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Glosary of Terms 
 
Burning Velocity. The rate of flame propagation relative to the velocity of the 
unburned gas that is ahead of it. 

Fundamental Burning Velocity. The burning velocity of a laminar flame under 
stated conditions of composition, temperature, and pressure of the unburned gas. 

Combustion. A chemical process of oxidation that occurs at a rate fast enough to 
produce heat and usually light in the form of either a glow or flame. 

Deflagration. Propagation of a combustion zone at a velocity that is less than the 
speed of sound in the unreacted medium. 

Detonation. Propagation of a combustion zone at a velocity that is greater than the 
speed of sound in the unreacted medium. 

Enclosure. A confined or partially confined volume. 

Explosion. The bursting or rupturing of an enclosure or a container due to the 
development of internal pressure from a deflagration. 

Flame Speed. The speed of a flame front relative to a fixed reference point. 

Flammable Limits. The minimum and maximum concentrations of a combustible 
material, in a homogeneous mixture with a gaseous oxidizer, that will propagate a 
flame. 

Flash Point. The minimum temperature at which a liquid gives off vapor in sufficient 
concentration to form an ignitable mixture with air near the surface of a liquid, as 
specified by test. 

Gas. The state of matter characterized by complete molecular mobility and unlimited 
expansion; used synonymously with the term vapor. 

KG. The deflagration index of a gas cloud. 

Maximum Pressure (Pmax). The maximum pressure developed in a contained 
deflagration of an optimum mixture. 

Rate of Pressure Rise (dP/dt). The increase in pressure divided by the time interval 
necessary for that increase to occur. 

Maximum Rate of Pressure Rise [(dP/dt)max]. The slope of the steepest part of the 
pressure-versus-time curve recorded during deflagration in a closed vessel. 

Reduced Pressure (Pred). The maximum pressure developed in a vented enclosure 
during a vented deflagration. 

Vent. An opening in an enclosure to relieve the developing pressure from a 
deflagration. 

Vent Closure. A pressure-relieving cover that is placed over a vent. 
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RESUMEN 
 

Las mezclas basadas en hidrocarburos pesados con componentes más livianos se 
utilizan en la construccion de carreteras (diluido asfaltico), en la energia para la 
produccion industrial (hornos, calderas, generadores electricos) y en la generación de 
potencia de accionamiento para el transporte internacional por barco de enormes 
cantidades de bienes (motores de combustion interna de gran porte). 

Esto permite el desarrollo de una serie de actividades, ofrece el apoyo a la produccion 
de bienes y servicios a nivel mundial, aunque su contribucion aparece invisible para el 
mundo que nos rodea tal como lo percibimos. 

Para su uso, los combustibles de hidrocarburos pesados se manipulan, almacenan, 
transportan y transfieren. 

Todas estas operaciones tienen un alto riesgo de explosion. 

Esta tesis se centra en las explosiones dentro de los tanques de almacenamiento de 
combustible pesado. Particularmente los que ocurrieron hace mucho tiempo y no han 
tenido una explicacion completa. 

En la misma se ha establecido una metodología genérica para la determinación de las 
atmósferas explosivas en el interior de tanques de combustible, el modelado del 
proceso de combustión en su interior a partir de la ignición ante la presencia de una 
chispa o llama en el entorno de una abertura del tanque, así como las consecuencias 
de esta combustión (derivando en una posible explosión) sobre las personas en el 
entorno del tanque. 

Este trabajo fue realizado con la expectativa de hacer una contribucion a la 
investigacion de este tipo de accidentes no resueltos. 

 

Palabras clave: explosion, tanque, combustible, accidente, modelado. 
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ABSTRACT 
 
Storage of mixtures of heavy hydrocarbon fuels with lighter components is a 
worldwide necessity because of their use for the construction of roads (asphalt 
diluted), the energy for industrial production (furnaces, boilers, electrical generators) 
and power for international transportation by ship of huge amounts of goods (big size 
internal combustion engines).  
This allows the development of a number of activities, provides the support for the 
production of goods and services worldwide, although its contribution appears 
invisible to the life as we know and for the world surrounding us as we perceive it. 
For its use, the heavy hydrocarbon fuels need to be handled, stored, transported, and 
transferred. 
All this operations have high risk of explosion. 
This thesis focuses on the explosions inside heavy fuel storage tanks. Particularly 
those that occurred long ago and have not had a full explanation.  
In this Thesis a generic methodology for determining hazardous atmospheres inside 
fuel tanks has been set, the modeling the combustion process inside the tank from the 
ignition in the presence of a spark or flame in the vicinity of an opening of the tank, 
and the consequences of this combustion ( resulting in a possible explosion ) on 
persons in the vicinity of the tank. 
This job was done in the expectative of be making a contribution to the investigation 
of such kind of unsolved accidents. 
 
Keywords: explosion, tank, fuel, accident, modeling 
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INTRODUCTION 

 
This work will encourage the seeking of an explanation to some type of unsolved 
accidents involving storage of heavy hydrocarbon fuels, and also contribute to improve 
support systems and managerial decisions, to eliminate the accident's cause from the 
root. 

One key of this thesis aproach is the systemic perspective of the problem along its 
resolution, because in the accident all the nature�s law must be followed. 

Being the heavy fuel combustibles ubiquitous debt to their use for the construction of 
roads, energy generation, among others, the risk of accident is everywhere this fuels 
are needed.  

The content of this thesis is presented as follows. 

Chapter 1 shows the theoretical framework as an algorithm to be processed in order 
to study the accident without take in account the amount of time between the accident 
and the moment of the study. 

The theoretical framework chapter is composed of a twenty steps procedure that 
would enable to achieve the accident resolution. 

From Chapter 2 to Chapter 10 the algorithm explained in Chapter 1 was tested in a 
real case. 

Chapter 2 is centered in the description of the tank and circumstances where the 
accident happened. 

Chapter 3 determines the air fuel mixture at explosion moment in this particular case, 
and Chapter 4 applies the mathematical model of flammable mixture behavior inside 
tank. 

Chapter 5, 6, 7 and 8 explains the consequences of the accident in the nearby area 
including the possible effects in persons. 

Finally, Chapters 9 and 10 analyzes the effect of shock wave in tank�s body and fuel 
spill in order to have more elements that could match with the accident�s explanation. 

As a sum of all this elements, deployed in sequence, an explanation similar to what 
really would happened was found, no matter the year passed. 

Consistently with this, as it was said, the systemic approach of the problem, 
considering as much as possible all nature�s laws involved in the accident, and its 
effects on the people and materials in the influence area of the accident, is the key to 
solve the problem. 

Mathematical models allow to show the accident's evolution in time steps. Each step 
last one hundredth of a second. Also enables to establish the synchronicity of events 
and effects with the area nearby the accident. 

The reliability level of the results achieved in the case study are different according to 
the topic.  
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Explosive atmospheres evaluation in Chapter 3 Fuel Air Mixture, is the most reliable 
result in this work. In this Chapter, a theoretical calculation of the air-fuel mixture 
inside the tank was compared with a monitoring of explosive atmospheres test. The 
results of calculus and test are quite similar. 

The process of explosion model of the tank in Chapter 4 Process of Tank Explosion 
Model, is next in reliability order. This Chapter studies the evolution in time of the 
internal pressure and other variables, from the lit of a flame to the tank burst moment. 

The internal pressure evolution in time obtained in Chapter 4, was no so different of 
the internal pressure evolution in time obtained by the Russian scientist Vladimir 
Molkov [4] in a study using a tank quite similar to the tank that suffer the accident. 

Next in less reliable order in the study of the tank burst. Chapter 5 Tank Burst, studies 
this phenomenon using two different models, and arrives to converging conclusions.  

The following subject in reliability decreasing order, is the study of the injuries 
suffered by the people around the tank. Chapter 6 Consequences of Explosion Effects 
on Persons in the Accident, for estimate the injury use the international technical 
reference theories only. 

Less reliable is the study of the movement of the bodies in the accident�s nearby area. 
In Chapter 7 Displacement of a Body Standing on the Tank the movement  ; this is debt 
to fact that they use the general law of the mechanical (cardinal equations of rigid 
bodies). 

Finally, tank rupture and deformation as well as fuel spill around the tank are atemps 
to have more reference elements in order to enhace the systemic perspective as a way 
to arrive to a solid conclusion. 

