THESIS
to be presented on October 6, 2014 at

Universidad de La Republica, UdelaR

for achieve the degree of
MAGISTER EN INGENIERIA MATEMATICA

to
Ing. Guillermo RELA MUSIANI
Investigation Institute: DPI — [IMPI
University components:

UNIVERSIDAD DE LA REPUBLICA
FACULTAD DE INGENIERIA

Thesis title:

Unsolved Accidents in Fuel Storage Tanks: Resolutiorhbtiilogy by Mathematical Modeling
under Systemic Approach

Committee of examiners:

Dr. Franco ROBLEDO Thesis Director
Dr. Gerardo RUBINO President
Dr. Pedro  PINEYRO
Ing. Gabriel PISCIOTTANO
SOledad GUTIERREZ






Acknowledgement

| wish to thank Doctor Franco Robledo Amoza, ThesiBirector, for his dedication,
without which this thesis would not have been posiile.

To my beloved wife Graciella Chirico for her uncontional support of an entire life, |
never properly rewarded, particularly including this thesis.

My sons Maria Fernanda Rela Chirico and Martin Rehirico by admitting low quality
of care of his father during the development of tls thesis, and more broadly during
the development of their father’s profession.

| want to thank Gerardo Rubino, Gabriel PisciottanoPedro Pifieyro and Soledad
Gutierrez for the honor of judging this work.






Index

Content Index

Part | — INTRODUCTION
Abstract .

Introduction

Part Il - PROCEDURE THEORETICAL FRAMEWORK
Chapter 1 — Theoretical Framework .
1.1 Introduction

1.2 Procedure

Part Ill - CASE STUDY

Chapter 2 — Description of the Accident .

Chapter 3 — Fuel Air Mixture

3.1 Calculation of Air-Fuel Mixture in the Tank .

3.2 Monitoring of Explosive Atmospheres Test Desgiion

3.3 Estimate Calculation of the Sudden InflammatioBnergy within the Tank
Chapter 4 — Process of Tank Explosion Model . . ..

4. 1 Evolution of Internal Pressure from the Lit ofthe Flame to the Tank Burst .

4.2 Mathematical Model of Simulation of Tank Behami from Lit of the Flame to Burst .

Chapter 5 — Tank Burst .

5.1 Tank Burst Pressure

5.2 Burst Energy Distribution

5.3 Tank Burst Modelling .

Chapter 6 — Consequences of Explosion Effects ond@as in Accident .
6.1 Effects of Burst . .

6.2 Effects of Body Displacement .

6. 3 Consequences of Explosion Effects on PersongCiase of Tank Burst by Detonation.

Chapter 7 — Displacement of a Body Standing on thank . Coe
Chapter 8 — Movement of a Body Initially on the Laling Port Lighting a Flame .
Chapter 9 — Detonation and Shockwave Creation .. .

Chapter 10 — Interaction Between Shockwave and aduiid Layer

11
15

19
21

21

.21

31
33

39
43

.35

49
.49
65
.93 .

.93 .

93

.93 .
. 119
. 119

. 124
. 128

. 135
.391

. 153

.. 159



Chapter 11 — Conclusions . . . . . . . . . . . . . . w e w . . . .. .. 3.16

Part IV - APPENDIX 67 1
Appendix A: Chapter 4 - Tank Behavior Model ItoMel X . . . . . . . . .. .. .. . 169
Appendix B: Chapter5Tables . . . . . . . . . . . . . « . . . . . ... ..201
Appendix C: Chapter6 Tables. . . . . . . . . . . . . . & .« . . . . . . .. .23
Appendix D: Chapter 7 Tables. . . . . . . . . . . . . . . . . . . . . . .. .269
Appendix E: Chapter8 Tables . . . . . . . . . . . . . .« . . . . . . . .. .279
Appendix F: Chapter 10 Tables . . . . . . . . . . . . . .« . . . . . . . . . .325
Bibliography 329
Figures Index 331



Glosary of Terms

Burning Velocity . The rate of flame propagation relative to the vekity 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, angrressure of the unburned gas.

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

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

Detonation . Propagation of a combustion zone at a velocity d@h 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 aaainer due to the
development of internal pressure from a deflagratio.

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

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

Flash Point. The minimum temperature at which a liquid gives fi 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 metular mobility and unlimited
expansion; used synonymously with the term vapor.

Ke. 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 intgal
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 deflagraon in a closed vessel.

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

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

Vent Closure. A pressure-relieving cover that is placed over\ent.
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RESUMEN

Las mezclas basadas en hidrocarburos pesados conmgmnentes mas livianos se
utilizan en la construccion de carreteras (diluidoasfaltico), en la energia para la
produccion industrial (hornos, calderas, generadorg electricos) y en la generacion de
potencia de accionamiento para el transporte interacional por barco de enormes
cantidades de bienes (motores de combustion internde gran porte).

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

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

Todas estas operaciones tienen un alto riesgo depgsion.

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

En la misma se ha establecido una metodologia gera@ para la determinaciéon de las
atmosferas explosivas en el interior de tanques deombustible, el modelado del
proceso de combustion en su interior a partir de lagnicion ante la presencia de una
chispa o llama en el entorno de una abertura del ngue, asi como las consecuencias
de esta combustion (derivando en una posible explam) sobre las personas en el
entorno del tanque.

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

Palabras clave: explosion, tanque, combustible, adente, modelado.
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ABSTRACT

Storage of mixtures of heavy hydrocarbon fuels withlighter components is a
worldwide necessity because of their use for the cwstruction 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 activigs, provides the support for the
production of goods and services worldwide, althouly its contribution appears
invisible to the life as we know and for the worldsurrounding us as we perceive it.

