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Abstract

Pool fires and explosions are among the most frequent accidents in process facilties. For pool
fires, flame impingement and thermal radiation are main hazardous characteristic. Whereas,
overpressure and negative pulse duration are the main treats to human and assets in the case of
explosions. Environmental variables significantly affect the behavior of fires and explosions.
However, the effect of environmental parameters in the cold regions like arctic has not been
sufficiently studied. This study presents two new models. A steady state and fully developed
pool fire model that takes into account the effects of all environmental variables like
temperature, the presence of droplets and surfuce reflexivity on the thermal radiation and
subsequently on the fire consequence assessment. Another model has been proposed to account
the effect of snow layers on explosion overpressure. A detailed description of model

development and solution methodology are presented in the thesis.
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Chapter 1: Introduction

L1 Motivation and Scope

Risk-based design is a widely used and yet growing practice in most of industries
Consequence assessment of the desired fire or explosion scenarios is among the most crucial
steps in the risk assessment. There are different methods and models available to preform
consequence analysis. These methods and models have been developed and used over years for
temperate. conditions. Fire or explosion in the arctic region is a unique example of
environmentally controlled consequence that has not been studied adequately. The reason is lack
of models to include environmental parameters which control the impact propagation. Snow/lce
covered surfaces and the presence of water/ice droplets in the air are such parameters that have

not been considered in previous methods and models

‘These environmental parameters could significantly affect the consequence of an accident;

therefore, the contribution of these parameters must be taken into account especially when
consequence is estimated for the arctic region. Hence, studying the effects of environmental
parameters and developing new models for fire and explosion consequence assessment are the

scope of this thesis. Figure 1.1 illustrates risk assessment diagram and the focus of this study.



Knowledge of Environment and Workplace

| azand tgentiication | [ Receptorsat Risk l

=%

Explosion
Modeling

Fr:qucl\cy Assessment

Error and Uncertainty Analysis

Figure 1.1: The area of focus for this thesis.
12 Thesis Outline

Chapter 2 provides a brief description about the arctic region and its main characteristics

parameters. Consequence assessment is discussed generally in chapter 3. This chapter explains

the procedure of estimating and converting the consequence of an accident. Different categories
of fire and different methods for fire consequence assessment have been discussed in details in
chapter 4. This chapter discusses different methods, compares them and points out their
limitations and applications. Chapter  presents the proposed model for pool fire modeling in the
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arctic region. This chapter includes the mathematical formulation of the proposed model and

literature review of the previous works on the pool fire. Chapter 6 presents available methods

and models for explosion consequence assessment. This chapter discusses the advantages and
shortcomings of different models. Chapter 7 presents the new model for explosion overpressure
calculation in the arctic region. In this chapter, jump equation has been coupled with Baker-
Strehlow model. This coupling resulted into order four partial differential equations which have

been solved using finite difference techniques. Finally, the contributions of thesis have been

summarized in chapter 8. This chapter includes the suggestions for future works.



Chapter 2: Arctic Characteristics

As showed in Figure 1.1, environmental and workplace knowledge is a vital step for
consequence assessment. This knowledge contributes to hazard identification and scenario
making and subsequently affects the consequence assessment. Variation in the environmental
parameters may result into significant consequence differences. For example, thermal radiation

of a pool fire signific: to presence of the air. This chapter

briefly indicates the main characteristics of arctic region which make this region different

compared to moderate or warm regions.
2.1 Aretic Definition and Boundaries

‘The Arctic region is the region that surrounds the North Pole which is located within the
Arctic Circle (6.5 N) [1]. When defined this way, the most fundamental characteristic of the
Arctic region is 24-hour daylight in summer and 24-hour darkness during winter. In spring and
autumn, duration of day highly depends on the latitude. During almost all the year, Arctic is
extremely cold with much of its land covered with snow, ice, and many areas of permafiost. The
environment ranges from large elevated mountains to flat plains, spacious tundra lands and large

bodies of water, snow, and ice.