 

0.1 References 

This thesis join from the stand point of view of a systemic aproach of these aspects: 

- behavior, in terms of air fuel mixture, of a heavy fuel type flamable/ 
combustible inside a tank 

- development of pressure and temperature inside tank of the burned and 
unburned air fuel mixture along the time 

- detonation, if that is the case, of the unburned mixture 

- flow of gases through the tank openings 

- efect of flow of gases through the tank openings in the neighborhood of the 
tank, people and objects 

- efect of explosion in the neighborhood of the tank, people and objects 

- tank deformation due to the internal pressure 

- tank rupture time 

- interaction between the explosion shock wave and liquid inside the tank 
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- spill of fuel in the neighborhood of the tank 

 

Each one of them requires an specific tratment, and as a whole, they would provide an 
explanation for a heavy fuel explosion accident. 

To the best of our knowledge, it has not been possible to find a scientific work that 
brings together all disciplines requires the study of this type of accident from a single 
systemic approach. 

It has not been found any technical article that comprise all these aspects at the same 
time with the purpose of give a general methodollogy for these kind of problems. 

It has been found technical articles and books that comprise each aspect separately. 

The behavior, in terms of air fuel mixture, of a heavy fuel type flamable/ combustible 
inside a tank is a subject widely studied. 

For the development of pressure and temperature inside tank of the burned and 
unburned air fuel mixture along the time, as well for detonation, there are several 
works, among these it have been found: 

The National Fire Protection Agency standard NFPA 68 Guide for Venting of 
Deflagrations � Edition 2002, is a Standard that guides the design, location, 
installation, maintenance, and use of devices and systems that vent the combustion 
gases and pressures resulting from a deflagration within an enclosure so that 
structural and mechanical damage is minimized. The guide should be used as a 
companion document to NFPA 69, Standard on Explosion Prevention Systems, which 
covers explosion prevention measures. 

According to these Standards, the choice of the most effective and reliable means for 
explosion control should be based on an evaluation that includes the specific 
conditions of the hazard and the objectives of protection. Venting of deflagrations only 
minimizes the damage that results from combustion. 

NFPA 30, Flammable and Combustible Liquids Code - Sixth Edition, its provisions are 
intended to reduce the hazard to a degree consistent with reasonable public safety, 
without undue interference with public convenience and necessity, of operations that 
require the use of flammable and combustible liquids. Thus, compliance with this 
standard does not eliminate all hazards in the use of flammable and combustible 
liquids. 

For the efect of explosion in the neighborhood of the tank, people and objects, as well 
as the flow of gases through the tank openings study, the book Lee´s Loss Prevention 
in the Process Industries [2] have several chapters studing explosion types and 
consequences.  

The efect on persons and object is very well treated in the GreenBook [3]. 

Gas Explosion Handbook [4] is a useful guide for the study of gas explosion. 

All these references not consider the possibility of a detonation or explosion inside a 
tank. According to these and other works the transition from detonation to explosion 
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would be produced after a long pipe traveling, seen a cylindrical tank as a pipe. 

The way this thesis study the problem of the combustion inside the tank, that is, using 
a mathematical model that registered the unburned air fuel mixture pressure and 
temperature inside the tank, allow arrive to the conclusion that the mixture will 
reached the self ignition temperature. 

This conclusion is opposite to the Gas Explosion Handbook and so many other 
reference sources.  

So, this thesis methodology allow to find an explanation that fits better with some 
heavy fuel tank internal explosion accidents. 

The efect of the flow of gases through the tank openings in the neighborhood of the 
tank related to body movement, is based on drag and lift coeficients for human body at 
different positions. A good reference was found in The Evaluation of de Human Body 
as an Airfoil by William P. Schane, LTC, MC - U. S. Army Aeromedical Research 
Laboratory and U. Dean C. Borgman, Research Scientist U.S. Army Aeronautical 
Research Laboratory Moffett Field, California MAY 1969.  

Nevertheless, a better aproach to the first movement of the body over the loading port 
would be found. That is when considering a flow of gases in the order of a comercial 
jet airplane turbine exhaust.  There is a lack of information about it, but, an article, [6] 
Aircraft Jet Engine Exhaust Atlantic City international Airport Blast Effects on Par-56 
Runway. Threshold Lamp Fixtures, was helpful in match the conclusions of the body 
over the loading port considering that flow of gases in the order of a comercial jet 
airplane turbine exhaust and the conclusions of this thesis about the subject. 

Talking about detonation/explosion inside tank, when the shock wave advances inside 
and outside the tank, there is an interation between the shock wave and the liquid 
inside the tank that is well described in the Interaction of a Shock Wave with a Water 
Layer [7]. 

The work Venting of Gaseous Explosions: Turbulization Aspect [8], study the case of a 
tank with similar volume of the tank and its relief opening to the one of the case of 
study. This study didn't consider the self ignition. 

For the problem of evaluate the tank burst time, two articles were found: Development 
of a Simplified Theoretical Model for Dynamic Burst Time and Pressure of a 
Cylindrical Shell [9] and Research on Bursting Pressure Formula of Mild Steel Pressure 
Vessel [10]. 

In the study of fuel spill no study about it was found, but useful ideas came from the 
article Flashing Liquid Jets and Two-phase Dispersion [11]. 
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Chapter 1 

 

Theoretical Framework  

 
1.1 Introduction 
This theoretical framework Chapter enables to understand the twenty steps 
procedure to achieve the accident resolution. 
The main subjects are the estimation of fuel vapor � air mixture at the explosion 
moment, the estimation of the sudden inflammation energy within the tank, the 
evolution of the explosion inside the tank and outside the tank, and the efect on people 
and materials in the neighborhood of the accident. 
The objective is to study a combustion process inside a fuel tank, and its consequences 
in the  neighborhood of the accident area if an explosion happen. 
In some conditions an explosion inside the tank can happen, the study try to 
determine when this can be possible. 
 
 
1.2 Procedure 

Step #1: Estimation of Free Tank Volume 
The procedure starts with the determination of the free volume of the tank. 
Inside the tank there is liquid up to certain level and the rest is ocupated by air and 
hydrocarbon vapor.  
Free tank volume is the volume of the tank ocupated by air and hydrocarbon vapor. 
 

Step #2: Estimation of Fuel Temperature at the Explosion Moment 
If the accident happened during a filling or a withdraw process is necessary to 
evaluate the temperature of the fuel, because there�s a strong relationship between 
fuel temperature and pressure vapor of the fuel. 
Any fuel is a mixture of hundreds of different types of hydrocarbons, and if have an 
specific pressure vapor. 

 
 

Figure 1.1 � Free Tank Volume 
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Previous concepts to Steps #3 and #4: 
· To estimate the amount of vapor of fuel that was in the tank at the explosion moment, 

it must resort to the concept of vapor pressure; by the Dalton�s Law, determines the 
amount of fuel vapor relative to air there. 

· The vapor pressure for any substance, particulary a fuel, is characteristic of the fuel 
and it depends only on the temperature at which it is located. 

· The total pressure of a mixture is equal to the sum of the partial pressures of 
itscomponents. 

· The partial pressure in a gas mixture is equal to the mol fraction of each component in 
the mixture. 

· Assuming ideal gas behavior, if each of these gases (air and fuel vapor) were studied 
separately, the contribution to the pressure of each component is directly related to 
the number of mols of the component. 

· Similarly it can be set that the volume percentage is given by the Amagat Law of Partial 
Volumes, which states that in a mixture of gases, each gas occupies the volume as if the 
other gases were not present. 

 
Step #3: Estimation of Fuel Vapor Pressure from Vapor Pressure of Hydrocarbon 
Products of Equal Length of Carbons than the Characteristically Components of 

Fuel 
The fuel can be characterized by over sever hundred of different types of 
hydrocarbons. 
Among these, there are different types of hydrocarbons according to the type of bond 
between hydrogen and carbon. 
Each fuel particularly comprises a certain percentage of paraffinic hydrocarbon type, 
of naphthenic type, and of the aromatic type. 
Using the vapor pressure of a hydrocarbon that was taken as representative of each 
type, the result of calculating the vapor pressure of a mixture of three types of 
hydrocarbon in the above mentioned percentages, gives approximately the vapor 
pressure of the fuel. 
If the total pressure is equal to atmospheric pressure, the volume percent of fuel vapor 
relative to air in a tank can be determinate easy from the fuel vapor pressure. 
This value corresponds to conditions of equilibrium which is achieved after some 
time, so this value could be lower if it had not reached equilibrium. 
If the fuel is a mix of two of more kind of commercial fuels (like in the case of study) is 
necessary to study the compound effect of the two fuel types. 
 