For its use, the heavy hydrocarbon fuels need to Weandled, stored, transported, and
transferred.

All this operations have high risk of explosion.

This thesis focuses on the explosions inside heavyel storage tanks. Particularly
those that occurred long ago and have not had a féxplanation.

In this Thesis a generic methodology for determinig hazardous atmospheres inside
fuel tanks has been set, the modeling the combustigprocess inside the tank from the
ignition in the presence of a spark or flame in thevicinity of an opening of the tank,
and the consequences of this combustion ( resultingn a possible explosion ) on
persons in the vicinity of the tank.

This job was done in the expectative of be making @ntribution 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 explanan to some type of unsolved
accidents involving storage of heavy hydrocarbon tls, and also contribute to improve
support systems and managerial decisions, to elimate the accident's cause from the
root.

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

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

The content of this thesis is presented as follows.

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

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

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

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

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

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

Finally, Chapters 9 and 10 analyzes the effect dficck wave in tank’s body and fuel
spill in order to have more elements that could math with the accident’s explanation.

As a sum of all this elements, deployed in sequencan explanation similar to what
really would happened was found, no matter the yeapassed.

Consistently with this, as it was said, the systemi approach of the problem,
considering as much as possible all nature’s lawsvolved in the accident, and its
effects on the people and materials in the influerecarea of the accident, is the key to
solve the problem.

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

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

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

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

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

The following subject in reliability decreasing orcer, is the study of the injuries
suffered by the people around the tank. Chapter 608sequences of Explosion Effects
on Persons in the Accident, for estimate the injuryuse the international technical
reference theories only.

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

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

0.1 References
This thesis join from the stand point of view of @ystemic aproach of these aspects:

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

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

- detonation, if that is the case, of the unburned miure
- flow of gases through the tank openings

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

- efect of explosion in the neighborhood of the tankyeople and objects

- tank deformation due to the internal pressure

- tank rupture time

- interaction between the explosion shock wave andduid inside the tank

16



- spill of fuel in the neighborhood of the tank

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

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

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

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

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

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

The National Fire Protection Agency standard NFPA86 Guide for Venting of
Deflagrations — Edition 2002, is a Standard that gies the design, location,
installation, maintenance, and use of devices andysems that vent the combustion
gases and pressures resulting from a deflagration ithin an enclosure so that
structural and mechanical damage is minimized. Theguide should be used as a
companion document to NFPA 69, Standard on Explosid’revention Systems, which
covers explosion prevention measures.

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

NFPA 30, Flammable and Combustible Liquids Codeixt8 Edition, its provisions are
intended to reduce the hazard to a degree consistenvith reasonable public safety,
without undue interference with public convenienceand necessity, of operations that
require the use of flammable and combustible liquid. Thus, compliance with this
standard does not eliminate all hazards in the usef flammable and combustible
liquids.

For the efect of explosion in the neighborhood ofhie tank, people and objects, as well
as the flow of gases through the tank openings stydthe book Lee’s Loss Prevention
in the Process Industries [2] have several chapterstuding explosion types and

consequences.

The efect on persons and object is very well treatein the GreenBook [3].
Gas Explosion Handbook [4] is a useful guide foréhstudy of gas explosion.

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

The way this thesis study the problem of the combui®n inside the tank, that is, using
a mathematical model that registered the unburned ia fuel mixture pressure and
temperature inside the tank, allow arrive to the caoclusion that the mixture will

reached the self ignition temperature.

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

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

The efect of the flow of gases through the tank opengs in the neighborhood of the
tank related to body movement, is based on drag arldt coeficients for human body at
different positions. A good reference was found iThe Evaluation of de Human Body
as an Airfoil by William P. Schane, LTC, MC - U.A8my Aeromedical Research
Laboratory and U. Dean C. Borgman, Research ScientU.S. Army Aeronautical
Research Laboratory Moffett Field, California MAY959.

Nevertheless, a better aproach to the first movemerof the body over the loading port
would be found. That is when considering a flow ofases in the order of a comercial
jet airplane turbine exhaust. There is a lack ohformation about it, but, an article, [6]

Aircraft Jet Engine Exhaust Atlantic City internatinal Airport Blast Effects on Par-56
Runway. Threshold Lamp Fixtures, was helpful in mah the conclusions of the body
over the loading port considering that flow of gase in the order of a comercial jet
airplane turbine exhaust and the conclusions of tlsithesis about the subject.

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

The work Venting of Gaseous Explosions: Turbulizath Aspect [8], study the case of a
tank with similar volume of the tank and its reliefopening 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, tw articles were found: Development
of a Simplified Theoretical Model for Dynamic BurstTime and Pressure of a
Cylindrical Shell [9] and Research on Bursting Preare Formula of Mild Steel Pressure
Vessel [10].

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

Theoretical Framework

1.1 Introduction

This theoretical framework Chapter enables to undetand the twenty steps
procedure to achieve the accident resolution.

The main subjects are the estimation of fuel vapo+ air mixture at the explosion
moment, the estimation of the sudden inflammation eergy within the tank, the
evolution of the explosion inside the tank and outsle the tank, and the efect on people
and materials in the neighborhood of the accident.

The objective is to study a combustion process inde a fuel tank, and its consequences
in the neighborhood of the accident area if an expsion happen.

In some conditions an explosion inside the tank carhappen, 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 thefree volume of the tank.

Inside the tank there is liquid up to certain leveland the rest is ocupated by air and
hydrocarbon vapor.

Free tank volume is the volume of the tank ocupateby air and hydrocarbon vapor.

Step #2: Estimation of Fuel Temperature at the Expl osion Moment

If the accident happened during a filling or a witdraw process is necessary to
evaluate the temperature of the fuel, because theisea strong relationship between
fuel temperature and pressure vapor of the fuel.