Arctic Ocean

Figure 2.1: Arctic Circle, a major part of Canada and Alaska are in Arctic Circle. Retrieved Dec

13,2010, from hitp://swww.dom de/acircle/acire

22 Snow and Ice

Much of the Arctic environment is covered in enormous masses of ice. The Arctic Ocean is

‘over 1000 meters in depth, and with ice [1]. the

ice usually ranges between 1 to 10 meters with a surface area of approximately 9 to 12 million
km’. About 30 percent of the Arctic Ocean has very shallow water; these parts are known as the

continental shelf.  lce sheets are found throughout the ocean surface all year round, but during

the end of spring, Iy melts at inental shelf.

In certain areas of Arctic, warm ocean currents increase temperature and moisture content of

the atmosphere, causing the amounts of precipitation to increase as well. Some regions can

5




receive more than 3000 millimeters of precipitation per year such as the Norwegian coast,
southen lecland and Alaska. In other parts of the Arctic where there is no influence of heat, the

temperatures are much lower, therefore receiving less than 150 millimeters per year

Within the central areas of the Arctic Ocean where it s isolated from surrounding influences
that may affect the climate, the majority of the precipitation occurs as snow.  Although there is

rainfall throughout the year, the most rain falls in the warmer months such as in June, July, and

August

Figure 2.2: Snow and ice covered waters

Arctic region. Retrieved Dec 13, 2010, from

http:/gllery.usgs.gov/video_tags/seafloor/isy5S/1

Temperature

The air temperature of the Arctic region is dependent on the solar radiation that it receives
from the sun. At locations with higher latitudes, solar radiation is very weak and does not
provide too much heat to the environment (2], Temperatures among locations vary because of
the differences in radiation and also from surrounding influences. Usually as the sun rises during
the moming, the earth’s surface heats up. Sometimes the weather pattern can affect the

temperature due to drafts of cold air during the heating process. The cold air flow may cause the



moming temperature to rise slowly, remain the same, or even decreases. The opposite effect can

happen as well when d ‘warm air flow temperatures.

When solar radiation interacts with bare land, soil in the ground absorbs it and radates heat
which then warms the surounding air. In the Arctic region most of the energy is spent for
‘melting large areas that are covered with ice and snow. Especially in the Arctic Ocean, all the
solar radiation is used to melt the glaciers; so, the temperature remains freezing cold throughout
the day. During the night when there is no influence of solar radiation, the air temperature is
‘manipulated by the amount of cloud cover present. It has been concluded that the temperature is

colder during clear conditions and warmer during cloudy conditions.

‘The annual average of incoming solar radiation in the northern part of the Arctic Circle is
approximated to be 100W/m’ and the areas located at mid latitude receive a range of 150 to 200

W/m’. Overall, the Arctic region averaged out to be -34 degrees Celsius in the winter and a

312

Surface air temperatures (SATS, approximately 2m above the surface) exhibit remarkable
regional and seasonal variability [1, 3]. January average SATs less than 40 -C characterizes
parts of Siberia. Over the central Arctic Ocean, winter temperatures are somewhat moderated by
heat fluxes through the ice cover. January mean values of ~25 C to ~32 <C are typical [1-3].
During July, mean values over snow-free land surfaces are typically 10 -C t0 20 -C [1-3]. Over

the central Arctic Ocean, the pr a i i

to zero.
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Figure 2.3: Temperature variation during a year in plus 80 N, Retrieved Dec 13, 2010 from

hitps://climatesanity. wordpress com/category/arg
24 Wind

During winter the Arctic region is known to have high winds with snowstorms between
calmed periods [1, 4]. With high velocities, the Arctic winds gather snow as it flows through
large open spaces and deposit it in sheltered areas. Winter wind speeds are usually slower than
summer wind speeds due to frequently oceurring inversions, and surface winds are separated by
the inversion layer from the strong upper layer winds. Wind speeds that blow from the west are

also normally slower than the winds that blow from the cast.

Arctic winds usually blow in from the west as part of the westerlies. Depending on the

topography, there are influences among wind strength, dircetion, and temperature.  As wind



R

flows through coastal channels or mountain passes, its strength can be increased. Katabatic
winds flow downward which can be warm or cool according to the situation, forming over

glaciers in mountainous areas from high to low grounds,

rating on the way down.
Anabatic winds are usually warm as it flows upward due to the rising of air, frequently forming
as air flows off a body of water. Anabatic winds are usually very light, more known as a

summer breeze.

