths to cover next to the walls (concretely sidewalls), so they do not loss so 
much energy each time they travel along them. This way they are able to escape from the first 
thermocline, and therefore, they affect upper zones yielding temperatures of these zones to be 
colder2. 
 

The pour point is crossed roughly the forth day of cooling for three filling levels (between 3th 
and 4th to be more precise). Same can be said as to Tmin, like for the full tank case, after the first day 
some bottom layers reach this temperature. In light of this, the same comments can be made about 
the placement of extraction and heating system outlets. If the extraction outlet is placed at the 
bottom, after one day the heating should start3. In case the outlets are placed at a height of around 
1 m, around the seventh or eighth day layers 0.5 m high reach Tmin. Note however, that the zone 3 
and zone 4 also are also around Tmin. In turn, this means that for lower filling levels this presumably 
will happen earlier. If this is to be studied more accurately more simulations for lower (or lowest 
directly) levels should be carried out. However, scenario A is more advantageous and may be the 
one chosen, so this might not be necessary. Anyway, if the extraction and heating outlets are placed 

                                                           
1 This is tos ay that cooling time constant (averaging) τ VρCpUAavg is lower. 
2 Remember that the fact of being less mass to cool down in these zones is another factor in this matter. 
3 Assuming that after the heating the temperatura is uniform at 60ºC on the whole fuel oil volumen. This might 
not happen and therefore these values may be overestimated. 
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Fig. 5-82. Temperature distribution along the tank height during the cooling process. 
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around 1 meter above the soil, a roughly guessing the tank could stay 4-5 days (low filling levels) 
before Tmin reaches layers 0.5m high.  

 

Fig. 5-83. Details of temperature profile evolution along the z coordinate at the center of the tank. First (left) and 
second (right) thermocline: zones 1, 2 (left) and 3, 4 (right). Tamb = -20ºC. Filling level: 1/3. 
 

 
5.4.2.5. Comparison of results with laminar and basic models 
 

A comparison with the predictions of basic models will serve to judge from another point of 
view the way the flow behaves inside the tank, i.e. how close it is to a solid rigid behavior or to a 
perfectly mixed flow. Moreover, the prediction of the laminar model is also presented. All the cases 
in this section represent the case of Tamb -20ºC. For the 1/3 and 2/3 filling level cases only 
comparison with perfect mixture model is given since laminar and solid rigid were only worked out 
for full tank case. However, it should be noted that the perfect mixture basic model with filling levels 
is based on CFD results carried out, so it is not totally independent of these CFD models. 
 

Average temperature is the variable that can be compared over the time for all these models. 
Fig. 5-84 shows that both k-e and laminar models lie between solid and perfect mixture models. This 
could not have been otherwise and serves to verify that the result is physically coherent. From the 
graphs it is seen that the fuel oil’s behavior is roughly in the middle between the solid model and the 
perfect mixture model. The beginning of the simulated process is closely attached to the solid rigid 
curve. This confirms the description previously made: at the first stages of the cooling heat is 
removed as a solid. Afterwards, due to internal convective flows the fluid is mixed. Therefore, since 
the process is from then on more similar to that of a perfect mixture, the curve is detached from the 
one of the solid model and gets closer to that of the perfect mixture. 
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Fig. 5-84. Evolution of average temperatures during the cooling 
process (Case 0) for different models. Tamb=-20ºC. Full tank. 

Fig. 5-85. Evolution of average temperatures 
during the cooling process (Case 0) for k-ε and 
perfect mixture models at different filling 
levels. Tamb=-20ºC. 

 
Laminar model predicts a slightly slower cooling process as it can be observed from Fig. 5-84. 

Actually, a turbulent flow should logically stir up the fluid more intensely and thereby be closer to a 
perfect mixture. 
 

When it comes to the filling levels, the process of low filling seems to be closer to a perfect 
mixture than for higher filling levels (Fig. 5-85). Anyhow, for the fifteenth day of cooling, 
temperature difference between perfect mixture and k-ε is higher for 2/3 filling level than for a full 
tank. This might be, among other factors, due to no RB convective vortexes when air phase is 
present. So, it could be said that for very low filling levels the fluid is fairly mixed, then, with higher 
filling levels the quality of mixing decreases and high filling levels have worse mixing characteristics 
than that of a full tank. Roughly guessing, the main difference forces as to mixing between filling 
levels are sidewalls length and presence of RB nature vortexes. This is, as the filling level decreases, 
there is less length to cover along sidewalls and therefore mixture is better. However, for the full 
tank, even though the covering wall distance is maximum, RB convective vortexes interact with the 
flow so that mixing is better than for high filling levels. Indeed, as previously described, the flow is 
very complex and there are many factors that alter the picture, but general lines seem to follow this 
description. 
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5.4.3. Case 1: Steady state heating 
 
5.4.3.1. Description of configurations 
 

In this section case 1 will be studied in deeper detail. This case has already been roughly 
described: it assumes steady state conditions. Conditions at the inlet are constant (volume flow rate 
and temperature). 
 

Fig. 5-24 shows a brief description of the simulations carried out for case 1. Volume flow rate 
has been chosen according to the value obtained from the basic perfect mixture model to meet Tavg 
of 50 ºC (Tmin).  

 
 Case 1

Type Steady state heating

Dimensions 3D Cartesian coordinates. Symmetry 

Inflow temperature [ºC] 60, (and 55 for D configuration) 

Ambient temperature [ºC] -20, (and 20 for D configuration) 

Filling level Full

Inlet/outlet configurations A, B,  C1, C2, D

Volume flow rate [m-3 h-1] 16, (and 80 for D configuration) 
 
Table 5-24. Main parameters and conditions involved in the model for the simulation of the heating process (Case 1). 

 
Different types of inlet and outlet configurations are proposed, simulated and compared. 

Applying the same flow rate and inlet temperature for the different configurations will permit to 
make a correct comparison. Below each configuration is described and later a summary table and 
sketches are showed: 
 

A) One inlet and one outlet placed opposite to the each other on the walls of the tank. It is 
considered the most basic configuration. The outlet is placed slightly below the inlet as colder 
fluid is thought to be close to the bottom. 

 

B) Two inlets and two outlets on the walls of the tank. The two inlets are placed opposite to each 
other at the same height. Inlets are placed below opposite to each other and 90º rotated 
relative to the inlets. 

 

C1) One outlet is on the walls but the inlet is made of a pipe placed in the center inside the tank. 
This is the configuration that was planned at the beginning. 

 

C2) Like C1 but with four outlets placed evenly on the walls with the inner pipe type inlet. 

 

D) There are also four outlets like in configuration C3. There are four inner inlets in the center of 
the tank which distribute the flow evenly every 90º. Inlets’ flow direction is radial and can form 
an angle with the axis of the tank. Radial directions are turned 45º with respect to the outlets. 
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These are the basic configurations that are used in order to see differences among them, and 
in case they are significant, decide which type is best for the purpose of the tank fluid heating as 
described previously. All of them have common interior diameters. Heights relative to the ground 
are maintained for inlets and outlets respectively.  
 

 A B C1 C2 D 

No. of inlets 1 2 1 1 4 

No. of outlets 1 2 1 4 4 

Interior D [mm] 150 150 150 150 150 

Inlets height [mm] 1500 1500 1500 1500 ≈ 1500 

Outlets height [mm] 1000 1000 1000 1000 1000 

Inlets direction Radial Radial Upwards Upwards 
Downward 

radial 

Outlets direction Radial Radial Radial Radial Radial 

Inlets placement Walls Walls 
Tank 

center 
Tank 

center 
Tank 

center 

Outlets placement Walls Walls Walls Walls Walls 

Mesh symmetry  1/2 tank 1/4 tank 1/2 tank 1/8 tank 1/8 tank 
 

Table 5-25. Main parameters and specifications involved in each inlet/outlet configuration type. 

 
Below some sketches are shown1: 

 
A B

 

 
 

C1 C2 D 

 

 
 

Fig. 5-86. Schematic sketches of different inlet/outlet configurations simulated for the heating process. 

 
The diameters of the pipes have been chosen according to some similar running system. On 

the other hand, reasons to place outlets slightly lower than inlets have been twofold: 

                                                           
1 For detailed geometry used in each configuration see Appendix D. 
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Firstly, colder (simulations will show this) fluid will be extracted and thus for the same heat 

supply rate less volume flow rate will be necessary (and consequently smaller pump power).  
 

 (5.21) 

 
In this manner, placing outlets where colder fluid is expected could be considered as one of 

the design rules. Thus, for this reason outlets should originally be placed on the walls and 
considerably low height.  
 

Secondly, the lower the outlets are placed the lower the minimum filling level of the tank 
could be, and therefore, it would be more profitable and less frequency of filling would be needed. 
This height can not be too low to avoid very high viscosities of colder fuel oil. Otherwise, heat supply 
rate might have to be fairly higher to obtain Tmin or higher in outlet so that it can be operated. This is 
because placing the outlets very low and being able to set Tmin there would mean temperatures are 
higher in the rest of the volume above. This, in turn, means more heat losses. Some study could 
show some optimization on this matter. However, an additional drawback may make that study 
pointless: as it has been concluded from the cooling case, placing the outlet too low would be 
dangerous because temperatures below Tmin could be reached within few days in case the heating 
system is halted for any reason. 
 

On the other hand, for configurations A and B inlets were proposed to be slightly to the 
interior of the tank instead of being right at the sidewalls. Otherwise due to high Ra numbers and 
low velocities of the inflow the flow might rise very close to the wall enhancing heat losses due to 
high temperature of the inflow and the mixing effect might be slightly hindered. Moreover, when 
the heating system is reactivated after some possible break, fluid will presumably flow easier as 
temperature of the interior fluid is a bit higher. Anyhow, later results from simulations may suggest 
that placing them right at the sidewalls would not make lot of difference. 
 

Placing inlets near outlets seems a bad design because a shortcut will form resulting in high 
outflow temperatures. Also, it should be avoided that flow entering from inlets takes a rather near-
to-wall way, since heat transfer to surroundings driven by forced convection will increase. 
 
 
5.4.3.2. Model description 
 

Models used for case 1 are an evolution of the models used for the cooling case. For this case 
a 3D model is used, increasing the number of elements, equations and variables to solve.  Same 
boundary conditions as for case 0 are used for the tank ceiling, floor and sidewalls. For the outlets’ 
pipe wall no slip and adiabatic conditions are set. The same can be said for the inlets’ pipe wall. In 
fact, these pipes are supposed to be insulated so the heat transfer to the fuel oil of the tank is 
negligible. Inlet velocity boundary conditions are modeled with constant normal temperature and 
velocity on the whole section. Actually, modeling a velocity profile for inlet velocity conditions would 
hardly alter the effect on the flow of the whole volume, since the area occupied by the inlet is very 
small compared to the volume of the tank. What is more, it has already been described that 
buoyancy forces will have much more effect that inertial ones. Those were the reasons why such 
decision was made. For the outlet, outflow type boundary conditions were set. Finally, symmetry 
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conditions were set for the tank symmetry planes in each case (Fig. 5-86). Fig. 5-87 shows these 
general boundary conditions. 
 

 
Fig. 5-87. Schematic drawings of the general model used to simulate heating process (Case 1). 

 
Regarding inlet conditions and since k-ε model is used, turbulence parameters must be 

inputted. In this case, turbulent kinetic energy and dissipative rate are entered directly. These are 
calculated according to formulas (3.16) and (3.17). Table 5-26 shows these values for each 
configuration. Properties of the fluid remain the same as for case 0. 
 

Configuration A B C1 C2 D 
Number of inlets 1 2 1 1 4 

Inlet velocity [m s-1] 2.52E-01 1.26E-01 2.52E-01 2.52E-01 6.29E-02 

Temperature [ºC] 60 60 60 60 60 

Turbulence intensity 8.00% 8.70% 8.00% 8.00% 9.50% 

k [m2 s2] 6.10E-04 1.81E-04 6.10E-04 6.10E-04 5.39E-05 

ε [m2 s3] 2.36E-04 3.82E-05 2.36E-04 2.36E-04 6.19E-06 
 

Table 5-26. Inlet boundary parameters involved in the heating process simulations. 

 

The mesh has been constructed using unstructured tetrahedral and hexahedral core elements 
(all the meshes and the process of creating are described in Appendix G). Mesh size of each 
configuration varies depending on the symmetry used and also due to the unstructured nature. 
However, the size range goes from around 150 000 to 300 000 elements. No mesh comparison study 
was carried because bigger mesh would require too long times and smaller mesh would be too 
coarser in the view of the author. Mesh is finer next to the walls and goes gradually coarsening to 
the center of the tank. However, due to this big size boundary layers are not possible to mesh as fine 
as it was possible in the 2D axisymmetric cases for computational limit reasons. Anyway, in this case 
enhanced wall treatment offered by fluent has been used. This treatment combines near-wall 
modeling with two-layer model with enhanced wall treatment. This approach should give reasonable 
good results even for low-Reynolds number flows like the one solved in this work. y+ values ranged 
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(depending on the case) from around 0.75 to 2, therefore the laminar sublayer is possible to be 
solved with this function ([9] recommends values inferior to 4 for this purpose).  
 

Thermal effects of the wall function are included, so even though, in this case, the mesh near 
the wall will not be fine enough to capture with detail the thermal boundary layer, its effect should 
be correctly captured with the help of such function. However, and after comparing results with the 
cooling case where the grid was rather fine, the heat loss to the surroundings may be 
underestimated in case 2. So temperatures inside the tank for the volume flow rate simulated might 
be a bit lower. However, the global flow pattern, mixing properties and general temperature 
distribution is though to be well represented. This will be further discussed later and in discussion 
chapter. 
 

It has been used an incompressible model of the flow is as for case 0, using Boussinesq 
approximation. In this case, however, realizable k-ε model gave better results and convergence. This 
model solves two transport equations for k and ε (this one is different from that of the standard 
model) using a new formulation for μt. More parameters used are found in Appendix H. 
 
 
5.4.3.3. Convergence criterion  
 

Achieving convergence in this case required very tricky and hard work. The non-linear, high 
coupled and turbulent flow characteristics makes difficult to achieve convergence. The use of 
Boussinesq approximation helps a bit in this matter. Anyhow, fluent manual [9] speaks in various 
sections about high Ra number driven flows, pointing out its complexity and different ways to help 
achieving converge. Actually, according to this source, some laminar high Ra number buoyancy-
driven flows do not have steady state solution. The cases solved in this work, would not seem to 
convergence when it was tried for the first time (even though turbulence model was used). 
Remember that the flow characteristics of this case involve Ra numbers of around 1013. 
 