Any fuel is a mixture of hundreds of different typs of hydrocarbons, and if have an
specific pressure vapor.

Loading Port

Free Tank Volume

Liquid Volume

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 ithe tank at the explosion moment,
it must resort to the concept of vapor pressure; bythe Dalton’s Law, determines the
amount of fuel vapor relative to air there.

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

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

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

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

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

Step #3: Estimation of Fuel Vapor Pressure from Vap or Pressure of Hydrocarbon
Products of Equal Length of Carbons than the Charact eristically Components of
Fuel

The fuel can be characterized by over sever hundredf different types of
hydrocarbons.

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

Each fuel particularly comprises a certain percenge of paraffinic hydrocarbon type,
of naphthenic type, and of the aromatic type.

Using the vapor pressure of a hydrocarbon that wataken as representative of each
type, the result of calculating the vapor pressureof a mixture of three types of
hydrocarbon in the above mentioned percentages, g@¢ approximately the vapor
pressure of the fuel.

If the total pressure is equal to atmospheric presse, the volume percent of fuel vapor
relative to air in a tank can be determinate easydm the fuel vapor pressure.

This value corresponds to conditions of equilibriumwhich is achieved after some
time, so this value could be lower if it had not rached equilibrium.

If the fuel is a mix of two of more kind of commeiial fuels (like in the case of study) is
necessary to study the compound effect of the twauél types.

Previous Concepts to Step #4:

The way to measure the amount of hydrocarbon vapoin air is with a Gas Detector
device.
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Gas detectors are calibrated for certain hydrocarbws, and within a validity date of
calibration.

To be calibrated with certain hydrocarbon, the vale indicated in the instrument
reading should be corrected to be used with otherydrocarbons.

The read value at the instrument must be correctedith the correction factor.

The corrected value is compared to determine if itvould 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 openingan 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 necessarjo have an ignition service and put this
ignition source close to one of these openings dfi¢ tank.

For these purpose it is necessary to recreate thenk area near the opening or the
point where the ignition start.

It is important to recreate the geometry of the ara at the same fuel vapor temperature
that when the ignition start.

Using an indicator of fuel vapor concentration in & it is possible determine if reaches
the minimum value of fuel vapor in the air to ignie.

Monitoring of explosive atmospheres test consistedf three parts.

Previous Concepts to Step #5 and Step #6:

The measurement of vapor fuel concentration in seval points inside the tank, and or
the openings on the tank, is called monitoring ofukel 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 necessya found where inside the tank the
porcentage of fuel vapors in air is in the explosin 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 gace of the recreate tank area in
order to determine if the explosion is only possil® if the flame burns inside the tank
or also could be produced outside of it.

Step #7: Monitoring Fuel Vapors Concentration at Env ironment Temperature
Vapor concentration it is also needed to be measudeat room temperature if the fuel
object of study is moved hot (heavy fuel) in ordeto record the vapor concentration
values.

This measure gives the idea of how near or how faf 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 atmapheric pressure and
temperature 15 °C, so it is possible to calculatéé number of air and vapor fuel
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mols inside the tank.

Considering that the ambient air is a mixture of gses (mainly oxygen and
nitrogen) that are at atmospheric pressure, and agdging the Amagat’s Law, the
volume percentage follow the molar fraction.

Step #8: Estimate Calculation of the Sudden Inflamm ation Energy within the
Tank

Considering the percentage volume of fuel and perntage volume of air scenario,
considering that the molecular weight of the air is28 g / mol and the molecular
weight of the fuel can be estimated in g / mol fromthe molecular weight of the
hydrocarbon most representatives.

The energy that can release 1000 grams of fuel tfreacts with all the necessary air is
obtained from its specific heat power.

Knowing the mass of fuel and air mix inside the tdais possible to determine the
explosion energy.

Step #9: Process of Tank Explosion Model - Evolutio n of Internal Pressure from
the Lit of the Flame to the Tank Burst

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

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

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

Step #10: Process of Tank Explosion Model - Interio r Pressure Variation for
Closed Tank

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

According to NFPA 681 when a closed tank has a mixture of air and fuel par, each
type of gaseous fuel has a valuecl€onstant that establishes the maximum pressure
variation over time in terms of the constant and tle volume of the tank.

Knowing this constant value for the type of fuel ath the free volume of the tank is
possible to determine the profile of variation presure vs time.

Also is needed to correct the values according tdvé Fundamental Burning Velocities
of the fuel considered.

The maximum pressure developed inside the tank acoting to the literature would be
between 0,6 MPa and 0,9 MPa, in case that it hag ttapacity to contain the pressure.
The reaction time of a person is something greatehan the explosion development
time, so from the moment that lit the flame until he explosion occurred each
protagonist in this scene of the accident had beesubject to the forces associated with
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its development, showing individually a behavior canpletely 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 maintainingnternal pressure of 0,2 MPa
(absolute).

If the value of vent area in the tank (including &lthe opening acting at the explosion
moment) is smaller than required to maintain an abslute pressure in the tank in the
vicinity of 0,2 MPa (absolute), the pressure insidéhe tank should rise.

Once reached the condition of maximum variation ipressure over time, (dp/dt)max,
the pressure inside the tank will increased far beynd the possibilities of evacuation
through the active openings.

It's also possible to estimate the time it would tke to relieve a reduced pressure
inside the tank Red= 0,2 MPa.

Step #12: Process of Tank Explosion Model -Mathemat ical Model of Simulation
of the Tank Behavior from the Lit of the Flame tot he Burst

For the purpose of determining the behavior in thetank during the explosion, a
mathematical model simulating the behavior of the ank can be made from flame
ignition to the explosion moment.