Previous Concepts to Step #4:  
The way to measure the amount of hydrocarbon vapor in air is with a Gas Detector 
device. 
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Gas detectors are calibrated for certain hydrocarbons, and within a validity date of 
calibration. 
To be calibrated with certain hydrocarbon, the value indicated in the instrument 
reading should be corrected to be used with other hydrocarbons. 
The read value at the instrument must be corrected with the correction factor. 
The corrected value is compared to determine if it would be in the lower explosive 
limit. 
 
Step #4: Estimated Percentage of Fuel Vapor in the Interior of the Tank from the 

Explosive Atmosphere Tests 
Each tank has one or more openings. These openings can be used for filling the tank 
with fuel (loading port), for inspection (man hole), among other aplications. 
For start a fire inside a fuel tank it is necessary to have an ignition service and put this 
ignition source close to one of these openings of the tank. 
For these purpose it is necessary to recreate the tank area near the opening or the 
point where the ignition start. 
It is important to recreate the geometry of the area at the same fuel vapor temperature 
that when the ignition start. 
Using an indicator of fuel vapor concentration in air it is possible determine if reaches 
the minimum value of fuel vapor in the air to ignite. 
Monitoring of explosive atmospheres test consisted of three parts. 
 
Previous Concepts to Step #5 and Step #6: 
The measurement of vapor fuel concentration in several points inside the tank, and or 
the openings on the tank, is called monitoring of fuel vapor concentration inside the 
tank and or the openings the tank. 
 
Step #5: Monitoring of Fuel Vapors Concentration in the Interior of the Tanks 
For determine where the explosion start, is necessary found where inside the tank the 
porcentage of fuel vapors in air  is in the explosion range for that kind of fuel. 
 
Step #6: Monitoring of Fuel Vapors Concentration on the Surface of the Tanks 
Another test is necessary to be conducted on the surface of the recreate tank area in 
order to determine if the explosion is only possible if the flame burns inside the tank 
or also could be produced outside of it. 
 
Step #7: Monitoring Fuel Vapors Concentration at Environment Temperature 
Vapor concentration it is also needed to be measured at room temperature if the fuel 
object of study is moved hot (heavy fuel) in order to record the vapor concentration 
values. 
This measure gives the idea of how near or how far of the flash point, the vapor fuel 
concentration at room temperature is. 
 
Previous concepts to Step #8: 

· 22,4 liters is the volume occupied by 1 mol at atmospheric pressure and 
temperature 15 °C, so it is possible to calculate the number of air and vapor fuel 
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mols inside the tank. 
· Considering that the ambient air is a mixture of gases (mainly oxygen and 

nitrogen) that are at atmospheric pressure, and applying the Amagat�s Law, the 
volume percentage follow the molar fraction.  

 
Step #8: Estimate Calculation of the Sudden Inflammation Energy within the 

Tank 
Considering the percentage volume of fuel and percentage volume of air scenario, 
considering that the molecular weight of the air is 28 g / mol and the molecular 
weight of the fuel can be estimated in g / mol from the molecular weight of the 
hydrocarbon most representatives. 
The energy that can release 1000 grams of fuel if it reacts with all the necessary air is 
obtained from its specific heat power. 
Knowing the mass of fuel and air mix inside the tank is possible to determine the 
explosion energy. 
 
Step #9: Process of Tank Explosion Model - Evolution of Internal Pressure from 
the Lit of the Flame to the Tank Burst 
After lit a flame inside the tank, the sudden inflammation inside the tank generated a 
rapid increase in pressure in few time. 
The case of a sudden inflammation of fuel vapor and air in a closed vessel has been 
studied extensively and there is enough technical information to characterize their 
behavior. 

Due to the fact that there is sufficient information for the case of closed tanks, to study 
the evolution of the internal pressure from the ignition of the flame to the outbreak in 
the damaged tank, first it have been studied the behavior of the tank if the loading port 
it had been closed. 

Step #10: Process of Tank Explosion Model - Interior Pressure Variation for 
Closed Tank 
It is considered in this case a tank as the damaged tank but without the loading port 
acting as a pressure relief device. 
According to NFPA 68 [1] when a closed tank has a mixture of air and fuel vapor, each 
type of gaseous fuel has a value KG constant that establishes the maximum pressure 
variation over time in terms of the constant and the volume of the tank. 
Knowing this constant value for the type of fuel and the free volume of the tank is 
possible to determine the profile of variation pressure vs time. 
Also is needed to correct the values according to the Fundamental Burning Velocities 
of the fuel considered. 
The maximum pressure developed inside the tank according to the literature would be 
between 0,6 MPa and 0,9 MPa, in case that it has the capacity to contain the pressure. 
The reaction time of a person is something greater than the explosion development 
time, so from the moment that lit the flame until the explosion occurred each 
protagonist in this scene of the accident had been subject to the forces associated with 
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its development, showing individually a behavior completely out of his personal will. 
 
Step #11: Process of Tank Explosion Model -Effect of Loading Port or Active 

Opening in the Internal Pressure Variation from the Lit of the Flame to Tank 

Burst 
Is possible calculate the vent area for maintaining internal pressure of 0,2 MPa 
(absolute). 
If the value of vent area in the tank (including all the opening acting at the explosion 
moment) is smaller than required to maintain an absolute pressure in the tank in the 
vicinity of 0,2 MPa (absolute), the pressure inside the tank should rise. 
Once reached the condition of maximum variation in pressure over time, (dp/dt)max , 
the pressure inside the tank will increased far beyond the possibilities of evacuation 
through the active openings. 
It�s also possible to estimate the time it would take to relieve a reduced pressure 
inside the tank Pred = 0,2 MPa. 
 
Step #12: Process of Tank Explosion Model -Mathematical Model of Simulation 

of the Tank Behavior from the Lit of the Flame to the Burst 
For the purpose of determining the behavior in the tank during the explosion, a 
mathematical model simulating the behavior of the tank can be made from flame 
ignition to the explosion moment. 
In order to consider possible errors in accident�s records information is advisable to 
also manage the possibility that the free volume was 33% more and 33% less.  
 
The Model 
For the model is necessary to use time intervals of 0,01 s calculating all the model�s 
variables (pressure, temperature, density, of burned and unburned mass, mass inside 
and leaving the tank) for it and then advancing one interval each time. 
As the flame starts an inflammation, the variation in time of the flammable mixture 
burned, can be modeled as a function of the radius of the sphere of flammable mixture 
that has burned, the turbulence factor, the density of the flammable mixture and the 
speed of the flame front (see Figure 4.8 and Figure 4.14). 
At any arbitrary time i, the volume of the flammable mixture that has already been 
burned, plus the volume of the flammable mixture that has not been burned totals the 
inner volume of the tank occupied by the unburned combustible mixture at the 
moment of lit a flame. 
Inside the tank, once inflammation of flammable mixture begins, the pressure starts to 
increase. 
The increase in pressure is regulated by the differential pressure maintained between 
the inside and the outside of the tank as a consequence of outgassing of flammable 
mixture (burned as unburned) through the active openings. 
Both the flammable mixture and ignited mixture will increase the pressure as a 
polytrophic type process. 
 
Calculation Procedure 
Initially it takes an interval of time dt=0,01 s. 
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A sphere centered at the point where the flame started and radio calculated by 
unburned mixture density, turbulence factor, and fundamental flame velocity. 
A control volume in the vicinity of the major tank opening maybe it have to be 
established. In it, the mixture of air fuel evolves from all unburned to all burned along 
the process (see Figure 4.13) 
It�s advisable to use more than one control volume in order to better characterize the 
model, and also use more than one turbulence factor for same reason. That is, supose 
that one specific value of volume in the vicinity of the major tank opening can 
characterizise better than others the behaviour of the combustion process starting in 
the major opening.  
When calculate the mass exiting the active openings it is necessary to consider when 
to use the critical ratio of pressures to calculate the flow through it. 
Also is needed to make a thermal balance inside the tank considering the heat energy 
of the combustion, and the mass and specific heat of the gases; this allow obtain the 
temperature inside the tank, and the correspondent densities for burned and 
unburned gases. 
Running the model for different free volumes, control volumes, turbulence factors, it is 
possible to characterize the case studied model adequately. 
 
Previous concepts to Steps #13 and #14: 
Tank Burst Pressure 
Three possible causes arises as possible: 1) overpressure inside the tank (later in this 
thesis it shows that is for detonation), 2) general failure at operating pressure due to 
corrosion or general tank failure due to bad maintenance, 3) blast for being the tank 
surrounded by flames. 
 
