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Abstract

‘Thermal hazards constitute menace to the exploration, processing and their allied industries.
“This work presents quantitative risk assessment of these thermal hazards via a simplified model,

probability and severity determination with quantitative risk and proposed risk ranking for

thermal runaway reactions using a case study of self-heating mineral ores;

A number of sulphide-containing mineral ores supplied by Vale Inco from Reid deposit
were already investigated for self-heating thermal hazardous behaviour on the effect of
mineralogy, particle size distribution and moisture contents using combined state-of-the-art
instruments like Mineral Liberation Analysis, Thermal Gravimetric Analysis and Differential
Scanning Calorimetry. The obtained results are then analyzed using AKTS software with the

final data used for the risk assessment by first validating the developed kinetic model.

A continuous probability function, Gaussian probability distribution, is used to determine
the associated chances of occurrence of the thermal hazards having fitted the representative data
of thermal hazards into continuous distribution using Matlab. The probability of the hazards is

determined under seven major classes of activation energy and Arrhenius’ constant

Similarly, severity of the defined thermal hazards is evaluated using the ratio of enthalpy
of reaction of the ore under specific investigated effect to a referenced thermally hazardous
material under four major categories of low, medium, high and extremely high risk classes using
well-studies referenced materials. The associated risks are then determined as product of

probability and consequences.

inally, the numerical values of the associated risks are evaluated for consistency on a
predefined scale with the risk ranked and coded by means of colour legend. The associated risk
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with these mineral ores is found to be of medium class category and can be managed effectively.

Recommendations are made for further work on the subject and approach for improvements.
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Chapter 1

Introduction

Accidents do not just oceur but are caused by acts of commission or omission on the part of

operators or processing operations and equipment. In the Chemical processing industries,
accidents are typically attributed to improper storage and handling of hazardous chemicals.

Implementation of risk management strategies can decrease the occurrence and severity of

these accidents. The process of risk analysis entails the following (Nolan, 1996):

o Hazard identil ion.

*  What are the chances? (Probability as

« Hazard quantification

« Hazard prevention strategies implementation with emergency planning (Hazard

mitigation)
1.1 Thermal Risk Assessment in Exploration, Manufacturing and Process Industries

Generally, risk assessment is a unique process of systematically qualifying or quantifying

inherent hazards from processes, materials or substances and events involved in industries.

The process industries are with huge inventories of stored chemicals, high temperature and

ure reactions and complex layout, control and instrumentation. Risk assessment of these

P

industrics is vital to their overall operations considering the huge investments involved and

environmental issues.

Assessment of the associated risk with a recognized hazard involves determination of the

2003; Shah et al, 2005, Ozog & Bendizen, 1997). This

precursors to the accident (Shah et

is done by combination of the methods such as: hazard and operability study (HAZOP)




which identifies the hazards but not frequencies or chances of oceurrence; hazard analysis
(HAZAN) which estimates the frequencies of the occurrence and consequences to the
employees, members of the public, industry and profits, and compares and contrasts the
results of the associated frequencies and consequences with a target or criterion as to its
acceptance or rejection of the hazards (Barton & Rogers, 1997). Hence, quantitative risk
assessment (QRA) entails three major steps of hazard quantification, probability assessment

and assessment that are executed with risk estimation. HAZAN

employs the use of fault tree analysis (FTA) (Hauptmans, 2004), event tree analysis (ETA),
Markov modeling, etc. to obtain the probability assessment. Other methods employed
include the use of probability functions (Srinivasan & Nhan, 2008). Risk is finally quantified

as the product of the probability and consequences.

Various merits of QRA are the accurate cost-effective or cost-benefit engineering design,

safee operations and maintenance, well informed process routes management and decision

making for global excellent profit margin. The risk assessment process cuts across

ecolog

al, process and hazards identifi ification and mitigation. In

this work, the focus is to study risk assessment specific to exploration, process and

manufacturing operations

1.2 Objectives of the Research

The main aims of this work include:

> To evaluate available methods and models for thermal hazards and risk assessment

> To develop and test a quantitative thermal risk model cum assessment methodology
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Thermal hazards are very challenging to manage. Therefore, available technologies and
models must be continuously modified to mitigate the new discoveries associated with these
challenges. The available quantitative risk-based methods for thermal hazards are not only
time consuming and laborious but also require specialized laboratories and equipment. The
methods do not provide categorization of the chemicals nor do they characterize their

hazardous activities.

In view of the above, a simple method of characterizing the chemicals and risk categorization
will be developed to cater for these. This developed method will be used to quantify the
thermal hazards alongside with the usual determinations of exothermicity and time of no
retum.  Considering the amount of needed time to be invested in camrying out the
experiments as well as the expensive costs and specialized laboratories with highly sensitive
equipment to ascertain minute details, this simple method will give the same results at lesser

cost and time with few experimental runs and data.

Quantum effect of scaling up from laboratory to industrial scale will be well accommodated

within the developed methodology so that the portend hazards inherent in such operations
can be diagnosed prompily. Also, the approach is aimed at incorporating the effect of

interactions between multiple factors that are responsible for the thermal hazards within few

experimental runs compactly so that comprehensive inference can be deduc

The proposed approach can equally be used to identify and compare the chemicals thermal

hazards, as well as estimating the magnitude of the hazards thereby providing various

alternatives for mitigating them. It will equally serve as an oval window into ways of

selecting and specifying safety measures. Such derived kinetic and risk- based models




should be able to confirm, corroborate and replicate experimental results obtained by the

sophisticated instruments as well as yielding the same conclusions.

