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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
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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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done via simulation of the analytically obtained model in conjunction with the DSC
experimental runs discarding the redundant term as it was sufficient and adequate enough to
model autocatalytic processes in Sestak-Berggren (SB) equation. This helped to solve
problems associated with unknown detailed kinetic network characteristic of the thermally
hazardous decomposition and oxidation reactions having several elementary reactions under
a reasonable time scale. They submitied that the kinetic triplet of Arrhenius’ constant,
Activation energy and lumped parameter f{a) were crucial to the safety margin of such
kinetic analysis having obtained global minimum function from the built models alongside
with governing parametric vector. Complex thermally hazardous Cumene Hydroperoxide
reaction was used as case study in DSC experiment with the numerical simulation done by
Matlab. The problem of the kinetic triplet was addressed by using “Isqnonlin subroutine " in

Matlab to solve the minimization problem cither using the trust-region-reflective or

Levenberg-Marquardt method for all the DSC data at different ramping rates for the

objective function via reparametrized expression to reduce multicollinearity problem. Both
experimental and simulated results were in absolute agreement which justified the use of

semi-empirical model for the thermal hazardous risk assessment.

All the aforementioned approaches assert that the whole process plants or operations should

have the following properties in view of safety required, (Pitblado, et al, 1990):

> 1t should be based on a thorough review of the role of safety management on the

actual accident causation within the chemical process industries.

» The set questions must address all arcas shown to be important in accident causation.

v

1t should confirm that the widely accepted principles of management “science” are

suitably embedded in all ke elements of the management system.




> The techniques should provide both a qualitative overview of site safety management

and an indi

ion of quantitative modification to generic failure frequencies.

> Although it is initially based on judgment, yet, it should be repeatable, checkable for
quality assurance purposes and easily traceable to its effect on risk prediction.

% The resources required for the application should be commensurate with the needs of
a subsidiary technique for application within Chemical Process Quantitative Risk

Assessment (CPQRA).

All the above can be achieved for QRA of thermal hazards by integrating experimental and

theoretical approaches to cater for risk reductions for any processing operations or industries.

Based on the existing state of knowledge on thermal hazardous reactions and materials,
experiments are typically conducted on materials to ascertain their stability and reactivity
(Ahonen, 1992; Asaki et al, 1984; Burelbach, 1999; Oba et al, 2002; Bach & Edward, 2003;

Bowles et al, 2011; Baba & Adekola 2010, and Chirita et al, 2008). Instruments used for

such experiments include the use of Advanced Reactive System Screening Tool (ARSST),
Acceleration Reaction Calorimeter (ARC), Differential Scanning Calorimetry (DSC), Heat
Flow Calorimetry, Thermo-Gravimetric Analysis (TGA) and Micro-reactors. The choice of
these instruments and approaches depends on the sensitivity of each approach and equipment
(Janzen et al 2000; Nandi et al, 2004; Ottaway 2004; Gunawan & Zhang, 2009; Jeong et al,
2010 and Carreto-Vasquez et al, 2010). Thermal hazards are also quantized by using

numerical simulations and software (Roduit et al, 2008; Kuznetsov and Stizhak, 2009; Zhang

etal, 2009 and Kumpinsky, 2008).




2.1 Background of Thermal Reaction Hazards Analysis
Thermal hazards analyses are classified into 3 major stages:

1. Initiation studies (process conceptualization) including characterization of process
alternatives, choice and suitability of process and screening of chemical reaction
hazards via experimental routes.

2. Pilot Plant studies where impact of plant selection on hazards are executed alongside
with definition of safe procedures, effect of anticipated variations in process

conditions and clear definition of critical limits (Kohlbrand, 1984).

3. Full Scale studies where chemical reaction hazards are re-evaluated and emphasis is
placed on newly revealed reactivity hazards from plant operations, management of

observed changes with updates of safety procedure based on process safety with

engineering, production, economic and commercial aspeets of the proc

Table 1 summarizes simple experimental testing procedures for thermal hazards as identified
by the AIChE and Bretherick” s Handbook of Reactive Chemical Hazards (vol. 1&2,2007) .
Some of the parameters normally explored in the course of experiments are: onset

temperature, real or apparent activation encrgy, Arrhenius’ constant, adiabatic temperature

rise, auto-ignition temperature, critical steady state temperature,  self-accelerating
decomposition temperature (SADT), time to maximum rate under adiabatic condition and

adiabatic induction time of hazardous reaction for the exothermic reactions.