In order to consider possible errors in accident'secords information is advisable to
also manage the possibility that the free volume w&33% more and 33% less.

The Model

For the model is necessary to use time intervals di,01 s calculating all the model’s
variables (pressure, temperature, density, of burné and unburned mass, mass inside
and leaving the tank) for it and then advancing oneterval each time.

As the flame starts an inflammation, the variatiorin time of the flammable mixture
burned, can be modeled as a function of the radiug the sphere of flammable mixture
that has burned, the turbulence factor, the densityf the flammable mixture and the
speed of the flame front (see Figure 4.8 and Figure14).

At any arbitrary time i, the volume of the flammabg mixture that has already been
burned, plus the volume of the flammable mixture tht has not been burned totals the
inner volume of the tank occupied by the unburned @mbustible mixture at the
moment of lit a flame.

Inside the tank, once inflammation of flammable miture begins, the pressure starts to
increase.

The increase in pressure is regulated by the diffential pressure maintained between
the inside and the outside of the tank as a consegunce of outgassing of flammable
mixture (burned as unburned) through the active opaings.

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 sté#d and radio calculated by
unburned mixture density, turbulence factor, and fmdamental 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 evolvedrom all unburned to all burned along
the process (see Figure 4.13)

It's advisable to use more than one control volumen order to better characterize the
model, and also use more than one turbulence factdor same reason. That is, supose
that one specific value of volume in the vicinity bthe major tank opening can
characterizise better than others the behaviour othe combustion process starting in
the major opening.

When calculate the mass exiting the active openingsis necessary to consider when
to use the critical ratio of pressures to calculat¢éhe flow through it.

Also is needed to make a thermal balance inside thank considering the heat energy
of the combustion, and the mass and specific heat the gases; this allow obtain the
temperature inside the tank, and the correspondentdensities for burned and
unburned gases.

Running the model for different free volumes, contl volumes, turbulence factors, it is
possible to characterize the case studied model ageately.

Previous concepts to Steps #13 and #14:

Tank Burst Pressure

Three possible causes arises as possible: 1) ovegssure inside the tank (later in this
thesis it shows that is for detonation), 2) generafailure at operating pressure due to
corrosion or general tank failure due to bad mainteance, 3) blast for being the tank
surrounded by flames.

Burst Energy Distribution

The way burst energy was distributed it is dividedas follows: 1) tank expansion, 2)
tank rupture, 3) burst 4) fragments.

The energy due to the expansion tank can be negledtbecause it is very small. Some
energy is required also for breakage of the tank lius also very small, some studies
shown in Lee’s Loss Prevention in the Process Indugs [2], estimate the energy in
the order of 10000 Joules, while the burst energyam be was estimated in 1000 times.
The burst can occur for the internal pressure ris@r a detonation debt to self-ignition

In order to determine if it happened one or anotheris necessary to study the
unburned air and fuel vapor mixture temperature insde the tank. To evaluate the
consequences of the tank burst two methods were ude

- Method of Baker et al.
- The Multienergy method

Step #13: Study the pressure variation in time outs ide tank — Tank Burst
Modelling/ Baker et al. Method. Basic Method

The method was developed by W. E. Baker et al. (137 and refers to spherical tank
containing ideal gas.
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Explosion energy is calculated by the equation byubst pressure, volume of the
selfignition mixture, and polytrophic index of airand fuel vapors mixture not inflamed
yet. For each Model of the tank behavior it is need to calculate the explosion energy
values.

Each explosion energy value lead to pressure and pulse value of the explosion
shockwave for each point of the exterior of the takaccording to this method.

The method consider several explosion severities deribing one curve each one, that
according to the explosion energy, sound speed atag conditions, and free tank
volume is necessary to select.

Step #14: Study the pressure time outside tank — Ta nk Burst Modelling/ Multi-
Energy Method

The TNO Multi-Energy method is based on the concept multi-energy, which is the
presentation of a deflagration of gas so that the evelopment of the blast and
overpressure obtained only under certain boundary onditions, where only flammable
mixture is partially confined or obstructed.

Through a lot of explosion experiments, it has beeestablished a explosions curves
family known as "TNO blast curves" for explosions

The Mult-energy method does not strictly apply to e case of the explosion of a tank,
but it will in the case of a cloud of explosive mixre 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 explosioof gas clouds have been modeled
for a number of models of hemispheric loads. The &l of each model is characterized
by the load size and load stress.

Load size is related to the combustion heat presemn the source, while the load stress
is related to the explosion overpressure.

Based on these characteristics, scaled blast paratees were calculated (peak
overpressure, positive phase duration) as a functio of the scaled distance, a number
between 1 and 10 representing categories from "nejible" to "detonating”.

Again it is assumed that the center of the outbreakorresponds to the center of the
opening in the tank caused by the outbreak.

To calculate the explosion energy was considered @b in every Model, the amount of
flammable mixture that was burned since the flameitl until the tank burst, assuming
that the tank burst at the maximum pressure in eaclof the ten Models considered.

Previous concepts to Steps #15 and 16

The human body can adapt to significant changes pressure if it is given enough time
to compensate for pressure changes in the organs which air is present.

If this change occurs suddenly, the difference inrpssure can damage organs. The
most vital organ containing air are the lungs.

In the technical literature it pays more attentionto lung damage since lung damage
can cause death.

A less vital organ, however more sensitive to presse changes, it is the ear.
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Step #15: Evaluation of the effects on people the t ank - Effects of Burst/ Lung
Injury

When a pressure difference between the outside anthe inside of the lungs is
established, with greater pressure outside, the clst is pressed inward, which can lead
to lung damage. Since this pressed inward processquired time besides the value of
overpressure, the duration of this situation is imprtant.