Due to this difficulty, there are two common ways to tackle the problem (flows with Ra > 108). 
The first involves transient simulation until a steady or quasi-steady state is obtained. This way was 
ruled out due to very long time requirements. 
 

In the second first low Ra numbers (106-107) steady state solutions are sought. Then using this 
low Ra number flow solution as initial condition, higher Ra number cases are solved. In order to 
solve the problem using this method, gravity constant is lowered and after it is gradually increased. 
This was the approach followed for case 1. However, due to the high Ra number involved, no gravity 
case was solved. After that, cases with gravity values of 10-6, 10-3 and 10-2 times lower were solved 
before the real gravity case was solved. This long way took around on to two weeks of real 
simulation time to solve some configurations. This was in part due to very low under relaxation 
factors that had to be used so that divergence or oscillating behavior was avoided, especially as 
gravity value was increased. For some cases under relaxation values of 0.01 for pressure, 0.05 for 
momentum and 0.35 for energy (for other variables they were also lowered) were necessary when 
solving the last case (gravity 9.81 m s-2). 
 

The increasing degree of complexity of the flow was evident when graphics of residuals were 
inspected (Fig. 5-88): as soon as the Ra number was increased these residuals would jump to higher 
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values (not only at the beginning but after they were stabilized). Monitors of other variables such as 
heat loss rate would also show a more noisy shape in this way. 
 

Fig. 5-88. Example of scaled residuals (A configuration) for flows at different Ra numbers. Ra=0 (left, no gravity), Ra≈ 
107 (right). 

 
As to convergence criteria, checking residuals was not enough in this case. However, first of 

all, before convergence was accepted, the first requisite was residuals to be stable (Fig. 5-88). After 
that several monitors served to see when the solution would stabilize as a convergence indicator. 
For this purpose total heat loss, average temperature and outlet temperature were mainly 
monitored (every 25 iterations). These figures would slowly convergence to a fixed value. Also in 
some cases some arbitrary points were selected so that velocity magnitude and temperature were 
monitored. In order to accept a solution as converged these monitors should not vary either. Finally 
a total heat balance was carried, defining: 

    (5.22) 

 % 100 (5.23) 

 
The final convergence criterion set was a smaller relative error for the heat balance < 3%. 

Obtaining smaller errors did not seem to change the general flow and temperature pattern 
importantly. Yet, the time required to obtain smaller error increased as lower errors were obtained 
(semi exponential behavior roughly speaking). Table 5-27 summarizes the convergence criterion 
adopted in this case, ordered by hierarchy. 
 

Level of hierarchy Criterion

1 Monitors of residual stable (plane residuals) 

2 Monitors of global and some local variables stable

3 (converge accepted, if 1 and 2 are met) Heat balance relative error < 3% 
 

Table 5-27. Convergence criterion used for the heating process simulations. 

 
For the final case were the full gravity is included, residuals would generally lie around 10-7 for 

energy, 10-3 for continuity, 10-3 or a bit lower for  z velocity and  10-3 - 10-4 for x, y velocities and 
turbulence k and ε variables. 
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5.4.3.4. Overview of flow and temperature pattern in no buoyant scenario 
 

The effect of gravity is clear and heavy in the flows simulated due to low inflow velocities as 
volume flow rate requirements are small. Thus, the picture of the flow is totally different when 
buoyancy forces enter into the play. For this reason first the results of some cases are shown where 
the gravity is not active so that it can be seen how the effect of buoyancy forces is determinant in 
this case. 
 

Fig. 5-89. Contours of temperature for A (left) and D (right) configurations for no gravity case. 

  
 
Fig. 5-89 for A configuration shows how low temperature zones next to the ceiling would be present, 
reducing the heat loss notably. The same can be seen for the other configurations  (in D this is more 
evident due to downward inflow). This effect will be impossible when gravity is introduced, since hot 
fluid will inevitably rise. Average temperatures 
of 52.5 and 48.2 ºC for cases A and D are 
indicative of this. Even though temperature 
around 50-55 are present in the core and 
bottom of the tank, rather cold temperatures 
next to the ceiling permit reducing the heat 
loss notably. 

 

As an example, hypothetically (if no 
gravity was present) D configuration would be 
more interesting to use. Heat loss would be 
lower for D configuration, yet core 
temperatures would be higher (Fig. 5-89 and  

Fig. 5-91). However, when the gravity is 
introduced these differences will vanish to 
some extent since the domination of buoyancy will stretch these differences. 
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Fig. 5-90. Temperature along the height of the tank (vertical 
line next to the respective inlets). No gravity case. Tamb=  -
20ºC. Full tank. 
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Fig. 5-91. Velocity vectors in the symmetry plane of configuration A. No gravity case. Tamb=  -20ºC. Full tank. 

 
From Fig. 5-91, it can be seen how due to dissipation on high viscous fuel oil the flow coming 

from the inlet is rapidly slowed down. Velocities are of the order of mm s-1 or slower (one or two 
orders of magnitude) in the major part of the volume. 

 

 
Fig. 5-92. Pathlines in A configuration colored by temperature. No gravity case. Tamb=  -20ºC. Full tank. 

 
It is seen that inertia of the flow coming from the inlet drives the flow quite straight (it 

attaches to the floor a bit due to the Coanda effect), and then, driven by sidewalls, it rises and 
travels across the tank next to the walls in a rather regular and laminar pattern, ending at the outlet 
(configuration A, Fig. 5-91 and Fig. 5-92). The temperature goes gradually dropping as the flow 
attaches to the walls and in the core it gets warmer. 
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For configuration D it is seen similar results, however due to the fact that there are four 
equally spaced inlets at the center of the tank, after the flow crashes against the sidewalls it returns 
to the center instead (Fig. 5-93). 
 

These cases show that 
according these models, even 
without gravity, the mixing is fairly 
good and the temperature 
distribution is very good (cold fluid 
above). When the real flow is 
simulated, it will be seen how the 
mixing effect is enhanced due to the 
buoyancy driven flow that travels 
much longer distances before it 
arrives at the outlet. However, the 
temperature distribution will not be 
so ideal and stratification occurs as 
for the cooling process.  
 

 

5.4.3.5. Description of the global flow pattern 
 

Two main effects are common in every configuration: fluid at high temperature that enters 
the tank is lifted. On the other hand, fluid next to sidewalls falls like it was seen during the cooling 
processes too. 

 
Contrary to results obtained with no gravity, when the effect of real gravity is introduced 

into the models, the flow and temperature pattern changes dramatically. As it is going to be shown, 
the effect of buoyancy forces dominates the flow and temperature characteristics completely. 
Wherever the inlet is placed, flow entering the tank is immediately lifted (Fig. 5-94). Temperature of 
this plume goes dropping as it rises, Fig. 5-94 shows this phenomenon.  

 

 
Fig. 5-94. Plumes created as soon as jets enter the tank. D conf. (left) and A conf. (right). Colored by temperature. 

Fig. 5-93. Pathlines in D configuration colored by temperature. No 
gravity case. Tamb=  -20ºC. Full tank. 
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Note that in D configuration the jet direction has a downward component, yet immediately 
the flow acquires upward direction. With higher volume rates the same holds: the lift curve is a bit 
less steep and takes slightly longer to achieve a totally upward flow (in Fig. 5-94 inlet velocity of 
configuration A is 4 times higher than in configuration D). 
 

Fig. 5-95. Global view of plumes created as soon as jets enter the tank. A conf. (left, colored by velocity magnitude) 
and D conf. (right, colored by temperature). 

 
After the flow entering the tank takes an upwards path, it reaches the ceiling in some of the 

configurations (A, C1, D). Then, after being some time next to the ceiling where heat losses to 
surroundings occur, the fluid drops. If Fig. 5-93 (no gravity) and Fig. 5-95 (gravity) are compared the 
direction of the flow is totally the opposite. This is a good example of the high influence that 
buoyancy forces have on the flow pattern; it has so much effect that roughly speaking the direction 
of circulation changes completely. In other configurations (B, C3) the flow drops before reaching the 
ceiling. From that point on, the flow pattern is rather complex and can take many paths. 

 
In C1 and D (and to some degree in A) configurations some type of recirculation is seen (Fig. 

5-95 and Fig. 5-96), especially at the begging stages after the fluid enter the tank: after the flow 
reaches the top it drops again following some path and will circulate up to some height of the tank 
(approximately the level of the inlet) and there will rise again. This circulation, however, is more and 
more complex as the fluid travels longer distance, the trajectory of the flow is unpredictable later 
on, especially in the core of the tank (Fig. 5-96). For A configuration, for instance, the flow reaching 
the ceiling and approximately at the center the fluid drops and takes rather complex ways. Other 
configurations also have some smaller recirculation zones but giving a clear recirculation pattern is 
more difficult. Thus, all in all, it is rather difficult to define the paths of the flow from some point in 
the time on. 
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Fig. 5-96. Recirculation patterns in some configurations. A (top-left), D (top-right) and C1 (bottom). Colored by 
temperature. 

 
This complexity of the flow can be seen a more appropriate manner with the help of velocity 

vectors plots (Fig. 5-97). The recirculation is more evident in some configurations (C1, D) where the 
inlets are placed at the center (except C2) of the tank. Anyhow, the flow shows very dynamic and 
fast-changing properties in every configuration. This fact leads to good mixing properties and 
homogenization of temperatures as it will be shown in the next section. 

 
From these figure it can also be appreciated some kind of Rayleigh-Bernard unstable 

recirculation vortexes next to the ceiling as well as downward flow at the sidewalls. In every 
configuration, the lower part of the tank is more inactive and temperatures are lower (see next 
section). 
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Fig. 5-97. Vector plots colored by velocity magnitude. From top to the bottom and left to right: A, B, C1, C2, D. 
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The fluid leaves the tank absorbing fluid next to the outlet. This flow is usually a mixture 
composed by some downward flow from the sidewalls, very few amount (or nothing) of flow from 
below the outlet and most of the part comes from the interior of the tank (Fig. 5-98) 
 

  
 

Fig. 5-98. Vector plots next to the outlet (left) and detail of the outlet (right). Configuration D. 

 
This is the reason why (it is discussed later) outlet temperature is almost the same as the tank 

average temperature. This average temperature is not dispersed but the temperature of the whole 
volume is very close to this value (temperature rather homogenous according to this models). 
 
 
5.4.3.6. Thermal pattern 
 

Despite the complexity of the flow described earlier and different pattern showed in 
different configurations, thermal pattern is easier to understand and common among the 
configurations. Moreover, thermal pattern is in some way less complex that cases shown before 
where the buoyancy force was not applied. 
 
 According to the models used for simulation vertical thermal stratification is present. 
However, this stratification is very small, in fact, temperatures remain rather homogenous within the 
tank leading to small variations of temperatures from the top to the bottom of the tank. 
Temperature distributions in radial and azimuthal 
directions are almost no existent. All this with 
exception of layers next to boundaries where the 
temperature drops as a consequence of heat losses. 
The same way it happened in Case 0, there are local 
zones at the floor corners where temperature is 
rather low (Fig. 5-99). Highest temperatures are 
concentrated within the jet right next to the inlet. As 
described this high temperature of source losses 
intensity rapidly within the plume (Fig. 5-100). 
 

Fig. 5-99. Detail of local cold zones next to 
boundaries. Configuration D. 
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Fig. 5-100. Detail of high temperatures of the jet and rapid decay. Configuration A. 

 

Next figures show thermal stratification as well as the homogenous temperature pattern that 
the models predict for all the configurations:  

 

 
 

 
Fig. 5-101. Temperature contours: A configuration (top-left), B configuration (top-right) and C1 configuration (bottom). 
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Fig. 5-102. Temperature contours: C2 configuration (left) and D configuration (right). 

 

The major temperature gradient (which actually is small) is at lower heights of the tank (Fig. 
5-103). From the colors of these figures, it could be thought that temperatures in some 
configurations are much higher than in others. However if one looks at the color-maps it can be seen 
that actually this variations is of some tenths of degrees only. Therefore slight convergence 
differences from one to other configuration can change this picture, as well as small differences in 
the unstructured mesh used. Later on is discussed this fact in more detail. 

 
Fig. 5-103. Temperature profile along the height of the tank for all configurations. Data collected 7.5 m from the center 
of the tank in the symmetry plane of the outlet for all the configurations. 

 

Fig. 5-103 is a good example of the homogenization of the fluid within the tank. Temperature 
profile is constant in the major part of the tank. Around 2 meters from the bottom there is a 
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thermocline where the drop in temperature is around 0.5-0.7ºC for every configuration. Is in this 
zone where thermal stratification is present and the motion is slower. 

 

In case of B and C2 configuration there is a second thermocline at higher heights. In fact this 
heights correspond with the zone where the inflow plumes stopped to rise (Fig. 5-97). So in those 
two cases  two more zones are present (second thermocline and fluid above this zone). Right next to 
the top, before the thermal layer, a peak is formed. This is thought to be for the combination of 
various reason: local hot zones as a consequence of unstable conditions at the top, not ideal 
boundary meshing and convergence difficulties due to complex flow pattern and these previous 
reasons. 

 

Aside from that, both at the top and at the bottom thermal boundary layers are formed where 
the heat is removed. However, due to poor mesh next to this boundaries, this effect is not well 
captured in this case. Given this fact, even though general thermal pattern is thought to be similar to 
those ones, finer mesh next to boundaries might move these graphs further below. In fact, a mesh 
with 700 000 elements was generated (after two grades of refinement next to the boundaries) for D 
configuration and average temperature seemed to keep going converging (after around 15 days the 
simulation was stopped) to lower values (accordingly heat losses were higher). However the 
stratification and homogenization seemed to remain the same. Only temperatures were lower and 
drop in temperature at the boundary layers was lower (thus lower heat losses). 

 

All in all, it can be concluded that the temperature pattern is fairly similar for every 
configuration, temperatures are very homogenous according to the models and there is not any 
remarkable zone where the fluid could have very different thermal characteristics leading to 
pumping or other kind of problems. This means that as to temperature distribution, in light of these 
results, it can not be said that any configuration shows better properties than others. This, however, 
is further discussed next. 

 

 

5.4.3.7. Comparison of different configurations 
 

The level of activity inside the tank is, according to the models, highest for D configuration, 
then C1 and A (Fig. 5-104). B and C2 configurations (ones with two thermoclines) have smaller 
average velocities. However, the level of activity is in principle irrelevant from the heating system 
point of view. 