Burst Energy Distribution 
The way burst energy was distributed it is divided as follows: 1) tank expansion, 2) 
tank rupture, 3) burst 4) fragments. 
The energy due to the expansion tank can be neglected because it is very small. Some 
energy is required also for breakage of the tank but is also very small, some studies 
shown in Lee´s Loss Prevention in the Process Industries [2], estimate the energy in 
the order of 10000 Joules, while the burst energy can be was estimated in 1000 times. 
The burst can occur for the internal pressure rise or a detonation debt to self-ignition 
In order to determine if it happened one or another is necessary to study the 
unburned air and fuel vapor mixture temperature inside the tank. To evaluate the 
consequences of the tank burst two methods were used: 

- Method of Baker et al. 
- The Multienergy method 
 
Step #13: Study the pressure variation in time outside tank � Tank Burst 
Modelling/ Baker et al. Method. Basic Method 
The method was developed by W. E. Baker et al. (1975), and refers to spherical tank 
containing ideal gas. 
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Explosion energy is calculated by the equation by burst pressure, volume of the 
selfignition mixture, and polytrophic index of air and fuel vapors mixture not inflamed 
yet. For each Model of the tank behavior it is needed to calculate the explosion energy 
values. 
Each explosion energy value lead to pressure and impulse value of the explosion 
shockwave for each point of the exterior of the tank according to this method. 
The method consider several explosion severities describing one curve each one, that 
according to the explosion energy, sound speed at gas conditions, and free tank 
volume is necessary to select. 
 
Step #14: Study the pressure time outside tank � Tank Burst Modelling/ Multi-

Energy Method 
The TNO Multi-Energy method is based on the concept of multi-energy, which is the 
presentation of a deflagration of gas so that the development of the blast and 
overpressure obtained only under certain boundary conditions, where only flammable 
mixture is partially confined or obstructed. 
Through a lot of explosion experiments, it has been established a explosions curves 
family known as "TNO blast curves" for explosions 
The Mult-energy method does not strictly apply to the case of the explosion of a tank, 
but it will in the case of a cloud of explosive mixture contained, which approximately is 
the case under study considering: 
- The energy consumed by tank rupture is negligible 
- That confinement by the tank is too high 

Based on the concept of Multi-Energy, the explosion of gas clouds have been modeled 
for a number of models of hemispheric loads. The load of each model is characterized 
by the load size and load stress. 
Load size is related to the combustion heat present in the source, while the load stress 
is related to the explosion overpressure. 
Based on these characteristics, scaled blast parameters were calculated (peak 
overpressure, positive phase duration) as a function of the scaled distance, a number 
between 1 and 10 representing categories from "negligible" to "detonating". 
Again it is assumed that the center of the outbreak corresponds to the center of the 
opening in the tank caused by the outbreak. 
To calculate the explosion energy was considered that in every Model, the amount of 
flammable mixture that was burned since the flame lit until the tank burst, assuming 
that the tank burst at the maximum pressure in each of the ten Models considered. 
 
Previous concepts to Steps #15 and 16 
The human body can adapt to significant changes in pressure if it is given enough time 
to compensate for pressure changes in the organs in which air is present. 
If this change occurs suddenly, the difference in pressure can damage organs. The 
most vital organ containing air are the lungs. 
In the technical literature it pays more attention to lung damage since lung damage 
can cause death. 
A less vital organ, however more sensitive to pressure changes, it is the ear. 
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Step #15: Evaluation of the effects on people the tank - Effects of Burst/ Lung 
Injury 
When a pressure difference between the outside and the inside of the lungs is 
established, with greater pressure outside, the chest is pressed inward, which can lead 
to lung damage. Since this pressed inward process required time besides the value of 
overpressure, the duration of this situation is important. 
The Greenbook have charts that describes the probability of survival by pulmonary 
damage depending on the incident overpressure and duration of the pressure pulse. 
The correct chart choose is determined by establishing the position of the person 
relative to the direction of propagation of the pressure wave. 
This is necessary, because the pressure exerted by the pressure wave on the person as 
a result of reflection of it on the person's body and the flow surrounding to the person 
may be greater than the maximum overpressure incident in pressure wave. 
It also provides equations that allow relate this lung injury with the dynamic pressure, 
side pressure, and impulse on the body that the Baker et. al. method and Multienergy 
method previously gave. 
With this information it is possible to obtain tables of survival probability and lung 
injury vs person distance to the explosion origin point. 
 
Step #16: Evaluation of the accident effects on people�s body - Effects of Burst/ 

Ear Damage 
Similarly to Lung Damage, the Greenbook allows to calculate the percentage of 
probability of ruptured eardrums as a function of the pressure on them. 
It should be considered here as the exerted pressure the reflected pressure. 
The reflected pressure can be calculated an equation, that lead to obtain eardrum 
rupture probability by overpressure according to the Baker et al. method and eardrum 
rupture probability for overpressure for multienergy method. 
 
Step #17: Effects of Body Displacement 
Air particles behind the shock wave have a specific speed and the direction of the 
burst. 
Consequently this called "wind of the explosion," can take a person and move it a 
particular distance. It is necessary for that to assume a person position in order to use 
the Greenbook chart of flow around a person and the relative position to pressure 
wave direction. 
Displacement creates risks of collision with solid objects with probability of death by 
impact to the skull or body in general. 
The dynamic stress or pressure exerted by the wind of the explosion on a stationary 
object or person can be calculated as a function of drag coefficient, perpendicular 
surface to the propagation of the shock wave, air density behind the shockwave, and 
velocity of particles in the wave. 
This lead to a differential equation involved acceleration of the person�s body, mass of 
the person�s body, and velocity of the person�s body. 
The particle velocity and air density are dependent on the atmospheric pressure p0 
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and the density of air 0 in front the shock wave according to same equations that 
Greenbook gives. 
The maximum body displacement can be determined by solving the differential 
equation, using particle velocity and density. 
The solution can bring tables with values of: Lateral Pressure, Lateral Impulse, Scaled 
Time, Pulse Duration, Particles Speed, Air Density, Corporal Speed of persons in the 
accident. 
For the Baker et. al method and c for Multienergy method applied to each Model 
created previously in the explosion study. 
Then, with the impulse and lateral pressure the Greenbook also provides Landing 
Speed of Body Displacement Based on Lateral Pressure and Impulse for a 70 kg Weight 
Person. 
This landing speed can be checked with the tables obtained, simulating the body 
movement in the space. 
This simulation gives the distance traveled by each body of persons present in the 
accident. 
 
Step #18: Body Displacement by Flow Trough Active Opening 
Another aspect to study is the long displacement of persons without important lung or 
ear damage. 
That could be the case if the person was near an active opening during the explosion. 
In this analysis is valuable to study the explosion energy limit from the stand point of 
view of the property damage, as for example glass breakage. For this consider the non 
broken glass distance to explosion origin point, and calculate breakage pressure 
according to Greenbook data. 
This analysis allow separate body translation debt to explosion and consider only 
body translation debt to gas flow through the active tank openings. 
Knowing the final position of each body, and considering the lung and ear injury 
degree in each case, it is possible to obtain the body position at the explosion moment, 
moved just for flow of gases through the active tank openings. 
Once again for this study it have to be considered the explosion models applying the 
Baker et al method and the Multienergy method. 
With the information obtained in the last step of this procedure, assuming an initial 
position of a person nearby an active opening, it is possible to determine the person 
movement. For this it is possible to use equations that model the flow through the 
active opening as a function of density of exhaust gases through it, speed of exhaust 
gases through active opening, diameter of the active openning , density of gas in the 
exit condition of the active opening, discharge coefficient of the active opening. 
To evaluate the effect that the gas flow has on the body should apply the first and 
second cardinal equation, to thereby obtain the equations of motion of the body. 
It has to be done this work for all models that cover the range of possible explosion 
behavior. The flow of gases exiting the active opening, passes through external vicinity 
of the body generating efforts of drag and lift. 
The application of these stresses on the body allow establish body position debt to 
explosion. This allow to obtain as a function of the time, pressure in the tank, 
temperature of the not inflamed mixture, body surface area impacted by the exhaust 
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gases of the active opening, the dynamic pressure corrected for the height of the body 
above the active opening, vertical acceleration and vertical velocity, height of centroid 
above the active opening, horizontal acceleration and velocity and, horizontal position 
of the body from its initial position, body�s trunk angular acceleration, angular 
velocity, rotation over time, and initial position respect to the horizontal, the lift and 
drag coefficients, and the angle of attack. 
Al this variables have to be modeled for the different Control Volume, Turbulence 
Factor, Initial Angle, and Free Volume, obtained in the Baker et. al. method and 
Multienergy method. 
With this information is possible to calculate body movement in air from the moment 
of departure from the loading port opening until landing for all models created. 
Horizontal and vertical acceleration, speed, and body position with one hundredth of 
second accuracy respect to initial position. 
Finally, horizontal displacement in the air, sliding on the ground, and the total 
displacement can be obtain. 
For calculate the movement sliding on the ground it have to be considered the proper 
factor of friction between the ground and the person, an applied the proper equations. 
 