Near-surfuce winds are typically light in the central Arctic with mean annual speeds
averaging 4-6 /s [1, 4). The NP observations show mean speeds of about Sms year round. At
stations in the Canadian Arctic, mean wind speeds are typically less than in the Russian Arctic
due 1o the lower frequency of cyclone activity. Nevertheless, when they occur, they may last

several days with extremely high speeds exceeding 25 m/s [1, 4],
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Figure 2.4: Frequency of wind velocit

s in Barents Sea. Retrieved Dec 13, 2010 from

hitp//aws entssea,no/Zp=barentssea&l=en



25 Fogand Visibility

Fog causes a major visibilty problem in the Arctic. There are different types and some of
them are known as advection, radiation, and ice fog.  Fog is most often found along the coast
parallel to the shore. During the winter season, the land is much warmer than the surrounding
water. As warm air from the water flows over the cool land, the air of opposite temperatures mix
o form fog. In the summer season, the same thing oceurs except the air from warmer lands and

‘cooler waters mix instead. Ice fog creates fog the same way except that it consists of ice crystals

rather than plets, ing at ter below -45 degrees Celsius.
Cold il ke during The temperature
of air is significantly lower than water and causes steam to rise. A blanket of water droplets is

formed by the steam which s considered to be sea smoke. Sea smoke is known to be another

type of fog, formed in a similar fashion and having the same visibility eflects.

Another visibility problem in the Arctic region is called Arctic haze. Characteristics of
Arctic haze consist of limited visibility in the horizontal dircctions but clear visibility in the
vertical directions. It is known to be formed from very small ice particles since it reflects many
different colors as light interacts with the haze. As sunlight shines through the haze, it is known
as diamond dust because of all the rock-like particles, but near the ground it appears to be mist or

smoke [1-3].

26 Humidity

Arctic air is expressed to have very low temperatures and moisture content, During the

‘winter, air is significantly colder and dryer over land than it is over water. Since water is warmer

than land in the winter, the air above picks up water particles as it flows across the surface and

10




retains s higher temperature values and moisture content [S). On average the Arci

relative

humidity found at the surface is ranged from 50 to 60 percent. Near the surface, mean specific
‘humidity (mass of water vapor per unit mass of air, including the water vapor) for winter as
averaged for the region north of 70+ N is only about 1 g kg compared to about 3 to 4 g kg™ in

summer [1].



Chapter 3: Consequence Assessment

Previous chapter briefly pointed out the main characteristics of the arctic region. According

to these and workplace i ies, scenarios are defined. Once

scenario are defined, they arc analyzed for consequence and likelihood assessment. Consequence
assessment refers to attempts toward quantification of hazard intensity. Among hazardous

event

fire and explosion are the most common accidents in oil and gas industries. Frc is more
frequent; in contrast explosion has higher damage potential and commonly leads to fatality,
injury and property loss. The consequences are usually calculated in terms of production loss,

human health loss, assets loss, and environmental damages.

Consequence assessment helps 1o determine the potential damage due to hazardous
oceasions; however, but docs not account for how frequent the accident occurs. I the results of
consequence assessment arc not directly quantifiable, then it has to be converted to some

‘measurable impacts (monetary terms usually).

Integation of all identified losses (e.¢. production loss, asset loss, human health and safety
loss, environment loss, information and knowledge loss) to obtain the overall consequence of a
hazardous event requires special treatment [6-]. Figure 3.1 shows the flowchart for an overall

consequence with different categories.




- Downtime cost
- Maintenance cost
- Waste cost

Production loss

Equipment damage cost
Structure damage cost

Overall

consequence
~Fatality cost

- Injury cost

- Reduced functionality

- Environmental impacts cost
- Cleanup cost

Figure 3.1: Overall consequent with different categories.

31 Methods for Consequence Assessment

Scenarios are identified according to the consequences of hazards, in terms of the probable
fatalities, injuries, damages, and failures that can be determined in three different ways [6-9].

Available methods can vary from highly subjective methods like engineering judgment to highly

FD) tools.