The Greenbook have charts that describes the probgiby of survival by pulmonary
damage depending on the incident overpressure andudation of the pressure pulse.
The correct chart choose is determined by establishg the position of the person
relative to the direction of propagation of the pressure wave.

This is necessary, because the pressure exerted tye pressure wave on the person as
a result of reflection of it on the person's body iad the flow surrounding to the person
may be greater than the maximum overpressure incidg in pressure wave.

It also provides equations that allow relate thisuing injury with the dynamic pressure,
side pressure, and impulse on the body that the Bak 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 pint.

Step #16: Evaluation of the accident effects on peo ple’s body - Effects of Burst/
Ear Damage

Similarly to Lung Damage, the Greenbook allows toalculate the percentage of
probability of ruptured eardrums as a function of he pressure on them.

It should be considered here as the exerted presseithe reflected pressure.

The reflected pressure can be calculated an equatipthat 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 specifispeed and the direction of the
burst.

Consequently this called "wind of the explosion,"an take a person and move it a
particular distance. It is necessary for that to asime a person position in order to use
the Greenbook chart of flow around a person and theelative position to pressure
wave direction.

Displacement creates risks of collision with solicbbjects with probability of death by
impact to the skull or body in general.

The dynamic stress or pressure exerted by the windf the explosion on a stationary
object or person can be calculated as a function afrag coefficient, perpendicular
surface to the propagation of the shock wave, airemhsity behind the shockwave, and
velocity of particles in the wave.

This lead to a differential equation involved accelration of the person’s body, mass of
the person’s body, and velocity of the person’s bgd

The particle velocity and air density are dependenbn the atmospheric pressure p
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and the density of airo in front the shock wave according to same equati@that
Greenbook gives.

The maximum body displacement can be determined Igolving the differential
equation, using particle velocity and density.

The solution can bring tables with values of: Lated Pressure, Lateral Impulse, Scaled
Time, Pulse Duration, Particles Speed, Air Densit@orporal Speed of persons in the
accident.

For the Baker et. al method and c for Multienergy &thod applied to each Model
created previously in the explosion study.

Then, with the impulse and lateral pressure the Genbook also provides Landing
Speed of Body Displacement Based on Lateral Presswand Impulse for a 70 kg Weight
Person.

This landing speed can be checked with the tablesbtined, simulating the body
movement in the space.

This simulation gives the distance traveled by eachody of persons present in the
accident.

Step #18: Body Displacement by Flow Trough Active O pening

Another aspect to study is the long displacement gfersons without important lung or
ear damage.

That could be the case if the person was near anti&e opening during the explosion.

In this analysis is valuable to study the explosiomnergy limit from the stand point of
view of the property damage, as for example glassdakage. For this consider the non
broken glass distance to explosion origin point, ah calculate breakage pressure
according to Greenbook data.

This analysis allow separate body translation debto explosion and consider only
body translation debt to gas flow through the actie tank openings.

Knowing the final position of each body, and conseting the lung and ear injury
degree in each case, it is possible to obtain thedy position at the explosion moment,
moved just for flow of gases through the active tdnopenings.

Once again for this study it have to be consideretthe explosion models applying the
Baker et al method and the Multienergy method.

With the information obtained in the last step of his procedure, assuming an initial
position of a person nearby an active opening, isipossible to determine the person
movement. For this it is possible to use equationthat model the flow through the
active opening as a function of density of exhaugfases through it, speed of exhaust
gases through active opening, diameter of the acevopenning , density of gas in the
exit condition of the active opening, discharge cdicient of the active opening.

To evaluate the effect that the gas flow has on thigody should apply the first and
second cardinal equation, to thereby obtain the ecations of motion of the body.

It has to be done this work for all models that coer the range of possible explosion
behavior. The flow of gases exiting the active operg, passes through external vicinity
of the body generating efforts of drag and lift.

The application of these stresses on the body allowstablish body position debt to
explosion. This allow to obtain as a function of # time, pressure in the tank,
temperature of the not inflamed mixture, body surfae area impacted by the exhaust
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gases of the active opening, the dynamic pressurercected for the height of the body
above the active opening, vertical acceleration andertical velocity, height of centroid
above the active opening, horizontal accelerationral 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 diffemt Control Volume, Turbulence
Factor, Initial Angle, and Free Volume, obtained ithe Baker et. al. method and
Multienergy method.

With this information is possible to calculate bodymovement in air from the moment
of departure from the loading port opening until landing for all models created.
Horizontal and vertical acceleration, speed, and loly position with one hundredth of
second accuracy respect to initial position.

Finally, horizontal displacement in the air, slidig on the ground, and the total
displacement can be obtain.

For calculate the movement sliding on the ground ihave to be considered the proper
factor of friction between the ground and the persa, an applied the proper equations.

Step #19: Mathematical model of tank deformation - Detonation and

Shockwave Creation

If it have a detonation occurrence, would have fored a shock wave.

According to Chapman Jouget equations shown in Led’0ss Prevention in the Process
Industries [2], the shockwave characteristics can & modeled as a function of
polytrophic index, gas pressure entering shockwavespecific volume gas entering
shockwave, gas pressure leaving shockwave, specifirolume gas living shockwave,
energy added per mass unit.

To consider the reaction force on the tank, it isecessary to know of assimilate the
type to a Design Standard, and determine the origath steel sheet thickness.

From that stand point of view it is possible to calulate the yield stress value of the
material, and study the regions in which would be pduced a permanent depression
or brake.

After that the results can be compared with the tak accident photographs or records.

Step #20: Mathematical model of the fuel spill - In teraction between

Shockwave and a Liquid Layer

As the flow progressed on the surface, a surface waof large amplitude have been
formed; its size depends on the Mach number.