Step #19: Mathematical model of tank deformation - Detonation and 

Shockwave Creation 
If it have a detonation occurrence, would have formed a shock wave. 
According to Chapman Jouget equations shown in Lee´s Loss Prevention in the Process 
Industries [2], the shockwave characteristics can be modeled as a function of 
polytrophic index, gas pressure entering shockwave, specific volume gas entering 
shockwave, gas pressure leaving shockwave, specific volume gas living shockwave, 
energy added per mass unit. 
To consider the reaction force on the tank, it is necessary to know of assimilate the 
type to a Design Standard, and determine the original steel sheet thickness. 
From that stand point of view it is possible to calculate the yield stress value of the 
material, and study the regions in which would be produced a permanent depression 
or brake. 
After that the results can be compared with the tank accident photographs or records. 
 
Step #20: Mathematical model of the fuel spill - Interaction between 

Shockwave and a Liquid Layer 
As the flow progressed on the surface, a surface wave of large amplitude have been 
formed; its size depends on the Mach number. 
The equations governing the phenomenon can lead to characterize the wave as a 
function of wave mass, wave horizontal velocity, pressure in wave vicinity, pressure far 
from the wave, wave height, liquid height, wave width, gas density far from the wave, 
liquid density, shockwave velocity. 
This can lead to explain the fuel spill configuration in the damaged tank vicinity. After 
that the results can be compared with the tank accident photographs or records. 
For the liquid fuel that flowed through the actives openings it is possible to make an 
flow breakdown analysis in order to calculate the droplet size, speed, and final 
position. 
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Chapter 2 

 

Conceptual Description of Accident 

 

2.1 Introduction 

The accident happened in an asphalt emulsion tank, used to road repair. 

The tank was filled from time to time according to the tank level. Tanker truck were 
used for that purpose, and originally came from a tank placed in another city, at the 
asphalt emulsion supplier company. 

On a tank of 22000 liters of capacity containing about 10000 liters of asphaltic 
emulsion RC 2 at 10 º C, a process of filling with the same product at 50 ° C was in 
progress; suddenly an explosion happened.  

Asphaltic emulsion RC 2, is a fast curing emulsion of asfalt diluted in gasoline. 

The product at 50 °C came from a tanker truck. 

At this moment, 5000 liters of this product at 50 °C there where in the tank plus the 
initial 10000 liters (see Figure 4.13). 

Tank, almost symmetrical, has a loading port opening in the upper mid point, and a 
vent hole to the side near the loading port opening.  

Every tank of this kind has a vent hole in order to equalize the pressure inside and 
outside the tank during the liquid filling and withdraw process in the tank.  

The RC2 is an emulsion of asphalt and heavy naphtha.  

Usually the tank filling operations are at daylight, but in this case the filling operation  
was starting the night. 

To check the level inside the tank, one person with a cigarette lighter or a similar 
device made an igneous focus in the vicinity of the loading port opening, causing a 
combustion process inside the tank. 

The pressure in the tank reached the minimum value of rupture in one extreme of it, 
causing a sudden pressure relief inside.  

An outside observer would have appreciated the following stages in sequence, in this 
process:  

1. Incandescent gases flowing out of the loading port opening in vertical flow.  

2. Asphalt spray accompanying the flow of incandescent gases leaving the loading 
port. 

3. Projection of asphalt in a 6-8 meters radius centered in the loading port. 

4. Explosion in a side of the tank vessel, with asphalt release into the surrounding 
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area. 

5. Advancement of an explosive wave, centered on the side of the tank, moving 
radially in multiple directions, reflecting the tanker truck and tank vessel. 

6. Formation of a cloud of flowing gas with flames of a few tens of meters in 
height approximately.  

7. Spontaneous ignition of the heavy naphtha emulsified with asphalt released to 
the environment at those points where radiation has provided enough heat to 
vaporize the heavy naphtha and achieved self-ignition energy, or the igneous 
focus has ignited the vapors nearby. 

 

2.2 Brief Accident Description 

Before the filling operation, the tank of 22,000 liters capacity, contained about 10,000 
liters of diluted asphalt RC2 inside at room temperature, 10 °C approximately. RC2 
diluted asphalt comprises a mixture of 20% of heavy naphtha and 80% asphalt.   

Heavy naphtha vapors when mixed with air in certain percentage generate an 
explosive mixture.  

The free volume inside the tank was completely occupied by air at atmospheric 
pressure and room temperature before starting the transfer, which was determined in 
one test of explosive atmospheres to which reference will be made later.  

When lighting a flame on the tank loading port opening, the free volume inside the 
tank contained an explosive mixture of air and vapor heavy naphtha.  

This can be stated because the asphalt diluted RC2 that was in the tank before the 
start of the transfer was at room temperature, which at that temperature has a quite 
solid aspect, so when the asphalt diluted RC2 entered from the tank at approximately 
40 °C to 50 ° C, heavy naphtha vapors were released into the surrounding air inside 
the tank.  

The amount of heavy naphtha vapors in air in the tank can be estimated from the 
vapor pressure of the heavy naphtha to a temperature of approximately 40 ° C. It has 
been estimated that the time for transfer of 4500 lt asphalt diluted RC2, that is, when 
accident happened was approximately 5 minutes from the start of fill tank process.  

Three different assays of measure of explosive atmospheres in two asphalt diluted RC2 
tanks property of the supplier company were conducted. These have revealed that the 
only way to generate an explosion is completely placing a hand with a flame into the 
loading port of the tank, and is not possible that a person standing in the vicinity of 
the loading port of the tank could have caused an explosion.  

These tests were decisive for the location of the initial position of the body of the 
person who lit a flame in the loading port of the tank.   

The third test allowed us to determine that at the start of the filling process there was 
no explosive mixture. A mathematical model to see later allowed study the evolution 
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of the internal pressure of the tank from the ignition flame to the burst. It was first 
studied if the tank had been closed (without loading port opening) when ignite a flame 
inside.   

Then it have been studied the effect of the loading port opening in the variation of 
internal pressure from the ignition of the flame until the burst of the tank. 

The results obtained in both cases were similar to the literature reference.  

It has been corroborated that the time from ignition of the flame until the burst of the 
tank was below the reaction time of a person, so from the moment that the flame start 
until the explosion occurred, each person was subjected to forces related to the 
pressure development, individually exhibiting each person a behavior completely 
independent to his personal will.  

Calculated by an international reference method, in the next chapter, the outcome was 
that the area of the loading opening was less than one third of the needed to relieve 
the pressure inside the tank without significantly increased pressure, leading to the 
tank burst.   

The mathematical model, in the Chapter 4, of the simulation of tank behavior from the 
lit of the flame to the tank explosion determined:  

· The evolution of the pressure inside the tank from the moment that lit the 
flame until the tank exploded.   

· The variation of gas flow through the loading port opening from the moment 
that lit the flame until the tank exploded.   

· The instant of the tank burst from the moment that lit the flame. 

· The bursting pressure of the tank.   

· The amount of burned and unburned mass inside the tank at the time of the 
tank burst, and the amount of flammable mass that flowed out through the 
loading port opening at the moment of the explosion.   

Reference values of duration of the explosion by the calculation formulas of 
international technical regulations and the ones arising from mathematical modeling 
were coincident.   

The burst pressure of the tank, along with the amount of burned and unburned mass 
inside the tank and its exit through the loading port when the tank burst, were the 
basis for the calculation of energy and pressure distribution in the space and time in 
the area around the point of explosion of the tank.  

With this information it was possible to determine the different trajectories and final 
positions for who had been standing at different parts of the tank at the time of the 
tank burst.  

A  technical paper was found, that study the changes in internal pressure of a tank 
similar of the damaged tank.  It is a study by the Russian scientist V. Molkov that 
during the pre-detonation is similar to this thesis model.   
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All fuel behavior through its Turbulence Factor, the possible variations on the 
information available in the accident records about the free volume of the tank, and 
the possibility that the energy of the explosion was the greatest possible have been 
studied.   

This resulted in ten different models which were describing the process of explosion 
in steps of one hundredth of a second.   

The modeling of tank burst was performed by two methods of the highest 
international importance.   