 

When it comes to the heat losses (and thus heating needs), as it has already been 
commented, these models are not deemed to represent very well the real needs due to poor 
boundary mesh. Real heating needs could be estimated from (section max heat losses). In this way, 
they would be slightly overestimated1 , since no heat transfer coefficient is taken into account. What 
is more, shape of soil heat transfer coefficient profile also would lead to smaller heat losses through 
that boundary as explained earlier in the work. 

                                                           
1 Assuming calculations are correct. However there are factors that could alter this so some may apply some 
security factor (if DOT conditions are not deemed sufficient).  
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5.5. BRIEF COMPLEMENTARY DISCUSSION ON THE HEATING 
SYSTEM 

 

5.5.1. On optimum tank dimensions 
 

The fuel oil storage tank studied in this work is cylindrical, 18 m high and has 23 m of 
diameter. In these types of cylindrical tank, minimum exposed area is sought for a given volume 
storage capacity. Actually sphere type of storage is the geometry were the area is minimum for a 
given volume capacity. However, for industrial purposes, due to construction and maintenance 
reasons, cylindrical types are more convenient. From a theoretical mathematical point of view, given 
a storage volume, the optimum radius, height, and thus contact area are given by1: 

 

2                       2 3 2  (5.24) 

 
If the volume of this tank is entered in those expressions, both diameter and height should be 

21.2 m. This gives around 0.7% more exposure area for the proposed tank than the ideal one. It 
means that the tank is fairly well optimized (other reasons may have more importance that deviation 
of 0.7% from the optimum). Moreover, as it will be shown further in the work, this optimization 
would only be valid in case all the walls had the same convective heat transfer coefficient, which is 
rather unlikely. If this is taken into account, the above expressions are generalized2: 
         3  

 2  

 

(5.25) 

In this case, the optimum diameter and height would be 21.98 and 19.7 m respectively. This 
means that the actual tank would have 0.2% more losses than the ideal for the given heat transfer 
coefficients. Thereby, in fact, the tank is rather well designed in this matter. 

 
 

5.5.2. Heating system 
 

In light of the results obtained after CFD simulations for case 1, temperature distribution 
inside the tank was fairly homogeneous and what is very important was practically the same as for 
the outlet. This suggests that the perfect mixture model is a very good approximation to the process 
when the tank is analyzed from an exterior point of view. Heat losses and therefore heat supply 
needs are lower than the prediction of this basic model. However, the following discussion does not 
need any particular figure since only a general overview of the system is given. 
 

                                                           
1 The expressions are result of obtaining the maximum for f r VA function for cylinders. 
2 The expressions are result of obtaining the maximum for f r V∑ UA function for cylinders. 
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Fig. 5-110. Schematic sketch of the basic parts of the heating system (with some typical values of the DH network 
supply and return temperatures). Two temperature meter options are pointed. 

 
Fig. 5-110 shows the basic parts of the heating system. According to a stable scenario A, 

assuming a constant flow rate in the fuel oil loop side and making use perfect mixture model, energy 
and power demand of the system are1: 
   
  ~   (5.26) 

 ∆
 (5.27) 

 
 (5.28) 

 
The pumping power will be approximately proportional to the volume flow rate. This is so, 

because the pipe line and heat exchanger are to be designed so that the pressure drop (head drop 
strictly speaking) is maintained approximately the same no matter which operating volume flow rate 
is selected. To have some rough idea this pressure drop is around 2 bars in the present system. 
 

With regards to the temperature meters that will control the flow rate at the DH side there 
are two possibilities. If the meters are placed at the inflow temperature side, Ti can be controlled 
and set it approximately constant. Conversely if it is placed at the outflow side Tavg can be 
approximately controlled. The discussion is done following the example: 

 
Let’s assume the heat exchanger is given, as well as the volume flow rate (fuel oil side) and 

that for DOT conditions Tavg = Tmin and Ti = 60ºC. If ambient conditions change and it is warmer 
outside, or the filling level is lower, heat losses will be lower, and Tavg will rise. Supply heat rate will 
be lower and will be controlled reducing the flow rate at the DH side. Therefore more supply heat 
rate than the optimum would be required. However, if the meter is at the outflow side, Tavg will 
approximately remain at Tmin and heat supply rate will be the minimum for those conditions. This 
fact eventually means that Ti will be lower than it was before the new equilibrium. 

                                                           
1 Heat losses in the pipe line system have been ignored for this argue. 
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Thereby, in this scenario with constant volume flow rate, temperature meters should be placed at 
the outflow side in order to minimize the heat demand from the district heating and run the system 
in a more efficient way. 
 

On the other hand, in case scenario B was chosen, temperature meter should be placed at the 
inflow side in order to maintain approximately constant inflow temperatures. In fact, in scenario B 
temperature inside the tank grows during the heating period, therefore, evidently, it is not coherent 
to place the temperature meter at the outflow side. This scenario, however, as pointed out, might 
require more average supply of energy (both pumping power and supply heat rate). 
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6. DISCUSSION 
 

The process of this work has involved the application of various methods and theories. 
However the model of any real process is not an easy task. Real processes are extremely complex 
and product of a large number of variables and contexts. Taking all of them into the model is 
technically impossible. Moreover, the knowledge in some areas may not be enough developed or 
the interaction with other disciplines may be unknown. In addition a very detailed model could be a 
work of some years and it would require a considerable amount of resources (economic-technical). 
This is to say that the lack of details on the system always leads to prediction errors. 
 

For these reasons, the main and most important weakness of this work is the fact of not 
having any type of validation of the results. In other words, there is not empirical evidence that 
could serve to confirm or show disagreement with the results. Thereafter, every conclusion, 
discussion and results of this work are almost entirely grounded on the simulations carried out. This 
way of analysis and optimization that is pursued is not optimum and totally reliable as a 
consequence. In fact, the tank was operative with the old heating system when this work was being 
carried out, making it impossible to install any device to analyze experimentally any variable during 
the cooling period; or to test any inlet and outlet system topology. What is more, this would have 
lead to expensive costs that were not affordable. 
 

In this way, the construction of some model using similarity theories could give some 
additional insight. These experiments could be considered as sensible continuation of this work in 
the future. However, the application of similarity is not straightforward in this case. In fact, boundary 
conditions are not simple as it could be if constant wall temperature or heat flux were present. 
Anyway these facts could be further investigated in detail. 
 

K-ε turbulence model has been used in this work. Other models may give some different 
result. For example, it could be thought that applying Reynolds Stress model (7 variables) might yield 
more accurate results. However this is not always true, and more complex models does not imply 
closer results to reality in many cases. Other models could in the future be applied as continuation of 
the work to contrast and compare results too. 
 

In this work, the inclusion of some facts has been omitted. For instance, heat losses through 
infiltrations, radiation inside the tank, thermal inertia of boundary materials (during transient 
analysis), heat transfer within the boundaries coupled with thermal conditions of the flow as well as 
other simplifications such as Boussinesq approximation or others already mentioned throughout the 
text. Anyway, these simplifications have been made sensibly enough, based on grounds of previous 
works, theories and experience so that results are not drastically distorted. 
 

In fact, the case problem of this work (i.e. circular storage tank) can seem an easy case due to 
simple1 geometry involved. The work itself, especially during the simulation, however, has shown 
that the flow pattern and its resolution are highly tricky and complex despite the simple geometry. 
This is the main reason why simulations were difficult and time consuming to converge. 
 

                                                           
1 Ommiting thermal resistances calculation where geometry was not so simple. 
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Results (numerical values) in the work are given with high accuracy in some occasion so that 
all the calculations can be contrasted. However, all these results are based not only in 
simplifications, but also in reference values (such as material properties) that can vary and have 
tolerances. Therefore, in no case should any result of this work estimated as accurate as it could 
seem in certain cases (i.e. large number of decimal positions). 
 

From the computational point of view, the work has been adapted to the resources that were 
available. These resources include computational power capacity, memory, availability to run 
simultaneous simulations (limited by number of licenses of the software packages), as well as the 
reasonable time span to carry out a kind of work like this thesis project is. More concretely and 
especially during the simulations of the heating process for scenario A (in case 1), the boundary 
mesh may have been not fine enough. In fact, the tank height and diameter are 18 and 23 meters 
respectively. However, thermal boundary layers are of the order of some centimeters only. These 
facts (especially in 3D cases), in turn, mean that huge meshes of around some millions of elements 
with elements in boundary layer of tenths of millimeters would be necessary to solve very accurately 
the cases. Moreover, due to the complexity of the flow, hundreds of thousands of iterations were 
necessary to simulate the different cases. Transient cases were also limited to fifteen days of 
simulated time (however this might be enough for the purpose of the work). Computers used in the 
simulations were equipped with double 3 GHz processor and 4GB server and Pentium D 2.2 GHz with 
1 GB of RAM memory. It has also limited the number of model details introduced (no radiation, walls 
and soil modeled as pure thermal resistances in transient cases, etc.) on it so that the cases could be 
solved in a reasonable time (some cases needed around two weeks of real time). If those huge 
meshes were used, the computer resources available would had been far from sufficient surely. 
Thereafter, this project has had this important limitation. In addition due to the limited number of 
Fluent licenses available it was only possible to run one simulation at the same time, and in 
occasions all the licenses were full so no simulation could be run. However, this is typical situation 
that every researcher or worker has to face every day. 
 

Despite all these facts, one has to bear in mind that the purpose of this work is not to know in 
extremely deep detail and preciseness the flow inside the tank, but to broaden the knowledge on it 
and learn which phenomenons occur, why and their possible implications as to the heating system.  
In this line, the work is supposed to be accurate enough and serve to solve some questions that 
were not possible to answer before. For this purpose there have been taken different approaches so 
that the problem can be looked into from different angles and levels of detail (e.g. construction of 
basic models, CFD analysis, etc.). Thanks to these approaches, one can in the future have some ideas 
as to what goes on in there, but can also roughly estimate in a quick way some variables of the 
problem. CFD based simulations should provide enough precise information about the cooling 
process, underlining the main problems that can occur during these periods and give insight of the 
flow and thermal patterns and characterizations. When it comes to the heating system, even though 
the CFD simulations can not totally represent the real process (high computational cost, time and 
other related facts), it must be accurate enough to distinguish between different topologies and help 
in the decision, optimization of the system, as well as entail to future work and spin-offs. 
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7. CONCLUSION 
 

7.1. INSULATION OF THE TANK 
 

It arguably can be said that the tank is well and fairly uniformly insulated in its entire envelope 
(heat transfer average coefficients of 0.38 W m-2K-1 for ceiling and 0.48 W m-2K-1 for walls and floor). 
However due to sidewall construction characteristics an important part of the total heat supplied is 
lost through thermal losses. This figure is according to the calculations of the order of %10. 
Therefore, future constructions may make possible to design more efficient constructions. In this 
case, there would be a potential of around 9-10% of heat supply reduction (not taking into account 
the possibility of better insulation) if thermal bridges were possible to be removed. 
 

Although the floor does not have any insulation construction material, soil itself has proved to 
provide fairly good insulation properties (relative to walls and ceiling). However, zones next to 
surrounding are weak in this sense: heat transfer coefficient becomes very high at the borders next 
to sidewalls. This fact eventually leads to rather local fluid zone in that periphery. This fluid volume is 
fairly small compared to the whole volume. However, one might want in the future to  get rid of this 
trouble. Applying some insulation only in this area of the floor (as a rule of a thumb around 30-50cm 
from sidewalls might be enough, but this could be calculated) should do it. Other possibility is to 
extend sidewalls insulation a bit into the soil in order to delete the heat transfer shortcut in those 
boundaries. 
 

On the other hand, according to the models better insulation would not hinder mixing 
properties of natural convective and buoyancy driven flow pattern. In fact, simulations when 
ambient temperature was higher showed this evidence. 
 

Finally when the tank is not fully filled, air phase above fuel oil plays the role of additional 
thermal resistance by means of regular free convection in this phase. 
 
 

7.2. FLOW AND TEMPERATURE PATTERNS 
 

Simulations have shown that the flow developed inside the tank for both situations 
(submitted to natural free convection and combined with inflows and outflows) is highly complex. 
Several recirculations and vortexes of complex geometry shapes are formed and destroyed. 
Thermoclines are formed and divide the flow in several zones and flow activity degrees. Rayleigh-
Bernard unstable vortexes next to the ceiling are also present, enhancing mixing properties of the 
flow. 
 

All in all, the flow is fully dominated by buoyancy forces as proved in both Case 0 and Case 1. 
This leads to thermal stratification with cold fluid at the bottom of the tank and hotter one above. 
Cold fluid descends along sidewalls of the tank, but it also does through other paths (see especially 
cooling process cases). Flow pattern of the fuel oil is not as simple as it is in the air phase where the 
fluid descends along the sidewalls and ascends through the tank center. Among other factors, high 
viscosities and its strong dependence on temperature are the main responsible of these 
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phenomenons. In short, high Pr and Gr numbers characterize the flow pattern. Their influence 
overcomes  low Re numbers at the inlet and outlet conditions when heating cases are studied. 
 
 

7.3. ON INLET/OUTLET(S) OPTIMIZATION 
 

Five different topologies have been simulated. Results of the models, however, say that no 
configuration is better over any other, i.e., all of them offer rather similar heating needs and 
temperature distributions. This is presumably due to the high influence of buoyancy forces over jet 
inertia in the flow pattern. However, some experimental evidence might be useful for this purpose in 
order to confirm or show disagreement with these results. Application of other turbulent models 
might also be useful. These are future work lines that could give a clearer image about these facts. 
 

On the other hand, cooling process simulations have shown that it takes 15 days to average 
temperature to drop around 5.7ºC from initial fluid conditions at 60ºC for fastest cooling rates (DOT 
and full tank). For Tamb=0ºC this figure is around 3.6 and 1.7 for Tamb=20ºC (full tank). In case of 2/3 
and 1/3 filling levels drop in temperature is 7.5 and 16.5 (in 15 days for DOT). However, Tmin for the 
first layer (thermal stratification) is reached within only one day after this process begins, and 
around a week for 0.5 m height area (full tank, similar for other filling levels). For these reason, 
according to the results of these models, placement of heating system as well as fuel oil extraction 
outlets are suggested to be placed at least at 1m high from the soil. In this way the system is safer so 
that the fuel oil does not cross Tmin threshold very soon in case of some break down in the system. 
 

Cooling simulations were carried out for Tci of 60ºC. Therefore depending of the storage 
temperature set, surrounding conditions and tank filling levels (for scenario A or temperature 
distribution in some point of scenario B) this threshold might be crossed sooner or later so these 
results should no be generalized. 
 