Usually data analysis is simplified on the basis of reaction rates, reaction stability and mass

and energy balances. For the worst case scenario, the adiabatic condition is normally

ferential

assumed to obtain a conservative safety margins. Analytical methods such as di

10
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method of Friedman, integral method of Flynn-Ozawa-Wall and the advanced integral
methods of Vyazovkin are normally used for estimating many parameters from experimental
results (Roduit et al, 2005; Roduit et al, 2008a, Roduit et al, 2008b, Roduit, et al, 2008¢). The
methods, among others, are based on isoconversional approaches. The isoconversional
method is rooted in the assumption that reaction rate is solely a function of temperature
which makes it possible for the dependence of activation energy on reaction progress, ,
without detail explicit analysis of the kinetic parameters and order or molecularity of the

reactions i.e. f(a) is a lumped parameter (Roduit et al, 2008).




Table 2.1: Thermal Hazards Chronological Testing Procedures

Subject Property (o Be Investigated Typical Instrument Information
Tdentification_of _exothermic | Thermal Stability DSCIDTA
activity
Explosion of individual substances | Detonation Chemical structure
Tube test
Card Gap.
Drop weight
Deflagration Oxygen balance,
High rate test
Explosibilty test
Compatibiity Reaction  with _ common | Specialized fests

Contaminants (c.g. water)

‘Normal Reaction Reaction profile Bench-scale reactors (e.g. Reactor
Effect of change Calorimeter by Mettler-Toledo Inc.

Gas evolution

Minimum _exothermic _runaway | Establish minimum emperature | Adiabatic Dewar

temperature Adiabatic Calorimetry
ARC

Consequence of runaway reaction | Temperature fise rates ‘Adiabatic Dewar

Adiabatic Calorimetry

Gas evolution rates Pressure ARC

Reactor Calorimeter pressure

vessel

Source: Guidelines for Chemical Reactivity Evaluation and Application o Process Design C¢




Any well defined system mimicking or modeling thermal hazardous reaction is generally of

the simple form:

G 5= Q= Qoue + Qrn 21

Where: €, 4T = System’s heat accumulation rate
Q= Heat rate associated with flow into the system
Qoue = Heat rate associated with flow out of the system
Qran = Heating rate associated with reaction

Various terms incorporated into the heat balance expression are outlined below:

® Heat rate of reaction: heat from prevailing chemical reactions. It is a function of
enthalpy and rate of reaction. It is denoted for substance “p” as:

Qran = 1V[=BHg) = kCI(1 = x)"V[8Hg)

.
Note: k = kegy = k(T) = koe ™3 and for shrinking un-reacted core model, k is:

e

&gy

o TR

"D,

«  Heat removal term: This deals with the cooling of the reaction system. For thermal

flicient is used thereby translating the

safety purposes, overall heat transfer co
expression for heat removal to the form:

Qc = VA[T = T].

Sensible Heat of the feed: The involved heat for the initial heating of the feed is

called sensible heat. It is represented as: Qfeea = Cp,eed MyeealTyeed = T+

13
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o Accumulation term: 1t signifies and accounts for the variation of the system’s energy
content with temperature. It is normally depicted as:
dimi

Quce = L2 for all species

routed and equipment used
‘The enthalpy of reaction is calculated as:

—AHg = AHG+ [ Nyy Cpiy ()T + JT‘I‘ Nip Cpip(T)dAT= AHZ + T:’A(M Co(T)T 22

Where:

umber of mole of species “i",

~AHy= Enthalpy of reaction at any temperature T, N

Cpi(T) = Specific heat capacity of species i" as a function of temperature T,

“r" and “p’ d products tivel

The specific heat capacity,Cj, is a function of temperature and different correlations are used
(Aylward & Findlay, 1971, Daubert & Danner, 1985 and Perry, 1999). Associated with the

enthalpy of reaction is an important term called adiabatic temperature rise,AT;q, and

speci

is used in measuring the thermal runaway behavior of reactants.

AT} = QhnlCy = % 23

It can also be expressed in terms of fractional conversion or accumulation of reactants as
(Stoessel, 2008):

AT,y = xATjy = ‘:’;“ 24
»

em on the

‘The above oversimplified expression for energy balance can be solved for any s
basis of specific rate per kg, or globally with the inclusion of mass flow rate which is

normally isolated later during derivations as “phi-factor,6” given thus:



Detthte 25

p=1+

Phi-factor is such an important parameter used to rectify many parameters like ATu, AHg,

TMRG, time of no return (Tyg), self-heating time (£,), etc. obtained from experimental data:

AHg = 9 Cy AToq 2.6
Power Py = [5] 1 Cy0 27
TMRyq (corrected) = TMRqq/ 0 28
Tue = Tonsee + 2 29




Chapter 3

Methodology

3.1 Model Development for Thermal Hazard Assessment

Runaway reactions are thermal hazards where “normal” temperature trend associated with a
given reaction is exceeded. Generally, all chemical reactions are modeled from their kinetics

and transport phenomena associated with the reactor and reaction (Lengke & Tempel, 2001;