Intentionally these methods were selected from well considering different 
methodologies in order to compare results.   

Through them it was possible to determine the pressure and momentum of a person 
standing at 1, 2, 3 meters from the center of the outbreak in the tank.   

The coincidence of results between the two methods confirms the validity of the 
results.  

The tank would have exploded by increased pressure without detonation, which is 
what the literature indicates that occurs in general.   

Without the mathematical modeling of the explosion process it would not have been 
possible to propose the existence of a detonation.   

In this particular case the cylindrical shape of the tank, and the onset of inflammation 
in the center of it, were compressing the unburned flammable mixture to the end of 
the tank achieving self-ignition of the flammable mixture, suddenly generating a shock 
wave.  

In Section 5. is explained why the detonation occur at one end particularly.   

In Section 6. consequences of the effects of the explosion on the people in the accident, 
and particularly in Section 7. the displacement of a body standing on the tank were 
studied.  

The burst pressure on the windshield of the truck and its position relative to the 
center of explosion was estimated, which allowed discarding some explosion energies 
too high, the coincidence of the two methods used on the ten models used was total. 
Consequently, studied the situation described in the accident proceedings, and 
possible changes to inaccuracies in such information has been established that for 
positions 1, 2, 3 meters respectively with respect to the center of the explosion, for 
Models I to X, the initial velocities of a body standing on the tank would be:  If it had 
been the case with the explosion of the tank without detonation, the person on the 
tank had experienced a slight shift, ending a few meters from its original position.   

If it had been the case of tank explosion with detonation, the person on the tank had 
experienced a slight shift, ending a few meters from its original position also.   

A person who had a displacement between tens of meters and one hundred of meters 
caused by an explosion, would have had experienced lung damage or death from 
severe lung damage, in addition to rupture eardrums or hearing damage of high 
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severity.   

The person surviving the accident, which suffered a major displacement in the 
accident, according to medical reports and statements contained in the proceedings 
had none of the health problems listed above.  

Consequently, the presence of this person in any standing position on the tank is 
discarded.  

The variation of gas flow through the loading port from the moment that lit the flame 
until the tank exploded, was the basis for calculating the stresses on the body of the 
person who was in the area of the loading port igniting a flame.   

In Chapter 8, based on that it was possible to calculate the trajectory and end position 
of the person who lit the flame, not reaching conclusive results because depending on 
the model used the person on the loading port opening of the tank could have stayed 
from distances of the order of the survivor final position, to distances more near of the 
tank.   

Based on the Chapter 8 studies, it has obtained an estimate of the whole body position 
changes every hundredth of a second, which is recorded in Tables 8-1 to 8-19 near the 
loading port to detonation, and the movement in the air after it, which is expressed in 
Tables 8-20 to 8-36.  

Based on studies and listed in Chapter 8, the maximum displacement of a person on 
the loading port could go from 4,9 meters to 68 meters the typical values being within 
30 meters, depending on the scenario studied.   

The person surviving the accident, told in the accident records had suffered a 
horizontal shift in the air by 50 meters.  

Some witnesses place him farther from the accident, in the order of 150 meters, but at 
the time of arrival of these witnesses.   

After exhaustive embodiment of the above studies, we conclude that it was not 
possible to find any scenario in which the person surviving the accident had been 
standing on the tank.   

The other possible location for this person, is lighting a flame on the loading port of 
the tank. Not on all models studied for a person there are coincident with the shift 
really experienced by that person.  

It is not possible to express with certainty the position of the deceased person, at the 
time of start of the accident.   

The formation of a wave of liquid generated inside the tank by the detonation, part of 
which would flowed through the loading port opening, may be the cause of the 
staining of product found in the soil and on the tank truck.  
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Chapter 3 

 

Fuel Air Mixture 

 

3.1 Calculation of Air-Fuel Mixture in the Tank  

 

3.1.1 Before the Tank Filling Process Starts the Tank Contained Only Air Inside 

Before the tank filling process starts, the tank with 22,000 lt of capacity contained 
about 10,000 liters of diluted asphalt RC2 inside at room temperature.  

The vapor level of heavy naphtha was almost zero inside the tank. 

The free space inside the tank consisting of the part of the interior volume that was 
not occupied by asphalt diluted RC2 initially contained in the tank, it can assumed that 
was completely occupied by air at atmospheric pressure and room temperature. 

This can be stated because a measure of explosive atmosphere was made into a bucket 
of 30 liters approximately containing asphalt diluted RC2 at room temperature (about 
10 ° C) and the vapor level heavy naphtha on the surface of asphalt diluted RC2 was 
virtually zero.  

 

3.1.2 At the Moment of Lighted a Flame on the Loading Port, the Free Volume 

Inside the Tank Contained an Explosive Mixture of Air and Heavy Naphtha Vapor 
The asphalt diluted RC2 that was in the tank before the start of the transfer process 
was at room temperature.   

As was entering the asphalt diluted RC2 in to the tank at a temperature of 50 ° C, the 
temperature of the asphalt diluted RC2 which was initially in the tank increased, as 
well as the temperature of the entering one was decreasing as a result of the operation 
of transfer.  

The higher the temperature of the asphalt diluted RC2 the greater the quantity of 
vapors of heavy naphtha which were released into the surrounding air. Progressively, 
as the transfer process progressed, the amount of heavy naphtha vapors released 
inside the tank were increasing.  

To estimate the amount of vapor of heavy naphtha that was in the tank when light a 
flame inside of it, it must resort to the concept of vapor pressure.  

The vapor pressure for a given temperature, by the Dalton�s Law, determines the 
amount of fuel vapor relative to air there.  

The vapor pressure for any substance, in particular in this case the asphalt diluted 
RC2, is characteristic of it and it depends only on the temperature at which it is 
located.   
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This means that the vapor pressure of the asphalt diluted RC2 at the supplier company 
tanks and in the damaged tank was the same as if they were at the same temperature.  

The total pressure of a mixture is equal to the sum of the partial pressures of its 
components.  

The partial pressure in a gas mixture is equal to the mol fraction of each component in 
the mixture.  

Assuming ideal gas behavior, if each of these gases (air and heavy naphtha vapor)  
were studied separately, the contribution to the pressure of each component is 
directly related to the number of mols of the component.   
Since each component has the same volume and the same temperature, the difference 
of the pressures exerted by the two different gases will be due to their numbers of 
mols.  
If the partial pressure of each component is known, it is possible to calculate the 
number of mols of each of the gases found in the mixture in a given enclosed volume 
and at a given temperature.  

Similarly it can be set that the volume percentage is given by the Amagat Law of Partial 
Volumes, which states that in a mixture of gases, each gas occupies the volume as if the 
other gases were not present.  

The specific volume of a particular gas in a mixture is called partial volume.   

The total volume of the mixture is calculated simply by adding the partial volumes of 
all gases that compose it.  

To estimate the amount of heavy naphtha vapors present inside the tank at the time of 
lighting a flame it has been established two ways.  

 

3.1.3 Estimation of Heavy Naphtha Vapor Pressure a Temperature of 40 °C 

approximately 

Has been established at 40 °C because the asphalt diluted RC2 that was initially in the 
tank at room temperature was in a semi-solid state and does not mix easily with the 
being poured from the tanker truck that is liquid and flowed easily. 

Therefore, we can assume that liquid asphalt diluted RC2 was admitted at 50 ° C, it 
was deposited on the inside of the tank and it�s temperature descended as it gave heat 
to asphalt diluted RC2 that was at the bottom tank. It has been estimated transfer time 
of 4500 lt of asphalt diluted RC2 from the tank truck to the tank vessel, taking into 
account the difference in piezometric level between tank truck and tank vessel and the 
pressure drop in the hose.  

The time is about 5 minutes. It has also been evaluated the thermal transfer in 5 
minutes of asphalt diluted RC2 liquid entering the tank to which it is semi-solid at the 
bottom of the tank.   

The asphalt diluted RC2 comprises 80% of asphalt whose vapor pressure is practically 
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zero at 40 ° C, and 20% of heavy naphtha whose vapor pressure is estimated from:   

-  distillation curve   

-  vapor pressure hydrocarbon carbon chains of equal length that of the typical 
components of heavy naphtha.   

 

3.1.4 Estimation of Heavy Naphtha Vapor Pressure from Vapor Pressure of 

Hydrocarbon Products of Equal Length of Carbons than the Characteristically 

Components of Heavy Naphtha  

The heavy naphtha consists of over 200 different types of hydrocarbons from a 7 
carbons chain up to 10 carbons chain. Particularly affecting the vapor pressure are the 
7 carbon chain, called C7.  