 

7.4. HEAT SUPPLY NEEDS 
 

The way it has been discussed throughout the work, a sensible approach is deemed to 
dimension the heating system capacities according to the maximum heat loss rate expected (DOT 
conditions and supposing whole fluid at the desired storage temperature) if scenario A is chosen. 
This gives a figure of around 70kW for minimum suggested temperature conditions (50ºC) and 
around 80kW for very safe conditions (60ºC). Due to soil heat transfer coefficient profile and 
according to results from simulations this figure would be lower1. With regards to volume flow rates, 
according to the models, higher volume flow rates do not give better results. In fact due to good 
homogeneity within the fluid it is hard and perhaps unnecessary to find better thermal conditions 
inside the tank. Thus, supposing constant volume flow rate is applied in this scenario, trying to 
minimize it would be most efficient measure as to energy consumption. First of all storage 
temperature should be decided, then, knowing maximum inflow temperature that the heating 
system can provide2 minimum volume flow rate would be calculated1 (5.26). Moreover, too high fuel 

                                                           
1 A rough number could be: 5% lower than maximum for the given storage temperature. Very fine mesh in 
combination with Case 1 models could give a more precise figure. 
2 Might be something around 60-65ºC due to district heating supply and return temperatures. 
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oil temperatures should be avoided because heat losses though the piping system is also present 
(there is also maximum recommended temperatures: see section 4.3). 
 

Scenario B has been concluded to be less advantageous than scenario A, especially as to 
temperature distribution during the cooling process and its possible consequences (see 5.4.2.3 and 
5.4.2.4). In addition, for the same average2 temperature odds in scenario B are higher to reach 
lower temperatures than Tmin. This is because lowest temperature of the cycle for scenario B would 
be closer to Tmin for the same Tavg as scenario A: in some eventual system failure, it could happen 
that temperatures in that moment to be close to Tmin in scenario B. From another point of view, it 
arguably can be said that for the same risk level in both scenarios, energy consumption in A is lower 
than in B. However, it has been discussed that these facts are relative, and depend on the 
temperature hysteresis window of scenario B (in the limit scenario B and A are the same). Anyhow, if 
scenario B is chosen, time that takes to reach the maximum temperature of the cycle might be the 
constraint that gives volume flow and maximum heat supply rate needs. The volume flow rate has to 
be higher than that necessary to maintain steady state conditions at the upper hysteresis 
temperature. 
 

                                                                                                                                                                                     
1 According to conclusion drawn from Case 1 simulations: fairly homegenous temperature pattern. 
2 Time-volume average for scenario B and volume for scenario A. 
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APPENDICES 
 

 

A. EO5 FUEL OIL SPECIFICATIONS AND SAFETY MEASURES. 
 

A.1. Oil specifications 
 

Source: Preem.se 

 

 

A.2. Safety measures 
 

Specific data about Eo5 safety data can be found (in Swedish) at (Access May 2009): 
http://www.hmsassist.com/master/content/frame.asp?init=D&site=preem&Wnrid=1&vnr=19300&l
ang=S 

 

http://www.hmsassist.com/master/content/frame.asp?init=D&site=preem&Wnrid=1&vnr=19300&lang=S
http://www.hmsassist.com/master/content/frame.asp?init=D&site=preem&Wnrid=1&vnr=19300&lang=S
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B. EO5 FUEL OIL PHYSICAL PROPERTIES 
 

B.1. Density and coefficient of thermal expansion 
 

First of all data provided from Preem AB is presented: 
 

Volym / (Faktor Måltemperatur / Faktor Utgångstemperatur) = ny beräknad volym 
1000 / (1,0000 / 0,9805) =   980,50 m3 olja.  Detta är volymen vid 15 grader 
1000 / (1,0116 / 0,9805) =   969,26 m3 olja.  Detta är volymen vid  0 grader 
1000 / (0,9648 / 0,9805) =  1016,27 m3 olja. Detta är volymen vid 60 grader 

 
Conversion factor 

Temp[ºC] \ Densitet [kg m-3] 925 930 935 
40 0,9813 0,9814 0,9816 
45 0,9776 0,9777 0,9779 
50 0,9738 0,9739 0,9742 
55 0,97 0,9702 0,9704 
60 0,9662 0,9664 0,9667 
65 0,9625 0,9627 0,963 
70 0,9587 0,9589 0,9592 
75 0,9549 0,9551 0,9555 
80 0,9511 0,9513 0,9518 
85 0,9473 0,9476 0,948 
90 0,9434 0,9438 0,9442 
95 0,9396 0,94 0,9405 

100 0,9358 0,9362 0,9367 
105 0,932 0,9324 0,9329 
110 0,9281 0,9285 0,9291 
115 0,9243 0,9247 0,9254 
120 0,9204 0,9209 0,9216 
125 0,9166 0,9171 0,9179 
130 0,9127 0,9133 0,9141 
135 0,9089 0,9095 0,9104 
140 0,905 0,9057 0,9066 

 
Table B-1. Conversion factors for densities. Data provided by Preem AB. 

 
This is to be worked out as follows:  
 ·   
Yielding: 
 

 Density [kg m-3] 
Temperature [ºC] \ Reference density [kg m-3] 925 930 935 
40 907,7025 912,702 917,796 
45 904,28 909,261 914,3365 
50 900,765 905,727 910,877 
55 897,25 902,286 907,324 
60 893,735 898,752 903,8645 
65 890,3125 895,311 900,405 
70 886,7975 891,777 896,852 
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75 883,2825 888,243 893,3925 
80 879,7675 884,709 889,933 
85 876,2525 881,268 886,38 
90 872,645 877,734 882,827 
95 869,13 874,2 879,3675 
100 865,615 870,666 875,8145 
105 862,1 867,132 872,2615 
110 858,4925 863,505 868,7085 
115 854,9775 859,971 865,249 
120 851,37 856,437 861,696 
125 847,855 852,903 858,2365 
130 844,2475 849,369 854,6835 
135 840,7325 845,835 851,224 
140 837,125 842,301 847,671 

 
Table B-2. Density values at different temperatures. 

 
Values from the table above are experimental typical values and are treated in this work as 

the good reference. They will be later named spec temperatures in this same appendix. 
 

However, from these densities, the middle column is selected (mean reference) to work in 
models and calculations. A coefficient of thermal expansion (β) is necessary for the Boussinesq 
approximation, and it is calculated taking 50ºC as reference temperature because temperatures in 
the tank will lie close to it (from above and below). 
 · 1 905.72 · 1 50  

 1 1 905.7250  

 
This expression for a constant coefficient of thermal expansion (with ref. temperature at 50ºC) 

is evaluated for temperatures from 40 to 60ºC, because temperatures in the tank will mainly be 
within this range. It yields: 
 

T [ºC] β [K-1]
40 0,0007701
45 0,000780368
55 0,000759832
60 0,0007701

 
Table B-3. Coefficients of thermal expansion. 

 
The average β for these temperatures is 0.00077 K-1. Thereby, this is the figure used for the 

entire work. 
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B.2. Density comparative with other sources 
 

Next a comparative is made from data obtained from other sources. Different sources aside 
from Preem AB (which was the data chosen for this work in the end), give different reference 
densities at different reference temperatures: 
 

Source 
F. Peterson, [21] Alvarez, [26] Preem 925 Preem 930 Preem 935

Ref. density [kg m-3] 976 940 925 930 935
Ref. temperature [ºC] 20 15 15 15 15

 
Table B-4. Reference densities and temperatures of the fuel oil from different sources. 

 
On the other hand in [21] F. Peterson gives β = 0.00067 K-1. No other coefficient of thermal 

expansion could be found from other two sources. But from the data provided by Preem AB it could 
be calculated (shown earlier in this Appendix) β = 0.00077 K-1. 
 

In the next graph eight density curves are depicted: the ones of F. Peterson and Alvarez where 
calculated according their reference density and temperature, following a linear expression with β = 
0.00067 K-1. For the Preem AB ones there are three curves (green ones) using linear expression and β 
= 0.00067 K-1 as well. Finally there last three are direct data (orange ones, see earlier in the appendix 
how it was worked out) provided by Preem for their three reference densities. 
 

 
 

Fig B-1. Comparative of densities with temperature from various sources and references. 

 
It is evident that there is a big difference between different sources. However, the main factor 

is the value of the reference density which is not a fixed value due to differences in raw crude oil, 
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refineries, etc. Even specifications of Preem AB give a maximum density value of 965 kg m-3, but the 
typical values are within 925-935. There is also a slight difference between the linear expression for 
Preem densities (green lines) and that of direct data from this source (orange lines). First, it can be 
concluded that the relation is not linear. Also, if a constant β of the direct data (0.00077 K-1) is used 
instead of that provided by F. Peterson, the non-linearity is shaded for the temperature range of 40 
to 80ºC  (see Fig. 5-16). 
 

To conclude, data from Preem AB is considered the most reliable in this case fro various 
reasons: it is their fuel oil that is kept inside the tank, the data is more recent than other references 
and more accurate. Reference density of 930 kg m-3 will be used and β 0.00077 K-1 since it fits very 
precisely to the experimental curves in the working range of 40-60ºC (even until 80ºC). 
 
 

B.3. Viscosity 
 

In Fig B-4, the official kinematic viscosity dependence with temperature is shown for various 
fuel oils. Among them Eo5 is shown. 
 

Extracting points from this graph and using density data from the previous section in this 
appendix, dynamic viscosity can be calculated: 
 
T [ºC] T [ºK] Kinematic Viscosity [cSt] Density [kg m-3] Dynamic Viscosity [mPa s]
45 318,15 367 909,261 333,631
50 323,15 268 905,727 242,557
55 328,15 200 902,286 180,457
60 333,15 150 898,752 134,813
65 338,15 118 895,311 105,296
70 343,15 90 891,777 80,260
75 348,15 78 888,243 69,187
80 353,15 59 884,709 52,198
85 358,15 49 881,268 43,091
90 363,15 40 877,734 35,109

 
Table B-5. Kinematic and dynamic viscosities with temperature. 

 
In order to input the dynamic viscosity some type of fit curve is necessary. Three kind of fits 

were adjusted:  
 

a) Potential 
 

 
b) Polynomial 

 
 

c) Double logarithmic based on ASTM D341. 
 0.7  
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10 0.7 
 

Coefficient Value

μ p 2,5873677756E+49

x -1,8739639497E+01

μ0 1,2956833302E+06

μ 1 -1,4578260648E+04

μ 2 6,1575150510E+01

μ 3 -1,1569212144E-01

μ 4 8,1573543394E-05

A 9,2403124106E+00

B 3,5319244983E+00

 
Table B-6. Coefficient of different fits for dynamic viscosity. 

 

 
Fig B-2. Dynamic viscosity vs. temperature (in ºK) and different fits. 

 

 
Fig B-3. Errors of dynamic viscosity fit curves. 

 
All the fits are very precise, but the four degree polynomial is the best fit according to the 

quadratic error calculated: 
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Fig B-4. Viscosity vs. temperature diagram. Source: preem.se 
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C. CALCULUS OF THERMAL RESISTANCES, U VALUES AND 
GENERAL HEAT FLUXES 

 

Basic nomenclature1: 

 

Thermal resistances 

Inner metal shell Rmetal shell 

Insulation Rinsul 

Surface internal convection-radiation ceiling Rint h ceil 

Surface internal convection-radiation roof Rint h roof 

Roof Rroof 

Ambient surface convection-radiation Rext h amb 

Ventilation resistance Rvent 

Sidewall virtual material Rvirtual 

Still air between insulation and TRP shell Rstill air 

Outer TRP 20 metal shell RTRP 

Thermal bridge free branch resistance Rw thb free 

Thermal bridge branch resistance Rw thb 

Thermal equivalent resistance of air phase Rairphase 

 

Geometry

Roof height Hroof 

Height of thermal bridge free area Hthb free 

Height of thermal bridge area Hthb 

Internal roof area Aint roof 

External roof area Aext roof 

Thermal bridge free internal sidewall area Aw thb free 

Thermal bridge area (Z profile) Athb 

TRP 20 air gap, concave length eTRP20air gap 

Equivalent air gap thickness eeq air 

Volume of the roof interior area Vroof 

External mean diameter Dext 

Thermal bridge slab length Lthb slab 

Filling level height hf

 

Thermal properties 

Insulation thermal conductivity λinsul 

Metal shell thermal conductivity λmetal shell 

                                                           
1  Note that other more generic nomenclatures are in the general nomenclature of the work. 



 
APPENDICES: C. CALCULUS OF THERMAL RESISTANCES, U VALUES AND GENERAL HEAT FLUXES 

148 

Virtual sidewall material conductivity λvirtual 

Contact resistance equivalent conductivity λcontact 

Internal surface resistance / heat transfer coefficient rint  = 1/hint 

External surface resistance / heat transfer coefficient rext = 1/hext 

Surface heat coefficient fuel oil-ceiling hfc

Temperature far enough from the ceiling Tfi

 

Thermal fluxes 

Heat rate per slab (thermal bridge branch) Qthb slab 

Heat rate through thermal bridge (thermal bridge branch) Qthb 

Heat rate through insulation (thermal bridge branch) Qthb insul 
Heat rate through the air phase Qairphase 

Vertical heat transfer through the sidewalls Qw,vertical 
 

Table C-1. Basic nomenclature for the calculation of thermal resistances, U values and heat fluxes. 

 

 

C.1. Ceiling-roof 
 

 ,   0.011 53  415.475 4.99 10   

 

Similarly, 

,   

 

   0.13   415.475 3.12 10   

Similarly, 

     

 2 2 418.995  

 

  ,    0.04   427.998 9.346 10    

  2 2 427.998  

2 2 20  2 2 23.2476  20  0.019  
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For the external diameter, it is taken the mean value of the radius length between the two folded 
sheets of the TRP20 (this is done to simplify in the entire work). 

Rroof is taken from reference [4] exercise as a common applications value, where the value (rroof) per 
unit of area is 0.15 m2 K-1W-1.    