The equations governing the phenomenon can lead tcharacterize the wave as a
function of wave mass, wave horizontal velocity, g@ssure in wave vicinity, pressure far
from the wave, wave height, liquid height, wave with, gas density far from the wave,
liquid density, shockwave velocity.

This can lead to explain the fuel spill configuratin in the damaged tank vicinity. After
that the results can be compared with the tank acdent photographs or records.

For the liquid fuel that flowed through the activesopenings it is possible to make an
flow breakdown analysis in order to calculate the tbplet 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 tanksed to road repair.

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

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

Asphaltic emulsion RC 2, is a fast curing emulsiaf asfalt diluted in gasoline.
The product at 50 °C came from a tanker truck.

At this moment, 5000 liters of this product at 50 € there where in the tank plus the
initial 20000 liters (see Figure 4.13).

Tank, almost symmetrical, has a loading port opengnin 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 teequalize 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 witla cigarette lighter or a similar
device made an igneous focus in the vicinity of thlvading port opening, causing a
combustion process inside the tank.

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

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

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

2. Asphalt spray accompanying the flow of incandescemases leaving the loading
port.

3. Projection of asphalt in a 6-8 meters radius cented in the loading port.
4. Explosion in a side of the tank vessel, with asphalelease into the surrounding
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area.

5. Advancement of an explosive wave, centered on théds 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 o&a few tens of meters in
height approximately.

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

2.2 Brief Accident Description

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

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

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

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

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

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

Three different assays of measure of explosive atrapheres in two asphalt diluted RC2
tanks property of the supplier company were conduatd. These have revealed that the
only way to generate an explosion is completely ptang a hand with a flame into the

loading port of the tank, and is not possible thaa person standing in the vicinity of

the loading port of the tank could have caused arxplosion.

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

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

Then it have been studied the effect of the loadingort opening in the variation of
internal pressure from the ignition of the flame uril the burst of the tank.

The results obtained in both cases were similar tthe 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, sodm the moment that the flame start
until the explosion occurred, each person was subpged to forces related to the
pressure development, individually exhibiting eachperson a behavior completely
independent to his personal will.

Calculated by an international reference method, ithe next chapter, the outcome was
that the area of the loading opening was less thamne third of the needed to relieve
the pressure inside the tank without significantlyincreased pressure, leading to the
tank burst.

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

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

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

The instant of the tank burst from the moment thatit the flame.
The bursting pressure of the tank.

The amount of burned and unburned mass inside theabk at the time of the
tank burst, and the amount of flammable mass thaitdwed out through the
loading port opening at the moment of the explosion

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

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

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

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

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

The modeling of tank burst was performed by two métods 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 presge and momentum of a person
standing at 1, 2, 3 meters from the center of theutbreak in the tank.

The coincidence of results between the two methodsonfirms the validity of the
results.

The tank would have exploded by increased pressureiithout detonation, which is
what the literature indicates that occurs in genera

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

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

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

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

The burst pressure on the windshield of the truck ad its position relative to the
center of explosion was estimated, which allowed dcarding some explosion energies
too high, the coincidence of the two methods usednothe ten models used was total.
Consequently, studied the situation described in # accident proceedings, and
possible changes to inaccuracies in such informatiohas been established that for
positions 1, 2, 3 meters respectively with respecto the center of the explosion, for
Models | to X, the initial velocities of a body staling on the tank would be: If it had
been the case with the explosion of the tank withdudetonation, the person on the
tank had experienced a slight shift, ending a few @ters from its original position.

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

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

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

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

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

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

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

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

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

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

After exhaustive embodiment of the above studies, &vconclude that it was not
possible to find any scenario in which the personuwsviving the accident had been
standing on the tank.

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

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

The formation of a wave of liquid generated insid¢éhe 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 tak truck.

37



38



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 Tan k Contained Only Air Inside
Before the tank filling process starts, the tank wh 22,000 It of capacity contained
about 10,000 liters of diluted asphalt RC2 insidetaoom temperature.

The vapor level of heavy naphtha was almost zeroside the tank.

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

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

3.1.2 At the Moment of Lighted a Flame on the Loadin g Port, the Free Volume
Inside the Tank Contained an Explosive Mixture of A ir and Heavy Naphtha Vapor
The asphalt diluted RC2 that was in the tank beforthe start of the transfer process
was at room temperature.

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

The higher the temperature of the asphalt diluted R2 the greater the quantity of
vapors of heavy naphtha which were released into #surrounding air. Progressively,
as the transfer process progressed, the amount ofeavy naphtha vapors released
inside the tank were increasing.

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

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

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

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

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

Assuming ideal gas behavior, if each of these gas@sr and heavy naphtha vapor)
were studied separately, the contribution to the pessure of each component is
directly related to the number of mols of the compaent.

Since each component has the same volume and themsatemperature, the difference
of the pressures exerted by the two different gasewill be due to their numbers of
mols.

If the partial pressure of each component is knownit is possible to calculate the
number of mols of each of the gases found in the xtiire in a given enclosed volume
and at a given temperature.

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

The specific volume of a particular gas in a mixteris called partial volume.

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

To estimate the amount of heavy naphtha vapors prest 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 asphaluigd RC2 that was initially in the
tank at room temperature was in a semi-solid stat@nd 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 dilutt RC2 was admitted at 50 ° C, it
was deposited on the inside of the tank and it's teperature descended as it gave heat
to asphalt diluted RC2 that was at the bottom tanKkt has been estimated transfer time

of 4500 It of asphalt diluted RC2 from the tank trak to the tank vessel, taking into

account the difference in piezometric level betweeank truck and tank vessel and the

pressure drop in the hose.