Historical data can be used to evaluate consequences. The scenario can be compared to
accidents of the past that had similar hazards. For example, reviewing the last accidents will
help 1o show the trend of consequence and ts intensity. Morcover, it helps for a better
understanding of the consequences for specific events, and breaks down the damage outcome of
each consequential effect.  Historical data may be specific to the environment of the incident,

specific to structures of a similar type sharing the same general location or owner.



There are advantages and disadvantages for estimating consequences with historical data.

The data helps support the values given in a specific accident to calculate the consequences, if

they are sufficient enough to give precise results, data from these past incidents can be used to
make a reasonable risk asscssment. Though this may be practical for average valued results that
have a set number of variables, experiments that have a large number of variables are not
accounted for, and outputs a significant difference in data. The incidents used in comparison
should have very similar structures for the best results. Another problem that may arise is the
errors or change in data over time which discourages the use of the information previously

collected.

The size of databases is a major contribution in consequence estimation, more dat

available as it increases in size. Though there may be sufficient data, the information needed to
be accurate.  Often, the details provided are not all the details required for consequence
estimation. Historical data is rarely complete because minor incidents that could have led to
major incidents are not always recorded. to use historical data, the relevancy of the data must be
determined and if it is suitable to be studied. (If applicable, then apply, if partially, apply

judgment to modify data, and if not, use another method)

incering judgment is another useful way to evaluate consequences. This method is

limited to judgn i inceri ise, in

results.  Engincering judgments may be based from the previous experience of another

practit from the use of Delphi method. This

process is very practical because it provides estimation that is completely inexistent or lack in

. The Delphi ires skill and

experience 10 be used.



Another disadvantage from the use of engineering judgment is bias opinions; they arise from
various individuals according to what has happened in the past. Thus always the opinion of
several experts must be asked and an individual opinion cannot be relied on lonely. Subsequently
this results in a range of estimations and potential outcomes. Although this method does not

provide a point value, sometimes the inaccuracy is fine when a range of values is of interest

tead of a specific estimation.

Models have been developed to evaluate accident consequences; they can calculate the
number of deaths or injuries, loss, cost of downtime or business interruptions, and also any
environmental damages. Fire models are nomally capable of evaluating fire development,
smoke movement, structural response, and evacuation response, while estimating the time it
takes to reach its critical damage threshold. Likewise explosion models are able to estimate
dispersion, flame propagation and generated overpressure. These models are used for
quantitative estimates based on rationalized methods and any changes in the design are related to
the consequence results; therefore, allowing designers to acknowledge where changes should be

‘made to minimize risk.

Accurate input values are sometimes hard to acquire due to uncertainties. Depending on
how complex the problem may be, one simple model cannot provide all the required results and
need to be combined with other models. When using one model at a time, the results of one may
be used as input data for another as a sequence, and if mistakes are made in the beginning, the
entire process will be incorrect. Figure 3.2 shows available methods for consequence assessment

and their advantages and disadvantages.




Historical Data. Engincering Judgment Mathematical Models

Advantages Advantages
Advantages

- When other methods - Suitable for a variety
- Useful when workplace | | cannot be done of applications
s the same or s similar.

- When a range of - Accurate and multi-
- Better understanding of | | estimation is needed purpose
- Simple and quick Disadvantages Disadvantages

- Bias - Time consuming
Disadvantages

- High level of - Lots of inputs required
- Cases mustbe similaror | | coio i ded
the same - Needs special

knowledge of tools

- Lack of data or accuracy

Figure 3.2: Available methods for consequence assessment

32 Converting Consequence to Measurable Impacts

Consequences caused from accidental fires and explosions are measured in different ways.

“This includes the measure of health and safety impacts, loss of property, business disturbance

costs, or environmental damages. The consequences can be subjective or objective, and can be
caused by direct or indirect factors and must be identified during the risk assessment to do @

reliable risk assessment.