 3600    3600   1 · 207.738 · 1005  · 1.177  1.465 10    

 

 3 207.73  

 

 , ,   11    , 1  

 1 0.377   

 

The order of the surface heat coefficient between the fuel oil fluid and the ceiling is worked 
out as follows: 

 

 

This coefficient will vary depending on the radial coordinate, time and conditions, but there is 
only interest in knowing the order of magnitude. For this case, data from case 0 (-20ºC, full tank) is 
extracted for t = 3h. Tfi is 60 ºC and other values are (note that for Tc the average value is used): 

 
        Total Heat Transfer Rate                  (w) 

-------------------------------- -------------------- 

                         ceiling           -12409.681 

           Area-Weighted Average 

              Static Temperature                  (k) 

-------------------------------- -------------------- 

                         ceiling            331.75183 

 

Which gives: hfc = 21.36 W m-2K-1. 
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C.2. Floor 
 

C.2.1. Tabulated data 
 

 
 Table C-2. Thermal resistance for soil. Source: [25] 

 

According to this data and taking into account that soil is to be expected as mainly clay, 
resistances of 1, 3.4 and 4.4 m2ºC W-1 are to be applied to the zones (1, 1-6, > 6m from the interior 
wall). Given that the radial coordinate of the sidewalls from the center are 11.5 m the next zones are 
set:  

 
 

 

 

 

Zone 1 2 3 
Length from center [m] 11,500 10,500 5,500 
Resistance [m2KW-1] 1,000 3,400 4,400 
U [W m-2K-1] 1,000 0,294 0,227 
A [m2] 69,115 251,327 95,033 
Resistance [K W-1] 0,014 0,014 0,046 
UA [W K-1] 69,115 73,920 21,598 

 
Table C-3. Calculation of soil thermal resistances according to [25]. 

123

Fig C-1. Zones of soil with different 
thermal resistance according to [25] 
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 ∑ 0.396    
 

 

C.2.2. Expression from Carl-Eric 
 · ,  · · 1.4   · 0.3 1.7   0.247  

 

Values of L (= B, square basement) are calculated assuming that the area of the tank floor 
would hold constant, i.e.: 

4 20.38  

Once D, L and B are got hs(1,0.012) is found in figure 3.26 of [4]. The curve found in the figure has an 
asymptote when x → 0. That is why finding hs was not trivial, and two values of 6 and 8 were taken. 
Anyway this might not be very accurate so the result is not rather reliable. 

   

Therefore, combining the last expression with that of Carl-Eric expression, it is obtained: 

 · ,
 

This yields 0.41 and 0.55 W m-2K-1 for values 4 and 6 of hs respectively. 

 

C.2.3. FEA calculation 
 

In Fig C-2 a detail of the geometry modeled for the calculation of Uf value is shown. There can 
be seen part of the wall modeled, the concrete layer beneath the floor surface and the soil is the 
rest. This is a 2D axisymmetric model.  

 

Fig C-2. Geometry and mesh used in the model created to calculate thel heat transfer coefficient of the soil. 
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The next figure shows a detail next to the tank’s sidewall of the unstructured mesh used 
(composed by a total of 137320 elements). 

 

The floor edge has a total number 
of 506 divisions with a successive ratio 
grade of 1.006 as one approaches the 
sidewalls (due to higher temperature 
gradient in this area). This mesh was 
later adapted using mesh adaption 
functions offered in Fluent. Graduation 
was also applied for other edges of the 
model (see Fig C-3). 

 

The model in fluent was 
completed assigning thermal 
conductivity values fort the three 
materials present in the model 
(concrete, soil and sidewall virtual 
material).  

 

For the sidewall, first of all, a 
corrected conductivity was calculated. 
This is to say that a virtual material with 
a new calculated thermal conductivity 
would have the same thermal resistance 
as that of the wall (calculated later in 
this same appendix): 

 

 
In this way the model is simplified. Using the expression for cylindrical resistances for the 

virtual sidewall and using resistances per unit of height: 

   · 2 ·  

Rearranging: 1
 · · 2 0.06   

 

This figure is 33% higher than the thermal conductivity of the rock wool and 128% higher than 
that of the air. 

 

Rvirtual Rext h amb Rw 

 Fig C-3. Detail of mesh used for floor U value calculation.
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When it comes to the boundary conditions, 60ºC was set for the temperature of the floor and 
interior sidewall surfaces. Exterior sidewall and surface overlooking the surroundings heat transfer 
was set by means of convection (using hext = 25 W m-2K-1 as in the whole work and Tamb = -20ºC). Axis 
boundary condition (axisymmetric condition in Fluent) was established for the left part edges (x axis 
in figures) and adiabatic conditions for the rest. Solution (steady state) converged after around 700 
iterations (near 10 minutes) reaching energy scaled residual of around 10-8. 

 

   

 

 

C.3. Sidewalls 
 

C.3.1. Thermal bridge free branch 
 

 , 22 ·  ·  
23 2 · 0.011 23 2  · 53   · 17.55 1.63 10   

 

where,   18 0.45 17.55  · 0.03 · 15 0.45  18 1.2 15 

 

Similarly, 

, 2 222 · ·   

 
2 2  2 22 · ·   

where, 

 21 1 20  
215 15 19 8.28  

 

This is a result from the next equivalence chain (Note that in the first one is not an equivalence but a 
simplification). 

 

ering 

eTRP 20 air gapeTRP 20 air gap 

ering eeq air 

x 

½ x 
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This is: 112 · 20  · 12 ·
 · 12 12  

 

where, ering = 5 mm and eTRPair gap = 19 mm. 

 2 2 20  2 ·  ·    

 

  ,    · 2 2 20  ·    

     , ,    , 2.02 10    

  1   ·   1  · ·  0.39   

 

 

C.3.2. Thermal bridge branch 
 

First, equivalent thermal conductivity values for contact thermal resistances was found. For 
this purpose, heat transfer coefficients between different surfaces were obtained by means of 
CoCoE [15]. Two types of contacts are present in this construction: steel-to-steel and iron-to-steel. 
Worst conditions were input when working with CoCoE application, i.e. highest roughness and 
lowest contact pressure available. These are the figures found: 

 

c-steel - c steel iron-aluminum c-steel iron 
hcontact [Btu h-1 ft-2 ºF-1] 2,9830E+02 4,8381E+02 3,9106E+02
Rcontact [W m-2 K-1] 5,9041E-04 3,6402E-04 4,5037E-04
λcontact for 50 μm [W K-1 m-1] 8,4687E-02 1,1102E-01

  
Table C-4. Contact resistances. 

 

where c-steel stands for a common carbon steel alloy, and, 

 

 5 10    

 

The conversion factor to change units from [Btu h-1 ft-2 ºF-1] to [W m2 K W-1] is 5.678 [2], i.e. 1 Btu h-1 
ft-2 ºF-1 = 5.678 W m2 K W-1. 

 

In the database of the CoCoE there was not such c-steel to iron contact heat transfer 
coefficient entry, but there were for c-steel to c-steel and iron to aluminum. Since the conductivity 



 
APPENDIC

of aluminum is considerably h
coefficient value was calculated
coefficient of c-steel to iron was
iron to aluminum). 

 

The way it is discussed pr
the allowable limits regarding to

 

 Fig C-4. Rou

 

Fig C-5 shows the basic unit of s
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Fig C-5. Unit or slab of sidewalls and thermal bridge: Z profile between inner and outer metal shells and iron ring. In 
blue inner and outer metal sheets. Insulation in grey. Iron ring in pink. Z profile in orange. Welding in yellow. Contact 
resistances in green. Air is transparent. 

 

As described in the work, the Z profile (orange) is welded along its perimeter to the iron ring (pink) 
and the inner metal shell (yellow parts). Contact thermal resistances are also modeled (green parts). 
The 2D model used and its mesh (403332 elements) is shown below. 

 
Fig C-6. Detail of thermal bridge (Z profile) (left), and detail of welding and contact resistance (green). 

 

 
Fig C-7.Mesh used to calculate U value for the thermal bridge branch. 

 

Properties of materials described in 5.1.2 are applied in the model: steel for inner metal shell, 
Z profile, welded parts and TRP outer shell, iron for iron ring part, air for the air part and equivalent 
contact thermal conductivity for contact resistance layer.  The model is planar because curvature is 
very low due to high diameter of the tank, thus, the result should be almost identical. Uncertainty of 
other factors such as contact resistances, etc. could vary the result in higher proportions than this 
assumption. 

 

As to the boundary conditions, different inner temperatures were set in the inner edge of the 
inner metal shell (as shown in Table C-5). For the outer edges of the TRP convection conditions were 
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established: hext = 25 W m-2K-1 and Tamb = -20ºC. For the lateral edges symmetry condition was input. 
This fact needs to be explained in more detail: the section considered is not symmetric along φ 
direction (due to the wings of the z profile). Actually periodic boundary condition would be the 
correct boundary condition because the heat rate that leaves say the right hand boundary enters the 
left one. This mechanism is driven by slightly closer high conductive zone in one hand that other. For 
example heat flux near the left boundary sees high conductive Z profile wing closer to the left than 
to the right. This will force heat flux flow preferentially to the right side. However this heat rate will 
be so small (length difference to high conductive zones is not determinant enough) that symmetry 
conditions should give very similar results. What is more, COMSOL Multiphysics does not have the 
option to set such boundary conditions. 

 

Steady state solution is reached after one adaptive mesh refinement, 17 iterations, reaching 
error limit of 10-8 in about 37 seconds (3Ghz and 4GB equipped computer).  In the next table the 
results from those simulations can be seen: 

 

Interior T [ºK] 333,00 328,00 323,00 295,00 
Interior T [ºC] 60,00 55,00 50,00 22,00 
Heat rate per slab [W m-1] 1,6722E+02 1,5677E+02 1,4631E+02 8,7790E+01 
Exterior length [m] 6,0500E-01 6,0500E-01 6,0500E-01 6,0500E-01 

U value [W m-2K-1] 3,455 3,455 3,455 3,455 
  

Table C-5. Summary of results obtained after the Finite Element simulation of the thermal bridge heat losses. 

 

U value does not depend on the boundary temperature as thought. For the case of 60 ºC, heat 
through the thermal bridge was extracted (calculating heat flux from Z profile wing and weldings to 
iron ring, and from insulation to iron ring): 

% 
Heat through thermal bridge (branch 2) [W m-1] 146,20 87% 
Heat through insulation (branch 1) [W m-1] 21,02 13% 

 
Table C-6. Detail results obtained after the Finite Element simulation of the thermal bridge heat losses. 

 

Figures were worked out as follows: 

   600  5 605  

 

  Qthb slab ·  167.220  0.605 · 60 º 20 º  3.455   

 

    ·                      · %    
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   · %    

    

 

Combining the U values of thermal bridge free and thermal bridge branches was done by 
means of weighted U values. This is: 

     

 %      %       
 

 

In Fig C-8 heat flux through a middle section that cuts both insulation and Z profile’s soul is 
shown. Even though a 
logarithmic scale is used, it is 
evident the sharp peak for the 
flux across the thermal bridge 
(bear in mind that steel thermal 
conductivity is 3 order of 
magnitude higher than that of 
rock wool insulation). 

 

Fig C-8 also shows the 
local heat transfer coefficient (U 
value) along the length of the 
thermal bridge branch slab. It 
can be seen that local U values 
of 60 W m-2K-1 are reached next 
to the Z profile: 

 

Next Fig C-9 is the 
temperature profile in the outer 
TRP surface. Like for the 
temperature contours figures 
shown earlier in this work it is 
clear again how the heat flux 
goes from both sides of the TRP 
edge endings (remember that it 
is proportional to the 
temperature gradient). This is 

 Fig C-8. Heat flux through thermal birdge branch in a middle vertical plane 
(upper plot) and local heat transfer coefficient of the thermal bridge branch 
(bottom plot). 



 
APPENDICES: C. CALCULUS OF THERMAL RESISTANCES, U VALUES AND GENERAL HEAT FLUXES 

159 

because air is more resistant than the TRP material (steel). Therefore, the peaks in this graph 
somehow match the TRP endings (where flux comes from both sides). The figure of the heat flux to 
the ambient will have the same pattern since it is proportional to the outer surface temperature: 

    

 

 
 Fig C-9. Temperature profile along the outer layer of the TRP20 metal shell. 

 

 

C.3.3. Calculation of the vertical heat transfer 
 

Vertical heat transfer through metal shells is approximately calculated, assuming maximum 
vertical near-linear temperature distribution (due to presumed stratification) and same difference 
temperature difference in the inner and outer metal shells as: 

 

,      104 2 2 2 2 2 20 0.025  
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C.4. Calculations on the heat flux to the surroundings 
 

Here are the calculations for the maximum heat loss rates: 

 , 157.88  60º — 20º 12.63  

where, 

 

Similarly, ,     ,    ∑  ∑ ∑  

  %    ∑   

 

When it comes to outside temperatures: 

 

      

       

      

 

Dext as described before in this appendix is used for external sidewalls area (Aext w) calculation. 

 

On the other hand,     28 23.24   

 

 

C.5. Calculations on the air phase thermal resistance effect 
 

Thermal resistances and U values are calculated for steady state simulation cases of 1/3 and 
2/3 filling levels (section 5.4.2.4). Heat flux through the interphase is calculated, as well as average 
temperatures on ceiling (Tc,avg) and sidewalls in contact with air (Tw airphase,avg). 

 1 1
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  ·  

 

To calculate the thermal resistances interphase-sidewalls and interphase-ceiling: 

 , · ,   ,  ·  ,  ,,  

 , ,  

 

The results for the two simulated filling levels are: 

Filling level [m] On third Two thirds 
Height of air phase 6 12 
Q [W] 3.41116E+04 2.29948E+04 
Total R [K W-1] 2.34524E-03 3.47905E-03 
UAairphase [W K-1] 4.26395E+02 2.87435E+02 
Uairphase [W K-1m-2] 1.02628E+00 6.91821E-01 
UAc  [W K-1] 1.57881E+02 1.57881E+02 
UAw airphase [W K-1] 4.16198E+02 2.08099E+02 
UA air reduction [W K-1] 1.47684E+02 7.85451E+01 
UA  air reduction [%] 25.7% 21.5% 
UAavg [W K-1] 8.33923E+02 9.03061E+02 
Max heat loss rate [kW] 7.85285E+01 7.85285E+01 
Present heat loss rate [kW] 6.67138E+01 7.22449E+01 
Heat loss rate reduction [kW] 1.18147E+01 6.28361E+00 
Heat loss rate reduction [%] 17.7% 8.7% 

Tc,avg [ºC] 4.17823E+01 4.45832E+01 
T w airphase,avg [ºC] 3.85245E+01 4.14404E+01 
Q c,loss [W] 9.75423E+03 1.01964E+04 
Q w airphase,avg [W] 2.43578E+04 1.27857E+04 

Rinterphase-c [K W-1] 1.86768E-03 1.51198E-03 
Rinterphase-w [K W-1] 8.81669E-04 1.45159E-03 
Uinterphase-c [K W-1m-2] 1.28870E+00 1.59187E+00 
Uinterphase-c [K W-1m-2] 2.72991E+00 1.65810E+00 

 
Table C-7. Calculations about air phase thermal resistance effect for 1/3 and 2/3 filling levels. 
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In order to calculate the U value for any other filling level (used in basic models chapter), a linear 
expression is approximated, so that for h=H Uairphase=Uc and for h=1/3H Uairphase=Uc: 

 1 32 3 12 32 1 3  
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D. DRAWINGS 
 

D.1. Tank construction 
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D.2. Configurations of inlets and outlets 
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E. EXTENSION OF SIMPLE MODELS 
 

E.1. Development of expressions 
 

Expressions and mathematical model for perfect mixture and perfect stratification models are 
shown in this section. The ones for the solid rigid cooling are explained later in this same appendix 
together with the case solved with Matlab. 