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

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

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

3.1.4 Estimation of Heavy Naphtha Vapor Pressure fr om 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 pes of hydrocarbons from a 7
carbons chain up to 10 carbons chain. Particularlgffecting the vapor pressure are the
7 carbon chain, called C7.

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

Heavy naphtha particularly comprises approximately50% paraffinic hydrocarbon
type, 40% of naphthenic type, and 10% of the aromat type.

In the following Table 3.1 - Vapor Tensions of Hydrocarbons Representative of Each
Type is indicated the vapor pressures of a hydrocarbonthat was taken as
representative of each type.

In the rightmost column it shows the result of calalating the vapor pressure of a
mixture of three types of hydrocarbon in the abovenentioned percentages.

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

This value corresponds to conditions of equilibriumwhich is achieved after some
time, which could be higher than the time of transr, 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 C7HS8 C7H14 C7H16

Percentage 10 40 50

Vapor Pressure at 40 ° C 7887 16723 14918 14937

Table 3.1 - Vapor Pressure of Hydrocarbon Represent ative of Each Type

The following Table 3.2 - Distillation Curves of Asphalt Diluted RC2 and HedNgphtha
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distillation curves of asphalt diluted RC2 and hegvnaphtha are appreciated.

Distillation Curve Heavy Naphtha Asphalt Diluted RC2
Initial 94°C
10% 110°C
30% 120°C 190°C
60% 150°C 225°C
100% 250°C 360°C

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

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

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

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

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

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

Therefore, the volume of heavy naphtha vapors preseinside the tank at the time of
lighting a flame would have been of the order of 3%.

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

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

At the moment of ignite a flame inside the tank, @ording 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 cdaocted in the two tanks of
asphalt diluted RC2 of the supplier company (see pagraph 3.2).

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

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

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

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

3.2 Monitoring of Explosive Atmospheres Test Description
Monitoring of explosive atmospheres test consistedf three parts.

3.2.1 Monitoring of Heavy Naphtha Vapors Concentrati on in the Interior of
Asphalt Diluted RC2 Tanks.

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

At the top of each tank there is an opening calléananhole” to access the interior. This
opening is very similar to the loading port openingof the damaged tank in the
accident.

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

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

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

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

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

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

3.2.2 Monitoring of Heavy Naphtha Vapors Concentrati on on the Surface of the
Asphalt Diluted RC2 Tanks. Vapor concentration of heavy naphtha was measured
outside the tank, around the manhole. In either c& a value close to 0,4 (see
paragraph 3.2.3) did not appear, which means it waleund that:

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

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

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

d) Converging to the above is the fact that to lighshould be squatting well over the

loading port of the tank, because the asphalt diletRC2 is very dark, it is not possible
to see clearly the difference of level through thenanhole 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 roo temperature. The result was
very low vapor concentration heavy naphtha. The irtsument recorded values lower
than 0,1 on a minimum value of 0,4 for explosivenss

Then, a dumping on that bucket was made with asphatlilute RC2 at about 30 ° C..
The recorded values were not significantly differet

This allows to state that, consistent with the caldations performed, the level of heavy
naphtha vapors inside the damaged tank before thedansfer process, was practically
zero at atmospheric pressure and room temperaturepnly air was present.

3.2.4 Technical Features of the Test Equipment

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

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

For gasoline the correction factor is 0,65.

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

For this correction factor was obtained for each tak

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

0.7 /0.4 = 1.75 that is higher than the lower exglsive limit. Maybe it can be estimated
in the order of about 2% volume of heavy naphtha ithe 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 theank had 22000 It capacity, with
10000 It initially contained and had been dumped init 4500 It the time of the
explosion.

Consequently, the free volume was 7500 It.

In the damaged tank, the initial temperature was 10°C, in it were poured
approximately 4500 It at 50 °C.

45



If the cold and hot asphalt dilute RC2 were totallynixed to the temperature of the
mixture would be 22 °C, which would be below the &ish point.

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

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

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

As there was an explosion, it is understood that gnmixture was explosive, the amount
of air contained in the tank was able to react withfuel 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 scano, considering that the
molecular weight of the air is 28 g / mol and the ralecular weight of the heavy
naphtha can be estimated at 120 g / mol (average beeen C8H18 - C9H20).

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

7500 1t/ 334 1t = 22,4 mols of air

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

This represents

751t/ 22.4 It = 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 ad fuel into the tank was fully
realized when the tank explode. This is the most oservative assumption, that is, it
would develop all the energy that the air containedn the tank is able to allow release.

Assimilating the heavy naphtha (which has a rangef €7 through C10) at an average of
C8H18 and C9H20 it is possible to estimate the sthiiometric ratio as follows:

5
Calles ¥ 27 0, = 8C0; + 9H,0 [3.1]
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CoHag + 14 0; = 9CO; + SH,;0 [3.2]

This implies that 1 mol fuel chemically reacts withapproximately 13 mols of oxygen.
Air is composed in volume by a 21% of oxygen.

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

va; = Z"= RT (3.3]

the volume percentage follow the molar fraction, sd3 mols of oxygen represent:
13 /0,21 = 62 mols of air.
The enclosed volume in the tank contains 334 mold ar.

Thus the exact reaction (stoichiometric) air and vpor 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 334nols of air and 5,4 mols of heavy
naphtha, the molar fraction determined the volumesfollowing the Amagat’s Law.

This would be equivalent to 1.5% of heavy naphthaapors in the air inside the tank.
5,4 mols of heavy naphtha are 600 grams of that fue

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

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

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

The amount of fuel that allows to fully utilize allthe 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 examp, up to 2.5% does not
significantly change the fact that the sudden inflamation used all the air contained in
the tank when somebody light a flame.