Among these, there are different types of hydrocarbons according to the type of bond 
between hydrogen and carbon.   

Heavy naphtha particularly comprises approximately 50% paraffinic hydrocarbon 
type, 40% of naphthenic type, and 10% of the aromatic type.  

In the following Table 3.1 -  Vapor Tensions of Hydrocarbons Representative of Each 

Type is indicated the vapor pressures of a hydrocarbon that was taken as 
representative of each type.  

In the rightmost column it shows the result of calculating the vapor pressure of a 
mixture of three types of hydrocarbon in the above mentioned percentages.  

The calculation performed shows that the vapor pressure of the heavy naphtha is in 
the order of 15 000 Pa. Since the total pressure is equal to atmospheric pressure, that 
is, 101 300 Pa, the volume percent of heavy naphtha vapor relative to air in a tank that 
has a 100% Heavy Naphtha is in the order of 15%.  

This value corresponds to conditions of equilibrium which is achieved after some 
time, which could be higher than the time of transfer, so this value of 15% could be 
lower if it had not reached equilibrium.  

 

Hydrocarbon Type  Aromatic  Naphthenic  Paraffinic   Weighted Mixture  

Representative  Toluene  Dimethylcyclopentane  1-Heptane   

Composition  C7H8  C7H14  C7H16   

Percentage  10 40 50  

Vapor Pressure at 40 ° C  7887 16723 14918 14937 

  

Table 3.1 - Vapor Pressure of Hydrocarbon Representative of Each Type  

 

The following Table 3.2 - Distillation Curves of Asphalt Diluted RC2 and Heavy Naphtha  
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distillation curves of asphalt diluted RC2 and heavy naphtha are appreciated.  

 

Distillation Curve  Heavy Naphtha  Asphalt Diluted RC2  

Initial  94 º C   

10% 110 ° C   

30% 120 ° C  190 ° C  

60% 150 ° C  225 ° C  

100% 250 º C  360 º C  

  

Table 3.2 - Distillation Curves of Asphalt Diluted RC2 and Heavy Naphtha   

 

After distillation of 100% of asphalt diluted RC2 there is a residue of around 80%, that 
is, asphalt.  

In them, the effect of the mixture of 80% asphalt and 20% of heavy naphtha is 
appreciated, reducing the volatility with respect to the case of 100% of heavy naphtha.  

The vapor pressure of asphalt at 40 ° C is practically zero, and the heavy naphtha was 
estimated at 15000 Pa.  

For example at a temperature of 150 ° C was estimated that the asphalt dilute RC2 
would distillate less than 10% while the heavy naphtha distillates 60%, this would be 
approximately 6 times less the level of vaporization. 

Translating as an estimation this ratio, it is possible to estimate the vapor pressure at 
2500 Pa for the heavy naphtha contained in the asphalt diluted RC2.  

Therefore, the volume of heavy naphtha vapors present inside the tank at the time of 
lighting a flame would have been of the order of 2.5%.  

The explosive range for heavy naphtha is between the explosive range of the Gasoline 
that is 1,4% to 8%, and that of Kerosene that is 0,7% to 5%.  

It is reasonable to locate the explosive range of the heavy naphtha from 1% to 7% 
range.  

At the moment of ignite a flame inside the tank, according to this estimation, it would 
happened a sudden inflammation in a burst mode.  

 

3.1.5 Estimated Percentage of Heavy Naphtha Vapor in the Interior of the Tank 

from the Explosive Atmosphere Tests  

Measurement tests of explosive atmospheres were conducted in the two tanks of 
asphalt diluted RC2 of the supplier company (see paragraph 3.2).  

When the indicator of fuel vapor concentration in air reaches the value 0,4 means that 
this is the minimum value of fuel vapor in the air to ignite that is in the order of 1%.  
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Reach 1% of heavy naphtha vapors in the air means that heavy naphtha vapors 
reached the flash point, or the temperature at which if approached a flame a sudden 
inflammation of the vapors would occur.  

In one of the tanks the value 0,4 is obtained and the other 0,7.  

That is, one of the tank was find the threshold value of explosiveness, was in the flash 
point; while in the other one it was above the threshold value.  

This is quite consistent with the theoretical estimation of that could be in the order of 
2.5%.  

 

3.2  Monitoring of Explosive Atmospheres Test Description  

Monitoring of explosive atmospheres test consisted of three parts.  

 

3.2.1 Monitoring of Heavy Naphtha Vapors Concentration in the Interior of 

Asphalt Diluted RC2 Tanks.  

The supplier company has two tanks of asphalt diluted RC2, which maintain the 
product between 50 ° C and 60 ° C using a system of internal heating, and thermal 
insulation in their sidewalls.  

At the top of each tank there is an opening called "manhole" to access the interior. This 
opening is very similar to the loading port opening of the damaged tank in the 
accident.  

This means that having been on the manhole of each tank of the supplier company 
with the manhole open, is very similar to being on the loading port opening of the 
damaged tank at the moment that somebody lit a flame.  

The main difference is in the temperature, since in the tanks of the supplier company 
the temperature is the highest possible, because for there the truck was loaded and 
then it had to make a trip to the damaged tank area and then fill in that initially cold 
tank.  

This means that the temperature of the asphalt diluted RC2 in the damaged tank at the 
time of the accident could not exceed the temperature of the tank of the supplier 
company on which the monitoring of explosive atmospheres test was conducted.  

Thus the vapor pressure and consequently the level of heavy naphtha vapor present in 
relation to the amount of air was lower in the damaged tank at the moment of the 
accident that the quantity measured during the monitoring of explosive atmospheres 
test performed at the supplier company.  

In the test, consisting in put the gas detector instrument in different positions in the 
space, it was found that in one tank the atmosphere was the minimum necessary to 
cause an explosion, that is, 1% of heavy naphtha vapors in relation to the air, and the 
other tank was found superior levels perhaps of the order of 2.5% as stated in the 
theoretical estimation explained above.  
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Considering that the vaporization is reduced with the temperature and the vapors in 
the tank of the supplier company would be about 10 °C above the vapor inside the 
damaged tank when ignite a flame, the vapor level of heavy naphtha present inside the 
tank at the time of lighting a flame can be estimated between 1% and 2.5%.  

This means that heavy naphtha vapors would then have had available all the necessary 
air to ignite suddenly.  

 

3.2.2 Monitoring of Heavy Naphtha Vapors Concentration on the Surface of the 

Asphalt Diluted RC2 Tanks. Vapor concentration of heavy naphtha was measured 
outside the tank, around the manhole.  In either case a value close to 0,4 (see 
paragraph 3.2.3) did not appear, which means it was found that:   

a) The explosion is only possible if the flame burns inside the tank.   

b) The person who lit a flame would not have been surrounded by flames from heavy 
naphtha vapors present in the tank surface.  The flames only would come from the 
inside of the tank.   

c) The only way to generate an explosion is placing flame inside the loading port 
opening, for which the person it must be much crouched inside the tank.  

d) Converging to the above is the fact that to light should be squatting well over the 
loading port of the tank, because the asphalt dilute RC2 is very dark, it is not possible 
to see clearly the difference of level through the manhole opening with daylight, so it is 
necessary to bring the flame deep into the tank.  

 

3.2.3 Monitoring Heavy Naphtha Vapors Concentration at Environment 

Temperature.  

Vapor concentration was measured in a bucket at room temperature. The result was 
very low vapor concentration heavy naphtha. The instrument recorded values lower 
than 0,1 on a minimum value of 0,4 for explosiveness.  

Then, a dumping on that bucket was made with asphalt dilute RC2 at about 30 º C.. 
The recorded values were not significantly different.  

This allows to state that, consistent with the calculations performed, the level of heavy 
naphtha vapors inside the damaged tank before the transfer process, was practically 
zero at atmospheric pressure and room temperature; only air was present.  

 

3.2.4 Technical Features of the Test Equipment  

Gas detector Biosystems brand Multipro model, which was calibrated with methane, 
and within the validity date of the calibration, was used.  

To be calibrated with methane, the value indicated in the instrument reading should 
be corrected to be used with other hydrocarbons.  
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References within the Correction Factor is 0,4 for n-octane, 0,45 to n-hexane, and the 
values increase in inverse proportion to the length of the hydrocarbon chain.  

For gasoline the correction factor is 0,65.  

Based on the foregoing, it seems reasonable to assume that for heavy naphtha the 
correction factor is about 0,4.  