 

E.1.1. Perfect mixture models 
 

Three different models used in this work that are based on the perfect mixture model are 
solved at the same time. The models are used for the cooling process, heating with constant power 
and heating with reheating feedback. 

 

Therefore the following expression supposes that heating with constant power (named Qi,c in 
this Appendix) is applied, as well as heating with inlets and outlets. The resulting solution of the 
differential equation is then particularized for each case. 

 

Applying a control volume to the whole tank volume and applying the first law of 
thermodynamic the differential equation that it is obtained is: 

 

,  

 

Rearranging, an ordinary differential equation of constant coefficient is obtained: 

 0 

with: ,  

 

 

 
The solution of the differential equation is divided into homogenous and particular solutions: 
 

 
 
The solution for the homogenous part of differential equation is: 
 

 
 
And for the particular part is, in this case a constant function: 
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After replacing the particular solution in the initial differential equation, it yields: 
 

 

 
Setting the initial conditions, it is got: 
 0  
 

 

Therefore, the final solution is: 
 

 

 
 , ,

 

 
 
And taking the inverse, it is got the time that takes to reach a determined temperature: 
 
 ,

, · · ·
 

 
In this way, the cases for the three studied models are: 
 
 Particularization of the general solution

Case 0. Cooling transient as perfect mixture , 0; 0 

Case 1. Heating transient (p.m.), constant supply heat rate 0 

Case 1. Heating transient (p.m.), reheated feedback flow , 0 
 

Table E-1. Particularization of the general equation in perfect mixture models. 

 
For the reheated feedback flow, as the supply heat rate varies with time, the average supplied heat 
rate (function of the volume flow rate) is calculated as: 
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,  

 
 
E.1.2. Perfect stratification model 
 

Analyzing using the first law of thermodynamic the control volume shown in Fig E-1, next 
differential equation is obtained: 
   

 
 

 
 
 
 
Developing, it is obtained: 
   

 
   

 
 1

 

 
 

This is the partial differential equation that is solved. Boundary and initial conditions are: 
 , 0  0,  
 

T(h) dh T(h) 

V 

V 
h + dh dQloss2  dQloss2 Q h  

Q  

Fig E-1. Control volume of unidimensional perfect stratification model. 
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In fact, the initial condition gave problems (derivative very sharp in combination with the boundary 
condition), so a smoother function was used instead: 
 , 0 1  

 

 

E.2. Additional figures 
 

 
 
Fig E-2. Comparison of average heat supply rate between scenario A and B according to perfect mixture (reheated 
feedback flow) model for the same time average temperature. Tamb = -20ºC. Full tank. 

 
 

 
 
Fig E-3. Temperature evolution with time during the heating (case 2) according perfect stratification model for different 

heights of the tank. V=70 m3h-1. Adiabatic no conduction case (left). Adiabatic conductive case (right). Tamb = -20ºC. 
Full tank. 

 

 
Fig E-4. Temperature evolution with time during the heating (case 2) according perfect stratification model for different 

heights of the tank. V=70 m3h-1. Conduction and heat losses considered. Tamb = -20ºC. Full tank. 
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E.3. Solid rigid cooling case model. Solution with Matlab 
 

In this appendix the cooling of the tank as solid rigid is solved using Matlab package. It is 
useful in cases where more expensive software like Fluent or other Finite Element Analysis package 
is not available. Apart of that, the mathematical model is shown here (and not before in this 
appendix) since it is necessary to use the functions provided by Matlab to solve the partial 
differential equations. 

 

 

E.3.1. Mathematical model 
 
Infinite cylinder 
 

Finite cylinder equations are slightly trickier to solve numerically so the first approximation 
carried out was to suppose the cooling of an infinite solid cylinder with Eo5 fuel oil properties and 
tank’s diameter. 
 

Assumptions of constant conductivity, heat capacity and density are done to simplify the 
model. The differential equation of the energy for a solid with no internal heat generation is, thus: 
 1 1

 

 
Wall, roof and floor are considered as pure thermal resistances since their product of the 

inverse of thermal diffusivity and volume is much lower than that of the fluid, so the inertia of the 
boundaries are much lighter than the fluid itself, meaning that their time constant is much lower 
compared with that of the fuel oil. Therefore U values calculated in section 5.1.3.4 are used for the 
boundary conditions. Properties of the fluid at 55ºC are used since temperature range between 50 
ºC and 60 ºC is of interest. Ambient temperature of -20 ºC is used. Pdepe matlab function is used to 
solve this partial differential equation. Initial and boundary equations are: 
 0 60 º  | . ,  | 0 

 
Finite cylinder 
 

Having the reference of infinite tank cooling, next the cooling of a finite cylinder (tank of this 
work) is considered which takes into account the effect of floor and roof too. This time z coordinate 
has to be taken into consideration, so the energy differential equation used is: 
 1 1

 

 
As for infinite cylinder, properties for 55 ºC and Tamb = -20 ºC. Initial and boundary conditions are: 
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 0 60 º  | . , ,  | , 0,  | , ,  | 0 

 
In this case pdepe function is not enough so pdetool function should be used instead. This toolbox 
only solves parabolic differential partial equations in two dimensions like: 
 · u au  

 
If this is compared with the equation that needs to be solved, it has to be rearranged to get a similar 
equation: 
 

 · T 0 

 
 
Similarly boundary conditions are rearranged: 
 | . , ,  | , 0,  | , ,  | 0 

 
In pdetoolbox r will be replaced by y z will be x (it deals with x and y). Other parameters1 are: 
 

• c = k⋅y 
• d = 1 
• a = 0 
• f = 0 

 

 

 

 
                                                           
1 Look up pdetool help in matlab help for more information. 
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E.3.2. Infinite cylinder cooling 
 

Below cooling temperature variation with time for different radios can be seen as well as that 
of the average temperature. 

 
 Fig E-5. Evolution of average temperature during the cooling process for infinite solid model (matlab). Tamb=-20ºC. Full 
tank. 

 

 
Fig E-6. Evolution of radial temperatures during the cooling process for infinite solid model (matlab). Tamb=-20ºC. Full 
tank. 

 

 
 
E.3.3. Finite cylinder cooling 
 

Below temperature with time is showed for different radios at a middle height of the tank. 
Also the temperature over the time for various radius and the average temperature of the tank. 
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Fig E-7. Evolution of average temperature at the middle height of the tank during the cooling process for finite solid 
model (matlab). Tamb=-20ºC. Full tank. 

 
Fig E-8. Evolution of radial temperatures at the middle height of the tank during the cooling process for finite solid 
model (matlab). Tamb=-20ºC. Full tank. 

 

 
Fig E-9. Evolution of average temperatures during the cooling process for finite model (matlab). Tamb=-20ºC. Full tank 
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It can be seen that the solution for the middle height of the tank is almost identical to the one 
of infinite cylinder which somehow verifies that the solution may be correct. Slight variations are 
deemed to a poor mesh used for this case: 6700 elements and boundary layer not very well meshed, 
triangular type as no other is offered in the module used in Matlab). Also the home made code used 
to interpolate values to each radio is not very sophisticated. 
 

Comparing the average temperature with the result from Fluent, in general the curve is 
similar. However, due to poorer mesh and higher time step size (1h in matlab vs. 60 seconds in 
Fluent), the average temperature is slightly higher in this case. The same happens to the 
temperature profile of the plotted radius. In general lines the result is comparable, though, and 
temperature contour pictures shown below are rather similar. Anyway the solution of Fluent is 
estimated as the accurate one for the reasons mentioned. 

  

 
Fig E-10. Temperature contours during the cooling process for finite model (matlab). t=15 day. Tamb=-20ºC. Full tank 

 

 
Fig E-11. Temperature contours during the cooling process for finite model (matlab). t=50 day. Tamb=-20ºC. Full tank.
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F.1. Residuals 
 

 

 

 
Fig F-2. Residuals of coarser (top), medium size (center) and finer (bottom) meshes used for the comparison. 

 
 

The picture of residuals is very similar, x and y type ones go decreasing with time so for final 
simulations 10-4 was selected as a reasonably accurate criteria. Energy residuals remain low and 
constant so 7.5 10-8 was selected in this case. For continuity 10-3 was set because the coarser mesh 
was selected (for instance, if finest mesh was selected it should have been higher). However, those 
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residuals remain constant and x and y residuals are the ones that reach convergence criteria last (so 
continuity and perhaps even energy criteria could have been removed with the same result). 

 
 

F.2. Thermal boundary layer 
 

 
 

Fig F-3. Comparison of thermal  boundary layers. 

 
It is seen how the thermal boundary layer is identical for the three cases. 
 
 

F.3. Velocity vector plots at the top corner 
 
F.3.1. Coarser mesh 
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F.3.2. Medium size mesh 

 
 

F.3.3. Finest mesh 

 
 

 

F.4. Parameters comparison 
 

Coarser grid Medium size grid Finest grid 
Tavg [ºK] 333,14859 333,14859 333,14859Qloss [W] -81835,991 -81836,659 -81836,085
Maximum velocity [m s-1] 0,000439012 0,000437511 0,000441607
 

Table F-1. Parameters at t=200s for the mesh comparison analysis. 
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Fig F-4. Average temperature (top-left), heat loss rate (top-right) and maximum velocity (bottom) comparatives for the 
mesh comparison analysis. 

 
Note that for this calculations U values used for boundaries were not the definitive ones 

calculated in this project. U value of 0.394 W m-2K-1 was used for the floor and ceiling and 0.55 for 
the sidewalls. Viscosity, conductivity and specific heat were considered constant. However, this 
should not vary the picture fundamentally because the values are very close to those used for the 
definitive models. 
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to the length of each time step). Taking into account that it took around 10 days to simulate the 
process with the coarser mesh, otherwise it would have been too expensive and larger work task to 
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G. MESHES 
 

G.1. Cooling process 
 

 

Fig G-1. Mesh of the full tank model. F
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G.2. Steady heating process (case 1) meshing process 
 

In the process of creating the 3D mesh (after the geometry was drawn), due to the non 
structured shape of tank, inlets and outlets unstructured grid elements were used. It was also tried 
to mesh structurally some parts and then connect them with inlets and outlets via unstructured 
mesh but it did not work out and either errors from Gambit were got or the quality of mesh was 
poor.  

 

First the faces were meshed. In order to obtain a good grading and to economize the number of 
elements used, size functions were used [28]. This way more elements were placed near inlet and 
outlets where more activity is expected as well as next to the walls where heat is transferred. 
Moreover symmetries were utilized to maximize the number of elements. No single case volume 
was meshed totally; symmetries of one half, one quarter and one eighth were used. Each case 
required different tweaks to complete the mesh, but the procedure can be resumed in these steps: 

 

1. Inlet and outlet face meshing. Triangular elements with interval size of 0.01 m. 
2. Create a size function from meshed inlets to inlet’s body faces (walls): SF1 

a. Grow rate around 1.2. 
b. Size limit around 0.04 m. 

3. Mesh inlet’s body faces with triangular elements (SF1 is utilized). 
4. Create a size function from meshed inlet’s body faces and outlet’s meshed faces to 

sidewalls’ faces: SF2 
a. Grow rate around 1.12. 
b. Size limit around 0.25 m. 

5. Mesh sidewalls’ faces with triangular elements (SF2 is utilized). 
6. Mesh ceiling and floor. Triangular elements with interval size of around 0.25 m. 
7. Create a size function from meshed surfaces (inlet’s body faces, outlet’s faces, floor face, 

ceiling face and sidewalls’) to symmetry face: SF3 
a. Grow rate around 1.2. 
b. Size limit around 1.35 m. 

8. Mesh symmetry face with triangular elements (SF3 is utilized). 
9. Create a size function from all meshed surfaces (inlet’s body faces, outlet’s faces, floor face, 

ceiling face, sidewalls’ and symmetry face) to the tank volume: SF4 
a. Grow rate around 1.2. 
b. Size limit around 1.35 m. 

10. Mesh the tank volume with Tet/Hybrid and Hex core elements (SF4 is utilized). 
11. Mesh outlet volume with Hex Cooper elements. Interval size of 0.1 m. 

After the mesh was created (around 200 000-300 000 elements), boundary types and materials 
are assigned to faces and volumes respectively. Gird quality was checked afterwards. The results of 
the meshes are shown in the next figures: 
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G.3. Steady heating process (case 1) meshes 
 

 

 

 

 
Fig G-3. A configuration mesh. Top view (top-left), isometric view (top-right), outlet detail (bottom-left) and inlet detail 
(bottom right). 
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Fig G-4. B configuration mesh (left) and core mesh detail (right). 

 

 
 

 
Fig G-5. C1 (left) and C2 (right) configuration meshes. 
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Fig G-6. Detail of C1 and C2 inlet mesh. 

 

 

 
Fig G-7. D configuration mesh (top), inlet detail (bottom-left) and inlet-outlet view detail (right).
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H. PARAMETERS OF FLUENT MODELS 
 

Here the main parameters used to solve the CFD cases with Fluent 6.3.26 can be found. 
 

H.1. Case 0. Unsteady cooling process cases 
 
These settings were applied for the case of full tank as well as for 2/3 and 1/3 filling levels. 
 