Therefore it can be estimated the energy in Joulea4000000 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 inflaamation inside the tank generated a
rapid increase in pressure in short time.

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

There is sufficient information for the case of clsed 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 behawi of the tank if the loading port it

had been closed.

Methodologically, in Section 4.linterior Pressure Variation for Closed Tank will be
considered first if the tank had been closed withouloading port opening when ignite
a flame inside. Then in Section 4 .Effect of Loading Port Opening in the Internal
Pressure Variation from the Lit of the Flame to Tamurst.The influence of the loading
port opening, relieving some of the pressure insidéhe tank, will be assessed.

4.1.1 Interior Pressure Variation for Closed Tank

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

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

K, = (%)m . [4.1]

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

Pentane values are taken as reference, and then thieeory states that should be
corrected their values based on the fundamental flae speed.
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Values of flame speed appearing in Table 4-FEundamental Burning Velocities for
Selected Flammable Gases in Aar hydrocarbons containing in the heavy naphthare
about pentane speed.

Thus it is understood that such correction is not acessary.

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

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

It can be seen inFigure 4.2 - Explosions in Closed Tanks: Effect of Volume. Pnepat
Stoichiometric Concentrationthat there is a first phase in which the pressureariation
is reduced, which to the free volumes of the ordesf the damaged tank (from 5 rand
10 m3) can be estimated between 0,20 s and 0,30 s, falled by a sudden pressure
change corresponding to the maximum variation of gFssure over time, according to
equation [41] |

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

This means that if the damaged tank would have beedlosed, that is, without the
loading port open, and assuming that the mixture okir and heavy naphtha would
have the same behavior of stoichiometric propanerdm the time the flame begins
until the time of the explosion, would will occur ketween 0,20 and 0,30 s at a low
pressure, and then 0,20 s 0,30 s until the maximupressure is reached.

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

The reaction time of a person is something greatahan 0,60 s, so from the moment
that lit the flame until the explosion occurred eah protagonist in this scene of the
accident of propane and closed tank had been subjdo the forces associated with its
development, showing individually a behavior compleely out of his personal will.
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Annex C  Fundamental Burning Velocities for
Selected Flammable Gases in Air

This annex is not a part of the recommendations of this NFPA

document but is included for informational purposes only.

C.1 General. The values of fundamental burning velocity
given in Table C.1(a) are based on NACA Report 1300 [82].
For the purpose of this guide, a reference value of 46 cm/sec
for the fundamental burning velocity of propane has been
used. The compilation given in Perry's Chemical Engineers’
Handbook [83] is based on the same data (NACAReport 1300)
but uses a different reference value of 39 cm/sec for the fun-
damental burning velocity of propane. The reason for using
the higher reference value (46 cm/sec) is to obtain closer
agreement with more recently published data as presented in

Table C.1(b).

Table C.1(a) Fundamental Burning Velocities of Selected

Gases and Vapors

Fundamental
Burning Velocity
Gas (cm/sec)
Acetone 54
Acetylene 166*
Acrolein 66
Acrylonitrile 50
Allene (propadiene) 87
Benzene 48
,n-butyl- 37
stert.obutyl- 39
1. 2-dimethyl- 37
1,2 4-trimethyl- 39
1.2-Butadiene (methylallene) 68
1,3-Butadiene 64
2,3-dimethyl- 52
2-methyl- 55
nButane 45
2-cyclopropyl 47
2 2-dimethyl- 42
2,3-dimethyl- 43
2-methyl- 43
2,2 3-trimethyl- 42
Butanone 42
1-Butene 51
2-cyclopropyl- 50
2 3-dimethyl- 46
2-ethyl- 46
2-methyl- 46
3methyl- 49
2,3-dimethyl-2-butene 44
2-Buten l-yne (vinylacetylene) 89
1-Butyne 68
3,3-dimethyl- 56
2-Butyne 61
Carbon disulfide 58
Carbon monoxide 46
Cyclobutane 67
ethyl- 53
isopropyk 46

Table C.1(a) Continued

Fundamental
Burning Velocity
Gas (cm/sec)
methyl- 52
methylene 61
Cyclohexane 46
methyl- 44
Cyclopentadiene 46
Cyclopentane 44
methyl- 42
Cyclopropane 56
cis-1,2-dimethyl- 55
trans-1, 2-dimethyl- 55
ethyl- 56
methyl- 58
1,1, 2-trimethyl- 52
trans-Decalin 36
(decahydronaphthalene)
wDecane 43
1-Decene 44
Diethyl ether 47
Dimethyl ether 54
Ethane 47
Ethane (ethylene) 80*
Ethyl acetate 38
Ethylene oxide 108
Ethylenimine 46
Gasoline (100-octane) 40
n-Heptane 46
Hexadecane 44
1,5-Hexadiene 52
n-Hexane 46
I-Hexene 50
I-Hexyne 57
3Hexyne 53
Hydrogen 312*
Isopropyl alcohol 41
Isopropylamine 31
Jet fuel, grade JP-1 (average) 40
Jet fuel, grade JP-4 (average) 41
Methane 40*
diphenyl- 35
Methyl alcohol 56
1,2-Pentadiene (ethylallene) 61
cis-1,3Pentadiene 55
trans-1,3Pentadiene (piperylene) 54
2-methyl-(cis or trans) 46
1,4-Pentadiene 55
2 3-Pentadiene 60
»Pentane, 46
2 2dimethyl 41
2 3-dimethyl- 43
2 4dimethyl 42
2-methyl- 43
3-methyl- 43
2.2 4-trimethyl- 41
1-Pentene 50
2-methyl- 47
4-methyl- 48
cis-2-Pentene 51
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