Runaway reaction of self-heating sulfide minerals will be used as case study for testing the

new model to be developed.
1.3 Justification of the Work

It is imperative to assess the risks of runaway reactions due to the hazards associated with
them such as explosion, loss of lives, industrial plants, environment and capital. Ranging
from major industrial accidents in Germany OPPAU (1921), to a host of others, the material

costs amount to the tune of millions of dollars ¢.g. $458m for La Medes (1992), France

(Egidijus & Varmantas, 2008). The fatalities incurred in such accidents are very grave and
irreparable as resources are lost in terms of quality personnel, experience and trainings.
Therefore, proper identification and assessment of operating risks could decrease the

frequency and severity of thermal accidents. It will also enhance superb handling and storage

of these hazardous chemicals,

1.4 Thesis Layout

Layout analysis of this thesis has six major chapters. Chapter 1 reviews QRA from

perspective to modern trends and some of the basic steps of thermal risk a

industries. Also, the chapter outlines the objectives of this research work. A lterature

vario

review of the state of knowledge on the subject is presented in chapter 2 with the background
knowledge of thermal reaction hazards analysis. Chapter 3 is solely devoted to methodology
with application of this methodology to a case study presented in chapter 4 portraying the

self-heating phenomenon.



Every model and result is parametrically sensitive. Chapter 5 is concerned with this
sensitivity analysis and discussion of the obtained results for the case studies. Conclusions
and recommendations are in chapter 6. Organogram of the written epistle is

diagrammatically represented in Figure 1.1

Chapter 1

[Introduction]

Chapter 2

Chapter 4

[Literature Review] [Case Studies]

Chapter 3 Chapter 5

[Methodology) [Results & Its Discussion]

Chapter 6

[Conclusions & Recommendations]

Figure 1.1: Organogram of the Thesis



Chapter2
Literature Review

Risk is the potential loss (an undesirable outcome) that a chosen action or activity (including
the choice of inaction) may lead to. The notion implies that the style one chooses to pursue
an action has a great influence on the outcome of the action, and so the likely losses that may

be encountered in the outcome can be referred to as “risks™.

Alternatively, risk is the product of the impact of the severity (consequences) and impact of

the likelihood ity) of a hazard tor ‘The simplest definition was

given in CMPT (1999) as “combination of likelihood and consequence of an accident”
Kaplan and Garrick (1981) opined that risk is a set of phenomena- each with its own chance
of oceurrence and consequence. The most comprehensive one was presented by Covello and
Merkhofer (1992) as: “Risk is, at minimum, a 2-D concept involving (1) the possibility of an
adverse outcome, and (2) uncertainty over the occurrence, timing, or magnitude of that

adverse outcome. If either of these attributes is absent, there is no risk constituted at all”.

Risk can be assessed both and qualitatively. The and probability

determination models for varieties of processes, events and scenarios are aptly and succinetly
summarized in “Guidelines for Chemical Reactivity Evaluation & Application to Process
Design, CCPS of AIChE, New York (1995)". Similarly, excellent work was done on
numerous methodologies and techniques for risk assessment and safety management by
various researchers since *70s (Khan & Abbassi, 1998; Shen and Wang, 2005; Venugopal &
Kohn, 2005; Sears, 2006; Garrick et al, 2010; Markowski et al, 2010) which include “Design
and evaluation of safety measures using newly proposed methodology “SCAP”, 2002” and a

6




host of others. Equally, ample work has been done on the area of QRA for the thermal
hazardous reactions and worthy of mention are the works of Ando, et al. (1991), Wang, et al.

(2009) and Sanchirico, (2011).

Wang et al. (2009) did thermal risk assessment for reaction hazards by collecting data from
previously published measurements of pressure DSC for 37 selected reactive hazards out of
820 spanning various functional groups undergoing decomposition reactions in conjunction
with using Gaussian03 program to estimate those experimental values that were not
available. Two basic criteria of onset temperature and TMRad were then established and
justified for correlating onset temperatures with their corresponding activation energies and
TMRad with onset temperature from the collected data without recourse o the decrement in
concentration during chemical reaction. The obtained correlations having R* of 0.99

and thus provided basis for

revealed the perfect concord among the chos

paramet

drawing conclusion that reaction hazards with high activation energy during the

ally,

decomposition reaction would have relatively high onset temperatures and TMRad. F

they used thermal risk index, a defined parameter connecting enthalpy of reaction and

TMRad, to quantify the thermal hazard alongside with reaction hazard index.

Sanchiirico, (2011) delved into the minimum number of thermoanalytical experiments

should be deemed in arriving at complete and reliable kinetic analysis when using semi-

h DSC

by concluding that only two of s

empirical models. They drew  inferency

experimental curves were sufficient to provide such complete analysis having made attempt

at resolving the problem of gathering reliable thermokinetic information from non-isothermal

techniques. They adopted Militky and Sestak approach of finding parametric vector used for

the kinetic constant in the Arrhenius’ type expression and lumped parameter f(a). This was
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