H.1.1. Models 
 

Model Settings 
Space Axisymmetric 
Time Unsteady, 1st-Order Implicit 
Viscous Standard k-epsilon turbulence model 
Wall Treatment Enhanced Wall Treatment 
Heat Transfer Enabled 
Cμ 0.09 
C1ε 1.44 
C2ε 1.92 
σk 1 
σε 1.3 
Energy Pr number 0.85 
Wall Pr number 0.85 

 

Operating conditions: Gravity 
Gravitational acceleration Boussinesq parameters 

Enabled yes Operating temperature (ºK) 323.15 

X (m s-2) -9,81   

Y (m s-2) 0   
 
 
H.1.2. Solver controls 
 

Equations  Numerics

Equation Solved  Numeric Enabled   

 Flow yes  Solver Pressure based 

Turbulence yes  Formulation Implicit 

Energy yes  Gradient option Green-Gauss cell based 

   Absolute Velocity Formulation yes 
 

Relaxation 
Variable Relaxation Factor
Pressure 0.3
Density 1



 
APPENDICES: H. PARAMETERS OF FLUENT MODELS  

190 

Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Turbulent Viscosity 1
Energy 1

 

Linear Solver 

Variable 
Solver Type

Termination
Criterion 

Residual Reduction 
Tolerance 

Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7 
Y-Momentum Flexible 0.1 0.7 
Turbulent Kinetic Energy Flexible 0.1 0.7 
Turbulent Dissipation Rate Flexible 0.1 0.7 
Energy Flexible 0.1 0.7 

 
 

Pressure-Velocity Coupling Discretization Scheme 

Parameter Value Parameter Value 
Type PISO Pressure Body Force Weighted
Skewness-Neighbour Coupling yes Momentum Power Law 
Skewness Correction 1 Turbulent Kinetic Energy First Order Upwind 
Neighbour Correction 1 Turbulent Dissipation Rate First Order Upwind 
 Energy Power Law 

 
 

Solution Limits 
Unsteady Calculation Parameters Quantity Limit 
Time Step (s) 2 Minimum Absolute Pressure 1 
Max. Iterations Per Time Step 350 Maximum Absolute Pressure 5.00E+10 
 Minimum Temperature 1 
 Maximum Temperature 5000 
 Minimum Turb. Kinetic Energy 1.00E-14 
 Minimum Turb. Dissipation Rate 1.00E-20 
 Maximum Turb. Viscosity Ratio 100000 
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H.2. Case 1. Steady state heating cases 
 
H.2.1. Models 

 
Model Settings 

Space 3D 
Time Steady 
Viscous Realizable k-epsilon turbulence model 
Wall Treatment Enhanced Wall Treatment 
Heat Transfer Enabled 
C2ε 1.9 
TKE Pr number 1 
TDR Pr number 1.2 
Thermal effects Enabled 

 

Operating conditions: Gravity 
Gravitational acceleration Boussinesq parameters 

Enabled yes Operating temperature (ºK) 323.15 

X (m s-2) 0   

Y (m s-2) 0   

Z (m s-2) -9,81   
 
 
H.2.2. Solver controls 
 

Equations  Numerics

Equation Solved  Numeric Enabled   

 Flow yes  Solver Pressure based 

Turbulence yes  Formulation Implicit 

Energy yes  Gradient option Green-Gauss node based 

   Absolute Velocity Formulation yes 
 

Relaxation 
Variable Relaxation Factor
Pressure 0.01-0.05
Density 0.8-1
Body Forces 0.5-0.9
Momentum 0.05-0.15
Turbulent Kinetic Energy 0.1-0.5
Turbulent Dissipation Rate 0.1-0.5
Turbulent Viscosity 0.9-1
Energy 0.35-0.6
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Linear Solver 

Variable 
Solver Type

Termination
Criterion 

Residual Reduction 
Tolerance 

Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7 
Y-Momentum Flexible 0.1 0.7 
Turbulent Kinetic Energy Flexible 0.1 0.7 
Turbulent Dissipation Rate Flexible 0.1 0.7 
Energy Flexible 0.1 0.7 

 
 

Pressure-Velocity Coupling Discretization Scheme

Parameter Value Parameter Value 
Type SIMPLE Pressure PRESTO! 

Momentum First Order Upwind 
Turbulent Kinetic Energy First Order Upwind 
Turbulent Dissipation Rate First Order Upwind 

 Energy First Order Upwind 
 
 

Solution Limits 
Quantity Limit 

Minimum Absolute Pressure 1
Maximum Absolute Pressure 5.00E+10
Minimum Temperature 1
Maximum Temperature 5000
Minimum Turb. Kinetic Energy 1.00E-14
Minimum Turb. Dissipation Rate 1.00E-20
Maximum Turb. Viscosity Ratio 100000

 
Initial conditions for no gravity cases were T = 325 ºK, gauge pressure = 0, velocity and 

turbulence variables computed from inlet. Initial conditions for cases with gravity (from low to real 
values) were taken from solution of inferior cases (lower or no gravity). 
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I. CODES 
 

I.1. Mathematica code: perfect mixture and perfect stratification 
models 

 
I.1.1. Cooling and constant heat supply heating files (perfect mixture) 
 

This file contains calculations of the tank cooling and heating. 
 
Di:=23 (*Internal diameter. (m)*) 
H :=18 (*Height. (m)*) 
Perim:= Pi*Di (*Internal perimeter. (m)*) 
Barea := Pi*Di^2/4 (*Base area = Ceiling area. (m2)*) 
Bodarea :=Perim*H (*Body or wall area. (m2)*) 
Uwall:=0.48 (*U value for walls, based on internal body area. (kW/m2.K)*) 
Uceiling:=0.38 (*Ceiliing U value. (kW/m2.K)*) 
U13 := 1.0263 (*Value for tank 1/3 level. (kW/m2.K)*) 
Ufloor:=0.48 (*Floor U value. (kW/m2.K)*) 
T0 := 60 (*Temperature at t=0 in cooling. (ºC)*) 
Tf := 50 (*Final temperature in cooling. (ºC)*) 
Tfh :=T0*0.95 (*Final temperature in cooling. (ºC)*) 
 
kf:=981.6/1000 (*Total UA value: kf*DeltaTemperature = Heat loss rate. (kW/m2)*) 
V:=Barea*H (*Volume. (m3)*) 
RoCp:=1602.45  (*Density times heat capacity. To be changed slightly with chosen 
values. From excel basic cals.xls file. (kJ/m3.K)*) 
a:=V*RoCp (*Mass times heat capacity. (kJ/K)*) 
  
kH(h) gives the UA related to a tank filling up to the level h 
VH(h) is the volume of fluid for the level h 
Ufreesrf[h_]:= (Uceiling-U13)/(2/3*H)*h-Uceiling/2+3/2*U13 
kH[h_]:= (Uwall*Bodarea/H*h+Ufreesrf[h]*Barea+Ufloor*Barea)/1000 
VH[h_]:= Barea*h*RoCp 
Needs["PlotLegends`"] 
Plot[VH[h]/kH[h],{h,0,H},AxesLabel->{"Tank height (m)","τ: VρCp/UAavg (1/s)"}] 
Tch[Tamb_,t_,h_]:= Exp[-kH[h]/(V*h/H)/RoCp*(t*3600*24)]*(T0-Tamb)+Tamb 
Plot[{Tch[20,t,H],Tch[0,t,H],Tch[-20,t,H],Tch[-20,t,H*2/3],Tch[-
20,t,1/3*H]},{t,0,50},AxesLabel->{"t (days)","Temperature (ºC)"},PlotStyle-
>{Red,Green,Blue,Directive[Blue,Dashed],Directive[Blue,Dashed]},PlotLegend->{"Tamb= 
20ºC", "Tamb= 0ºC","Tamb= -20ºC","2/3 Filling level","1/3 Filling level"}] 
 
tcool[Tamb_,h_]:=-Log[(Tf-Tamb)/(T0-Tamb)]*a*h/H/kf/3600/24 (*in hours*) 
tcool[-20,H] 
Plot[{tcool[Tamb,H],tcool[Tamb,2/3*H],tcool[Tamb,1/3*H]},{Tamb,-20,20},AxesLabel-
>{"Ambient T","Cooling time (days)"},AxesOrigin->{0,17},PlotStyle-
>{Blue,Red,Green},PlotLegend->{"Full tank","2/3 Filling level","1/3 Filling level"}] 
 
th[Tamb_,Ps_]:=-Log[(Tfh-Tamb-Ps/kf)/(Tf-Tamb-Ps/kf)]*a/kf/3600/24 
(*in days and Ps in kW*) 
Plot[{th[-20,Ps],th[0,Ps],th[20,Ps]},{Ps,50,700},AxesLabel->{"Heating power 
[kW]","Heating time (days)"},AxesOrigin->{0,0}] (*in days*) 
 
Th[Tamb_,Ps_,t_]:=(Tf-Tamb-Ps/kf)*Exp[-kf/a*t*3600*24]+Ps/kf+Tamb     (*in days*) 
tcoolforheat[Tamb_]:=-Log[(Tf-Tamb)/(Tfh-Tamb)]*a/kf/3600/24 
Tcforheat[Tamb_,t_]:= Exp[-kf/V/RoCp*(t*3600*24)]*(Tfh-Tamb)+Tamb 
a3:=Plot[Th[-20,200,t],{t,0,th[-20,200]},PlotStyle->{Red}] 
a4:=Plot[Tcforheat[-20,t-th[-20,200]],{t,th[-20,200],th[-20,200]+tcoolforheat[-20]}] 
a5:=Plot[Th[-20,80,t],{t,0,th[-20,80]},PlotStyle->{Red}] 
a6:=Plot[Tcforheat[-20,t-th[-20,80]],{t,th[-20,80],th[-20,80]+tcoolforheat[-20]}] 
Show[a3,a4,a5,a6,PlotRange->{{0,th[-20,80]+tcool[-20]},Automatic},AxesLabel->{"time 
(hrs)","Temperature"}] 
 
Psavg[Tamb_,Ps_]:=Ps/(1+tcoolforheat[Tamb]/th[Tamb,Ps]) 
(*in kW*) 
Plot[{Psavg[-20,Ps]},{Ps,50,170},AxesOrigin->{Automatic,Automatic},AxesLabel->{"Power 
rate (kW)","Average power rate (kW)"}] 
 
Plot[{Psavg[-20,Ps]-kf*((Tfh+Tf)/2-(-20))},{Ps,70,170},AxesOrigin-
>{Automatic,Automatic},AxesLabel->{"Power rate (kW)","Average power rate (Scenario B) 
- Power rate (Scenario A) (kW)"}] 
 
kf*((Tfh + Tf)/2 - (-20)) 
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72.1476 
 
 
 

I.1.2. Heating with reheated feedback flow file (perfect mixture) 
 

 
The heating with constant incoming flow at a constant temperature of 60ºC and outgoing 
at the instant temperature of the fluid. 
 
Di:=23 (*Internal diamater. (m)*) 
dinlet := 0.15 (*Assumed inlet/outlet diamater. (m)*) 
H :=18 (*Height. (m)*) 
Perim:= Pi*Di (*Height. (m)*) 
Barea := Pi*Di^2/4  (*Base area = Ceiling area. (m2)*) 
Bodarea :=Perim*H (*Body or wall area. (m2)*) 
Uwall:=0.48 (*U value for walls, based on internal body area. (kW/m2.K)*) 
Uceiling:=0.38 (*Ceiliing U value. (kW/m2.K)*) 
Ufloor:=0.48 (*Floor U value. (kW/m2.K)*) 
 
kf:=981.6/1000 (*Total UA value: kf*DeltaTemperature = Heat loss rate. (kW/m2)*) 
V:=Barea*H (*Volume. (m3)*) 
RoCp:=1602.45  (*Density times heat capacity. To be changed slightly with chosen 
values. From excel basic cals.xls file. (kJ/m3.K)*) 
Tamb:=-20 (*Ambient temperature. (ºC)*) 
Ti:=60 (*Inflow temperature. (ºC)*) 
T0:=50 (*Lowest temperature. T at t = 0. (ºC)*) 
frac := 0.95 (*Objective highest temperature in % of Ti*) 
(*Vfx:=nf*V (*frequency nf=1/Tau*)*) 
 
b1[Vfx_]:= kf*Tamb+Vfx*RoCp*Ti 
b2[Vfx_]:=-(Vfx*RoCp+kf) 
b3:=-V*RoCp 
 
Th[Vfx_,t_]:=(T0+b1[Vfx]/b2[Vfx])*Exp[-b2[Vfx]/b3*t*3600]-b1[Vfx]/b2[Vfx] (*In hrs*) 
th[Vfx_,T_]:=-Log[(T+b1[Vfx]/b2[Vfx])/(T0+b1[Vfx]/b2[Vfx])]*b3/b2[Vfx]/3600 
 
b1WithTamp[Vfx_,Tamb_]:= kf*Tamb+Vfx*RoCp*Ti 
thWithTamp[Vfx_,T_,Tamb_]:=-
Log[(T+b1WithTamp[Vfx,Tamb]/b2[Vfx])/(T0+b1WithTamp[Vfx,Tamb]/b2[Vfx])]*b3/b2[Vfx]/360
0 
 
tcool[T_,Tambi_]:=-Log[(T0-Tambi)/(T-Tambi)]*(-b3)/kf/3600 
Ps[Vfx_,T_]:=Vfx*RoCp*(Ti-T) 
Qloss[T_]:=kf*(T-Tamb) 
(*Ps avg = S(Vfx*RoCp*(Ti-Th[Vfx,t])*dt)/th[Vfx]*) 
Clear[Psavg,Energyin] 

Energyin[Vfx_]:=  
Psavg[Vfx_] := Energyin[Vfx]/(th[Vfx,frac*Ti]+tcool[frac*Ti,Tamb]) 
 
Psavg is the average incoming power rate considering that the fluid is cyclically 
heated from T0=50ºC to frac*Ti=57ºC then let it cool down heat up again and so on. 
 
Energin(Vfx) is the amount of energy that is introduced into the system given the fact 
that incoming fluid enters the tank at temperature Ti=60ºC at a Vfx flow rate and the 
fluid 
is heated up until frac*Ti temperature (95% of incoming temperature). 
Units are KJ 
Plot[Energyin[Vfx/3600],{Vfx,20,100},AxesLabel->{"Flow rate (m3/h)","Energy in (kJ)"}] 
 
Below graphs of tank's fluid temperature vs time is ploted for different incoming flow 
rates: 17, 27, 37, 47, 57 m3/h 
 
For[i=1;Array[g1,5],i<6,i++,g1[i]=Th[(15-10+10*i)/3600,t*24]] 
Plot[Evaluate[Array[g1,5]],{t,0,65},AxesLabel->{"time (days)","Temperature (ºC)"}] 
 
Plot[{thWithTamp[Vfx/3600,frac*Ti,-
20]/24,thWithTamp[Vfx/3600,frac*Ti,0]/24,thWithTamp[Vfx/3600,frac*Ti,20]/24},{Vfx,40,1
00},AxesLabel->{"Flow rate (m3/h)","Time (days)"}] 
 
Clear[g2,g3] 
For[i=1;Array[g2,5];Array[g3,5],i<6,i++,g2[i]=Ps[(15-10+10*i)/3600,Th[(15-
10+10*i)/3600,t]];g3[i]=Qloss[Th[(15-10+10*i)/3600,t]]] 

‡
0

th@Vfx,frac∗TiD
Vfx∗ RoCp∗ HTi− Th@Vfx, tDL t
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Plot[{Array[g2,5],Array[g3,5]},{t,0,1000},PlotRange->All,AxesLabel->{"Time 
(hrs)","Power rate and heat losses rate (kW)"}] 
 
 
Plot[Psavg[Vfx/3600],{Vfx,0,420},AxesLabel->{"Flow rate (m3/h)","Power average (kW)"}] 
 
 
DeltaPavg means the difference between power average and power it it was supply to 
maintain a constant temperature in the tanks at the mean value of frac×Ti and T0 
 
DeltaPavg[Vfx_] := Psavg[Vfx]-Qloss[(frac*Ti+T0)/2] 
Plot[DeltaPavg[Vfx/3600] ,{Vfx,51,400}] 
 
Qloss[50] 
Qloss[50]/RoCp/(60-50)*3600 
th[90/3600,frac*Ti] 
N[Ps[90/3600,T0]] 
Psavg[90/3600] 
Vel=(90/3600)/(Pi*dinlet^2/4) 
 
68.712 
15.4366 
162.791 
400.613 
72.4727 
1.41471 

 
 

I.1.3. Perfect stratification file 
 

 
This file contains calculations of a perfect thermal stratification process.  
 