Evaluating consequence is more difficult compared to evaluating hazards, in a way that the
value of loss or harm may be unclear and hard to determine. While lfe safety consequences are

16




estimated, injuries and loss of human life are included in the eriteria but a lot of the time other

important factors are not included. Factors such as lower quality of life, pain and suffering,
rehabilitation afler a fire related incident, inability to work afier an accident, and effects on
family support. There are other long term concerns that include loss of image and market shares
for a specific business. Such impacts are very complicated and in most cases are not considered

asa part of consequence assessment.



Chapter 4: Fire Modeling

As discussed in previous chapter, there are several methods to estimate consequence of an
accident. Among those methods, mathematical modeling s recognized to be the most powerful
method due to its flexibility and ability to handle different level of complexity and details.
Available methods may be divided into two main categories based on their outputs: physical
models and effect models. Physical models calculate variables which are direct outcomes of a
hazardous event. For example they may estimate parameters like temperature, radiation, toxic
gas concentration. Effect models convert the outcomes of physical models to more sensible
impacts like fatalities, injury or loss of property.

Models may be classified as empirical and computational. Empirical tools. estimate

parameters based on experimentally obtained correlations; thus, a short time is needed for

caleulations. ind I i ing the derivation of

limit the application to simple geometries. In contrast to empirical tools, computational tools take
advantage of goveming equations in estimating desired parameters. Although it takes a much
Tonger computational time to run these models, the result is expected o be more accurate and
reasonable. These models have the ability be applied for complex geometries where the

Although there are numerous model. ilabl
suitable model is not an easy task. In selecting a model all workplace, environment condition and
different scenario must be considered and the selected model must have the ability to take into
account these conditions. For example the FRED may be used 1o estimate impacts of a hazardous

event in a simple geometry; however, it is not applicable if reflective surfaces such as snow

18




present. Fire, Relcase, Explosion and Dispersion (FRED) is a software developed by Shell for

quick estimations based on the experimental data,

4.1 Fire Categories

“The main cause of injury or damage from a large open hydrocarbon fire i thermal radiation.
The different types of fires behave differently and exhibit markedly different radiation
characteristics. Radiation and convection are the principal mechanisms for transferring heat from
a fire 10 a structure. The radiation is usually the dominant mode of heat transfer, although

convective heat transfer becomes an important mode for structures directly impinged or

engulfed. Typically, fires can be classified into four categories: pool fires,jet fires, fireballs and
flash fires. In a pool fire, the pool of vaporizing fuel forms buoyancy controlled turbulent flame
where the fuel vapor has negligible initial momentum. Pool fires occur from the accidental
release of liquid fuel during loading of tanks or due to rupture and/or fracture in pipes and tanks.

The probability of occurrence for this type of fire depends on the type of fuels and environmental

conditions. Heavy fuels are most likely to produce pool fire while light fuel may evaporate and

produces vapor cloud. In fuel will apo fuel may

‘generate a pool fire in cold environments like the Arctic.

Jet fires oceur due to immediate or quick ignition of pressurized fuel. This fuel could be a
single phase of gas, gas and liquid and even sometimes liquid [10-12). Jet fires are much more
dangerous than pool fire because of the radii of its impacts. Depending on the scenario
specification (released phase and angle of release) jet fires can be horizontal o vertical.
Horizontal jet fires are more hazardous especially downwind. Jet fires may lead to impingement

of structures, equipment and vessels, rupture of pipes and secondary failures.




Since je fires have high radii of impact, scenarios which include jet fires should be specified
preciscly because of domino effects. The domino effect is the situation when an accidental fire
triggers and expands fires to the other parts workplace. This is an extremity hazardous event
when the installation is highly congested due to limitation of space like offshore structures and
ships. In those places, jet fires lead to a very high rate of heat transfer and rapid

deformation/destruction of structure.

“The domino effects of pool fires or jet fires may increase the pressure inside a tank which
contains flammable compounds. The increases in temperature and pressure may result in tank
failure due to boiling liquid expansion vapor explosion (BLEVE) [13, 14]. In his situation, due
10 a sudden pressure drop, liquid evaporates and ignites. This results in an overpressure and
missile hazards. Furthermore, this results in a higher thermal radiation compared to jet and pool

fires.
Due to the thermal radiation, overpressure and missile hazards, BLEVE could be more

hazardous than other types of fires. If the tank contains gas, this may result i a very large and

rapid firebal. Such a fireball has the highest thermal radiation profile among all different types

of fires. The fireball shape, behavior and si o type of fucl, failure mode and

failure time.