For this correction factor was obtained for each tank  

0.4 / 0.4 = 1.0 that is it would be in the lower explosive limit, this is about 1% by 
volume of heavy naphtha in the air volume inside the tank in which the measurement 
was made.  

0.7 / 0.4 = 1.75 that is higher than the lower explosive limit. Maybe it can be estimated 
in the order of about 2% volume of heavy naphtha in the air volume inside the tank in 
which the measurement was made.  

 

 

Figure 3.1 - Gas Detector Biosystems - Multipro  

 

3.3 Estimate Calculation of the Sudden Inflammation Energy Within 
the Tank  

It was indicated by the accident records that the tank had 22000 lt capacity, with 
10000 lt initially contained and had been dumped in it 4500 lt the time of the 
explosion.  

Consequently, the free volume was 7500 lt.  

In the damaged tank, the initial temperature was 10 °C, in it were poured 
approximately 4500 lt  at 50 °C.  
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If the cold and hot asphalt dilute RC2 were totally mixed to the temperature of the 
mixture would be 22 °C, which would be below the flash point.  

During the tests performed on the occasion of explosive atmospheres test it was found 
that the asphalt dilute RC2 when is at room temperature has a semi-solid state.  

Already explained that transfer time of about 5 minutes the heat transfer liquid 
asphalt diluted RC2 was not significant.  

Therefore when depositing asphalt dilute RC2 at approximately 50 °C from the tank 
truck to the tank, the asphalt dilute RC2 at approximately 50 °C initially behaves as if it 
had been deposited on a tank whose volume is equal to the free tank volume.  

The floor initially solid was beginning to migrate to the liquid state with input 
temperature of the asphalt diluted RC2 poured from the tanker truck.  

As there was an explosion, it is understood that the mixture was explosive, the amount 
of air contained in the tank was able to react with fuel vapors which would be of the 
order of 1% to 8% of the total volume.  

In a 1% volume of heavy naphtha and 99% of air scenario, considering that the 
molecular weight of the air is 28 g / mol and the molecular weight of the heavy 
naphtha can be estimated at 120 g / mol (average between C8H18 - C9H20).  

Whereas 22,4 lt is the volume occupied by 1 mol at atmospheric pressure and 
temperature 15 °C, and assuming that the temperature correction is much smaller, so 
it will work with this relationship, the tank would have the following number of air 
mols:  

7500 lt / 334 lt = 22,4 mols of air  

If the concentration of vapors heavy naphtha would be of 1%, it would have been 
there 75 lt of such vapors inside the tank at the time of lighting a flame.  

This represents  

75 lt / 22.4 lt = 3,3 mols of heavy naphtha vapor  

Expressed in grams:  

334 x 28 = 9352 grams of Air  

3,3 x 120 = 396 grams of Heavy Naphtha  

It will be assumed that the reaction between air and fuel into the tank was fully 
realized when the tank explode. This is the most conservative assumption, that is, it 
would develop all the energy that the air contained in the tank is able to allow release.  

Assimilating the heavy naphtha (which has a range of C7 through C10) at an average of 
C8H18 and C9H20 it is possible to estimate the stoichiometric ratio as follows:  
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This implies that 1 mol fuel chemically reacts with approximately 13 mols of oxygen.  

Air is composed in volume by a 21% of oxygen.  

Considering that the ambient air is a mixture of gases (mainly oxygen and nitrogen) 
that are at atmospheric pressure, and applying the Amagat�s Law:  

 

 

 

the volume percentage follow the molar fraction, so 13 mols of oxygen represent:  

13 / 0,21 = 62 mols of air.  

The enclosed volume in the tank contains 334 mols of air.  

Thus the exact reaction (stoichiometric) air and vapor between heavy naphtha if it had 
used all the air inside the tank as oxidizing  

334/62 = 5,4 mol of heavy naphtha  

In the mixture between air and heavy naphtha of 334 mols of air and 5,4 mols of heavy 
naphtha, the molar fraction determined the volumes, following the Amagat�s Law.  

This would be equivalent to 1.5% of heavy naphtha vapors in the air inside the tank.  

5,4 mols of heavy naphtha are 600 grams of that fuel.  

The energy that can release 1000 grams of heavy naphtha if it reacts with all the 
necessary air is 40000000 Joules (heat power of heavy naphta).  

In this case the air within the tank can chemically react with approximately 600 g of 
heavy naphtha, releasing about 24 million of Joules.  

The tests performed and the calculations are convergent in that inside the tank at the 
time of the explosion would have been an explosive mixture with an amount of heavy 
naphtha vapors ranging between 1% and 2.5%.  

The amount of fuel that allows to fully utilize all the air inside the tank is of the order 
of 1.5% heavy naphtha vapor in the air.  

A higher quantity of heavy naphtha vapor, for example, up to 2.5% does not 
significantly change the fact that the sudden inflammation used all the air contained in 
the tank when somebody light a flame.  

Therefore it can be estimated the energy in Joules 24000000 debt to the sudden 
inflammation inside the tank.  
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Chapter 4 

 

4. Process of Tank Explosion Model 

 

4.1 Evolution of Internal Pressure from the Lit of the Flame to the 

Tank Burst 

After lit a flame inside the tank, the sudden inflammation inside the tank generated a 
rapid increase in pressure in short time.  

The case of a sudden inflammation of fuel vapor and air in a closed vessel has been 
studied extensively and there is enough technical information to characterize their 
behavior.  

There is sufficient information for the case of closed tanks. Then in order to study the 
evolution of the internal pressure from the ignition of the flame to the outbreak in the 
damaged tank, first it have been studied the behavior of the tank if the loading port it 
had been closed.  

Methodologically, in Section 4.1 Interior Pressure Variation for Closed Tank it will be 
considered first if the tank had been closed without loading port opening when ignite 
a flame inside. Then in Section 4 .2 Effect of Loading Port Opening in the Internal 

Pressure Variation from the Lit of the Flame to Tank Burst. The influence of the loading 
port opening, relieving some of the pressure inside the tank, will be assessed.  

 

4.1.1 Interior Pressure Variation for Closed Tank  

It is considered in this case a tank as the damaged tank but without the loading port 
acting as a pressure relief device.  

According to NFPA 68 [1] when a closed tank has a mixture of air and fuel vapor, each 
type of gaseous fuel has a value constant that establishes the maximum pressure 
variation over time in terms of the constant and the volume of the tank:  

 

 

 

In Figure 4.1 - Effect of Test Volume in KG Measure for Spherical Tanks, of all 
hydrocarbons that are represented, the one that appears next to the heavy naphtha is 
Pentane (hydrocarbon composed of a chain of five carbons).  

Pentane values are taken as reference, and then the theory states that should be 
corrected their values based on the fundamental flame speed.  
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Values of flame speed appearing in Table 4-1, Fundamental Burning Velocities for 

Selected Flammable Gases in Air, for hydrocarbons containing in the heavy naphtha are 
about pentane speed.  

Thus it is understood that such correction is not necessary.  

It will not be considered at this point 4.1 of these thesis the influence corresponding to 
the difference in shape, that is, the tests correspond to spherical tanks and the 
damaged tank was cylindrical.  

This is because at this point 4.1 the objective is a first approach to the subject that 
shows convergence of results with the more detailed results that will be showed later 
with the specific calculations in section 4.2 .  

It can be seen in Figure 4.2 - Explosions in Closed Tanks: Effect of Volume. Propane at 

Stoichiometric Concentration, that there is a first phase in which the pressure variation 
is reduced, which to the free volumes of the order of the damaged tank (from 5 m3 and 
10 m3 ) can be estimated between 0,20 s and 0,30 s, followed by a sudden pressure 
change corresponding to the maximum variation of pressure over time, according to 
equation .  

The maximum pressure developed inside the tank according to the literature would be 
between 0,6 MPa and 0,9 MPa, in case that it has the capacity to contain the pressure.  

This means that if the damaged tank would have been closed, that is, without the 
loading port open, and assuming that the mixture of air and heavy naphtha would 
have the same behavior of stoichiometric propane, from the time the flame begins 
until the time of the explosion, would will occur between 0,20 and 0,30 s at a low 
pressure, and then 0,20 s 0,30 s until the maximum pressure is reached.  

So is estimated at about 0,60 s or less the time from ignition of the flame until the 
outbreak of the tank if it had a stoichiometric mixture of propane and air inside.  

The reaction time of a person is something greater than 0,60 s, so from the moment 
that lit the flame until the explosion occurred each protagonist in this scene of the 
accident of propane and closed tank had been subject to the forces associated with its 
development, showing individually a behavior completely out of his personal will.  
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