Di:=23 (*Internal diamater. (m)*) 
H:=18 (*Height. (m)*) 
Vfx:=70 (* Incoming flow rate = outgoing flow rate (supposing no density change). 
(m3/h)*) 
RoCp:=1602.45 (*Density times heat capacity. To be changed slightly with chosen 
values. From excel basic cals.xls file. (kJ/m3.K)*) 
k:=0.102/1000*3600 (*Thermal conductivity. (KJ/h.K.m) (to have time in hours*) 
a:=k/RoCp (*Thermal diffusivity. (m2/h)*) 
A:=Pi*Di^2/4 (*Base area = Ceiling area. (m2)*) 
Ti:=60 (*Inflow temperature. (ºC)*) 
T0:=50 (*Lowest temperature. T at t = 0. (ºC)*) 
Kw:=981.6/1000*3600 (*Total UA value. (kW/m2)*) Tamb:=-20 (*Ambient temperature. 
(ºC)*) 
 
 
H/N[Vfx/(Pi*Di^2/4)]  
106.837 
 
Time that takes the jet to reach the top. 
 
equat = -Vfx*RoCp/A*D[ T[h,t],h]==RoCp*D[T[h,t],t] 
sol1=NDSolve[{equat,T[h,0]==T0,T[0,t]==T0+(Ti-T0)*(1-Exp[-1/2*t])},T, 
{h,0,18},{t,0,110},AccuracyGoal->Automatic,PrecisionGoal->Automatic,Method-
>Automatic]; 
Plot[{Evaluate[T[0,t]/.sol1],Evaluate[T[2,t]/.sol1],Evaluate[T[6,t]/.sol1],Evaluate[T[
12,t]/.sol1],Evaluate[T[17,t]/.sol1]},{t,0,110},AxesLabel->{"t (hrs)","Temperature 
(ºC)"}] 
 
Next conduction is introduced. 
 
equat = -Vfx/a/A*D[ T[h,t],h]+D[D[T[h,t],h],h]==1/a*D[T[h,t],t]; 
sol2=NDSolve[{equat,T[h,0]==T0,T[0,t]==T0+(Ti-T0)*(1-Exp[-1/2*t])}, 
T,{h,0,18},{t,0,110}]  
Plot[{Evaluate[T[0,t]/.sol2],Evaluate[T[2,t]/.sol2],Evaluate[T[6,t]/.sol2],Evaluate[T[
12,t]/.sol2],Evaluate[T[17,t]/.sol2]},{t,0,110},AxesLabel->{"t (hrs)","Temperature 
(ºC)"}] 
 
Below heat losses are taken into account but again conduction is neglected. 
 
equat = -24*Vfx*RoCp/A*D[ T[h,t],h]-24*Kw*(T[h,t]-Tamb)/H/A==RoCp*D[T[h,t],t] 
sol3=NDSolve[{equat,T[h,0]==T0,T[0,t]==T0+(Ti-T0)*(1-Exp[-1/2*t*24])},T, 
{h,0,18},{t,0,4.6},AccuracyGoal->Automatic,PrecisionGoal->Automatic,Method-
>Automatic]; 
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Plot[{Evaluate[T[0,t]/.sol3],Evaluate[T[2,t]/.sol3],Evaluate[T[6,t]/.sol3],Evaluate[T[
12,t]/.sol3],Evaluate[T[17,t]/.sol3]},{t,0,4.6},AxesLabel->{"t (dayss)","Temperature 
(ºC)"}] 
 
Finally everything is taken into account (conductivity and heat losses). 
 
equat = -Vfx/a/A*D[ T[h,t],h]-Kw*(T[h,t]-
Tamb)/k/H/A+D[D[T[h,t],h],h]==1/a*D[T[h,t],t]; 
sol4=NDSolve[{equat,T[h,0]==T0,T[0,t]==T0+(Ti-T0)*(1-Exp[-1/2*t])}, 
T,{h,0,18},{t,0,110}]  
Plot[{Evaluate[T[0,t]/.sol4],Evaluate[T[2,t]/.sol4],Evaluate[T[6,t]/.sol4],Evaluate[T[
12,t]/.sol4],Evaluate[T[17,t]/.sol4]},{t,0,110},AxesLabel->{"t (hrs)","Temperature 
(ºC)"}] 
 
(*Instant Power*) 
Clear[Ps] 
equat = -24*Vfx*RoCp/A*D[ T[h,t],h]-24*Kw*(T[h,t]-Tamb)/H/A==RoCp*D[T[h,t],t] 
sol3=NDSolve[{equat,T[h,0]==T0,T[0,t]==T0+(Ti-T0)*(1-Exp[-1/2*t*24])},T, 
{h,0,18},{t,0,4.9},AccuracyGoal->Automatic,PrecisionGoal->Automatic,Method-
>Automatic]; 
 
Ps=Vfx*RoCp*(Evaluate[T[0,t]/.sol3]-Evaluate[T[18,t]/.sol3])/3600; 
 
Plot[Ps,{t,0,4.9},PlotRange->All,AxesLabel->{"t (days)","Supply heat rate in (kW)"}] 

 
 
 

I.2. Matlab code: Cooling as solid rigid (infinite and finite cylinder) 
 
I.2.1. Calculation of histograms by volume from Fluent data 
 

len=length(Matrix); 
TotVol=0; 
VolAcum=0; 
nCell=0; 
Trough=[20 30 40 50]; %limits 
rough=[0 0 0 0 0]; 
levelLow=[0 0 0 0 0]; 
check=0; 
 
%check if K or ºC! 
for k=1:1:2, 
    for i=1:1:len, 
        if k == 1 
            TotVol=TotVol+Matrix(i,2); 
        end 
         
        if (Matrix(i,1)-273.15) < Trough(1) %first element 
            rough(1)=rough(1)+Matrix(i,2); 
        end 
     
        if (Matrix(i,1)-273.15) >= Trough(length(Trough)) %last element 
            rough(length(rough))=rough(length(rough))+Matrix(i,2); 
        end 
     
        for j=2:1:length(Trough),  %other elements 
            if ((Matrix(i,1)-273.15) < Trough(j)) & ((Matrix(i,1)-273.15) >= Trough(j-
1)) 
                rough(j)=rough(j)+Matrix(i,2); 
            end 
        end 
    end 
    if k==1 
        levelLow=rough; 
        rough=[0 0 0 0 0 0 0 0]; 
        Trough=[40 45 50 52 54 56 58]; %Finer limits 
    end 
end 
 
rough; 
levelLow; 
 
for i=1:1:length(rough) 
    check=check+rough(i); 
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end 
if sqrt((check-TotVol)^2)>1 
    rough=[0 0 0 0 0 0 0 0]; %error 
end 
check 
TotVol 
check=0; 
for i=1:1:length(levelLow) 
    check=check+levelLow(i); 
end 
if sqrt((check-TotVol)^2)>1 
    levelLow=[0 0 0 0 0]; %error 
end 
 
 
rough=rough/TotVol*100 
levelLow=levelLow/TotVol*100 

 
 
I.2.2. Cooling as solid rigid (solution with Matlab) 
 
Infinite cylinder 
 

%Infinite_cylinder.m 
 
m = 1; %Cilindrical simmetry 
r = linspace(0,11.5,115); %Spacing in radial direction 
t = linspace(0,1200,4000*3); %Time discretization 
 
sol = pdepe(m,@Infinite_cylinder_pde,@Infinite_cylinder_ic,@Infinite_cylinder_bc,r,t); 
%PDE solver 
 
T = sol(:,:,1); %Extract the solution 
 
%Average temperature calculation 
meanT=0; 
for i = 1:length(r), 
    meanT=meanT+T(:,i); 
end 
meanT=meanT/length(r); 
 
%Figure plotting 
figure 
hold on 
plot(t/24,T(:,40)) 
plot(t/24,T(:,100)) 
plot(t/24,T(:,110)) 
plot(t/24,T(:,115)) 
hold off 
title('Solution for different radios: 4 10 11 11.5') 
xlabel('Time (days)') 
ylabel('T (ºC)') 
figure 
plot(t/24,meanT) 
title('Mean temperature (ºC)') 
xlabel('Time (days)') 
ylabel('T (ºC)') 
 
 
% Infinite_cylinder_bc.m 
 
function [pl,ql,pr,qr] = Infinite_cylinder_bc(rl,Tl,rr,Tr,t) 
pl = 0; %Simetry condition 
ql = 0.103/1000*3600; %Thermal conductivity into kJ/hmK units. Simetry condition 
pr = 0.48/1000*(Tr+20)*3600; %Wall U value into kJ/hm2K units. Convection to outside 
boundary condition 
qr = 0.103/1000*3600; %Thermal conductivity into kJ/hmK units. Simetry condition 
 
 
% Infinite_cylinder_pde.m 
 
function [c,f,s] = Infinite_cylinder_pde(r,t,T,DTDr) 
c = 1/(0.000231062); %Thermal diffusivity in m2/h 
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f = DTDr; %Partial derivative of Temperature with r 
s = 0; %No internal heat generation 
 
 
% Infinite_cylinder_ic.m 
 
function T0 = Infinite_cylinder_ic(r) 
T0 = 60; %Initial condition. T = 60 ºC 

 
 
 

Finite cylinder 
 

% Fin_cyl_graphs.m 
 
%Plots the temperature evolution with the time for diferent radios at a 
%specified section 
function Fin_cyl_graphs(p,T_finite_cylinder) 
H=9; %Selected height of examinated section 
timerange=1200; %Plotted time range 
t=[0:1:timerange]; 
[n,Tr]=Generate_Tr_Matrix(H,p,T_finite_cylinder); %Temperature with time for mesh 
elements nearby selected section 
%Plotting 
figure 
hold on 
%plot(r,T(end,:)) 
for i=1:n, 
    a = Tr(i,:); %Each row has the data for a selected radios 
    plot(t/24,a(1:timerange+1)); 
end 
 
hold off 
title('Solution for different radios: 4 10 11 11.5') 
xlabel('Time (days)') 
ylabel('T (ºC)') 
 
 
% Generate_Tr_Matrix.m 
 
%Gets the data of the temperature evolution for different radios 
function [n,Tr]=Generate_Tr_Matrix(h,p,T_finite_cylinder) 
R=[4 10 11 11.5]; %Definition of the radios that are going to be presented 
n=length(R); 
tablah=Tablah_T(h,p); %get element numbers from the mesh that are in the considered 
section (+- tolerance) 
for i=1:n, 
    Tr(i,:)=T_fr(tablah,R(i),T_finite_cylinder); %Gets the elements for the considered 
section in the considered radios 
End 
 
 
% Tablah_T.m 
 
%Gets the elements that are liable to be selected as to near to the 
%selected section 
function Nodos=Tablah_T(h,p) 
N_Nodes=length(p); 
Tol=3.5; 
j=1; 
for i=1:N_Nodes, 
    if sqrt((p(1,i)-h)^2) <= Tol %Checks if the element is close enough to the 
specified section 
        Nodos(1,j)= i; %Saves the node number 
        Nodos(2,j)=p(1,i); %Saves the height of the element 
        Nodos(3,j)=p(2,i); %Saves the radio of the element 
        j=j+1; 
    end 
end 
 
 
% T_fr.m 
 
%Gets the data of the temperature evolution for a specified radio in the 
%specified section 
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function T=T_fr(tablah,r,T_finite_cylinder) 
N_Nodes=length(tablah); 
Tol=0.1; 
Nodos=0; 
j=1; 
for i=1:N_Nodes, 
    if sqrt((tablah(3,i)-r)^2) <= Tol %Checks if the element is close enough to the 
radio at the specified section 
        Nodos(j)= tablah(1,i); %Adds the element number to the list of elements that 
are close enough to h and r. 
        j=j+1; 
    end 
end 
 
T=0; 
%Getting data of the temperature of the selected elements 
for i=1:length(Nodos), 
    T=T_finite_cylinder(Nodos(i),:)+T; 
end 
T=T/length(Nodos); 
 
 
% Fin_cyl_graphsMean.m 
 
%Plots the average temperature evolution with at the specified section 
function Fin_cyl_graphsMean(p,T_finite_cylinder) 
H=9; %Section of study 
timerange=1200; %Time range for plot 
t=[0:1:timerange]; 
tablah=tablah_T(H,p); %get element numbers from the mesh that are in the considered 
section (+- tolerance) 
[n,T]=Generate_Tmean(tablah,T_finite_cylinder); % Gets the mean value of the elements 
of above 
%Ploting 
figure 
hold on 
plot(t/24,T(1:timerange+1)); 
hold off 
title('Solution for Mean temperature (middle height of the tank)') 
xlabel('Time (days)') 
ylabel('T (ºC)') 
 
 
% Fin_cyl_graphsTotalMean.m 
 
%Plots the average temperature evolution with at the specified section 
function Fin_cyl_graphsTotalMean(p,T_finite_cylinder) 
 
timerange=1200; %Time range for plot 
t=[0:1:timerange]; 
 
N_Nodes=length(p); %6793 
i=1; 
T=0; 
for i=1:N_Nodes, 
    T=T_finite_cylinder(i,:)+T; 
end 
T=T/N_Nodes; 
 
%Ploting 
figure 
hold on 
plot(t/24,T(1:timerange+1)); 
hold off 
title('Solution for average temperature of the tank') 
xlabel('Time (days)') 
ylabel('T (ºC)') 
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