A flash fire is a type of fire in which there is a short delay between the release and ignition
times. In this category of fir, the gas or vapor cloud is released and then s ignited:; thus, there
will be a negligible overpressure. Flash fires are transient and result in a temporary heat
radiation. However it could trigger other types of fire especially if flame turns back to the source.

Figure 4.1 summarizes the categories of fires.




Jet all Flash fire

Initiation Initiation Initiation itiation
-Liquid release ~Pressurized fucl -Rapture of tank ~Release of gas or
release evaporable liquid

Impacts
s 0 Impacts L’;lvm“ Impact

ermal rdition | PG e erpressure mpacts
“Triggering BLEVE. || “Triggering BLEVE | | -Themmal radiation || Triggering other
- Smoke and i Missile and type of fires o
structure failure - High radii of projection explosions

impacts

Figure 4.1: Different fire categories and their hazards.
42 Modeling

After understanding of the scenario’s requirements, specifications and characteristics,
mathematical modeling is used to estimate the possible scenario consequences. A variety of tools
and models arc available to perform consequence assessment. Selecting the optimal model

requires an understanding of their strength and limitations.

43 Mode

In fire modeling the objective is to understand fire behavior and its outcomes. Depending on
required accuracy, complexity of system and required time there are numerous mathematical

‘models whi

‘could be used for fire modeling. Based on the employed mathematical techniques




and solution methods, mathematical models can be divided in three main categories: empirical

correlations, zone models and CFD models.
431 Empirical Correlations

Empirical correlations based models are the simplest models. They are based on empirical

have been developed consi i between input parameters
and outcomes of fires. Since in fire modeling especially in open area thermal radiation and
convection are the most important parameters, these models are mostly devoted to estimate
thermal radiation, temperature profile and convection. For example in jet fire modeling,
parameters like type of fuel, fuel mass rate and discharge diameter is used to estimate thermal

radiation, convection and the visible length of the flame.

Although these models are fast and user friendly, there are several limitations which
restricting their application. First of all, most of these models are on the base of finite number of
experiments constrained with experimental conditions. Secondly, there are inherent error
associate with fitting correlations o a restricted data set. Furthermore, most of the experiments

have been carried out for open spaces or very simple and not congested enclosures. So these

be applied gested workpl:

432 Zone Models

odel d in mid-1950 with introd f for

study of post-flashover and specially movement of toxic gases in other compartments. Later two
zone models were developed for pre-flashover behavior estimations. The concept behind zone
‘models s to divide compartments or enclosures into two or more spatially homogenous volumes
(zones). The model has been observed o take place in real cases and experiments [15, 16]. In

2




these models, the upper layer has higher temperature and temperature drops in subsequent lower
layers. In these models, the plume concept is used to take into account smoke and hot air

‘movement above the fire.

For cach spatial volume (zone), physical parameters such as species concentration,
temperature and density are assumed to be uniform. This means that al the particles in a specific
zone have same properties and these properties change only with time. Although the results from
experiments show some perturbations and variations from these assumptions, in general the

resultsof these models are n good agreement with experiments.

Mass, momentum and energy conservation equations result in a set of Ordinary Differential
Equations (ODE). The conservation equations are coupled with gas laws (typically the ideal gas
assumption) for calculations. In zone models the physical properties in a zone considered
homogenous; thus, conservation laws are applied to estimate energy, mass and momentum
transport between adjacent zones. Caleulations are conducted by modeling sub-fire processes:

convection, diffusion, combustion and fluid flow.

‘The momentum conservation law is not applied explictly as not all the required information
for pressure and velocity is available in the model. The application of momentum conservation
law is govemed by the mass movement from plume fire to zones and from adjacent zones to
ventilation and open areas.

Zone models maybe classified based on the number of zones in each compartment: one
zone, two zone and multi zone models. In one zone models the entire compartment has the same
properties like temperature and species concentration. Due to plume rising and fire turbulent

behavior, these types of models are not appropriate where there is a fire. Such a one zone model
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