Lengke & Tempel, 2005 and Asay, 2010). The reactors in which such reactions occur play

gnificant roles in the models. Many reaction mechanisms are complex and made up of

parallel to multiple reactions. Derivation of these mechanisms is challenging due to limits in

ability to analyze, detect species in experiments i.c. reaction pathways. In this work, a

simplified methodology to determine thermal hazards associated with these reactions

verified by simulation and experiments are done. The model is based on the worst case

scenario which is based on the use of adiabatic reactor. Consider an arbitrary runaway

reaction

P+ Q- R + S
Tnitial [ ] G - -
Change in [ ] -xC, +xC,  +xC,
Final [] [ HxC, A,

P, the f

For such a typical runaway reaction in which the most important reactant is

concentration C; at any time t, can be expressed as




= Co=xCo= Co[1-x] 3a

172

Fractional conversion is written as = x. If the rate of reaction of the reaction can be

expressed with respect 1o the most important reactant P as in [3.1b] and in terms of

conversion, this gives [3.1c]:

= kG = K[C, (1~ O] = kCE(L —x)" = 2oL

Tox

_ @ pen-i(q
=% = ket - ) 3le
But for simplicity, the specific rate constant “k” which is the effective reaction rate constant

Eaq,
is temperature dependent as mentioned carlier (i.c. k = k(T) = Ae™ “/&T). Therefore, the

kinetic model of the reaction which is based on the Arrhenius” equation can be written as:

T = Al Cn1(1 = o) = A" lar(F () 32

laryeren-1(1 — (S
1= Ae ICHCT (1= x)") = Ae WCGf()} 32b

Where:f (x) = G (1 = x)" and 7 = 5.

The term “f(x)” is unknown prior to experimental determination. Once the involved

parameters in this equation are known, the model can be executed. The rate of reaction for

‘ the various types of reactions that can lead to runaway reaction can be modeled depending on

the type of reactions.

Energy Balance for the Thermal Reaction

‘The enthalpy balance for a reactor for the above reaction is (Figure 3.1a):

17



{Accumulation heat rate} = {rate of enthalpy in} - {rate of enthalpy out} + {Reaction

heat generation rate} - {Cooling rate} + {Shaft work rate] + {work rate}.

athematically, this can be written as:

it Cpin (TVAT = [ e Cpue (AT + 7, (—AHR)V = UAL(T, =T) + W 33

ameymm _ (7,
a rer

Equation [3.3] can be solved for our worst case scenario with the following conditions or

assumptions:

* The reactor is adiabatic (no exchange of heat with the surrounding).

« No work is exchanged with the surroundings.

This becomes;

in(D)AT = [ g Cp e (T)AT + 1 (~AHg)V

dimey ) _
imcplnr) _ (7
i L

cooing mate

Figure 3.1a: Gross Overview of Energy Balance for the Model



In terms of reactor and feed variables, the expression becomes:
dlpvey(mT) Ty Ty
FE = [ pYCpun(TAT = [ pv G (DT + 1 (=BHR)V

ValpcyMT) _ (T A
LD - [ oy (TIAT = [ VG (TIAT + 1 (=B

Trer

Where: V = Reactor volume (m’), C, = Specific Heat capacity (J/kg K)

p=Density of feed (kg/m’), v= volumetric feed flow rate (m’/s).

If the fluid or feed is incompressible and of constant flow rate, the expression becomes:

ity . ;
LoD = o fF5 Coun(TIT = pv [ Cyua (T + 1 (~8H)V

If the specific heat capacity €, (T) , is constant over the range of operating temperature, the

expression reduces to:
VPG, 5 = pVCpin frT,'ﬂ, AT = pYCyoue fi? dT + 1 (=BHRV
For the referenced reactant or product, this becomes;

VG, ot = pvCyin I’V:':,/ AT = pCpoue [ dT + 1 (~BHRV
VoG, 5t = pve, f:fd dT + 1, (—H)V

VG, 3 = pYC[T = Treg] + 1, (~8HR)V

€,

Defining res
efining res =

fence time as: T =V/v = 2 and dividing through [3.11] by “pvC," yields;



=TTy + 1tl(~8HR)/0C,) an

S =L(T - Trey 141 ((-8HR)/pCy) 313
In term of semi-empirical model where experiments are performed, this becomes:

a1 "
G =1IT- Ty 1+ 2 ((-BHC) [0Cy) 314

Where:AT, = [(~8Hg)Cx/pCy] & 1, = 2 from compositional balance in term of space

time
= [T = Truy] + (@To)/7) 315
A= (T = Trey) + (OTaa)] 316

Integrating the last expr

on above gives:

I:/'I—Td/—iﬂl I ? 317
1[(T = Trep) + (OTa)lF,, =7 (615 38
I [(7-7"-‘/% (8Taq)] é 319
T = Trer + et~ 1) 3.20

= Ty = BTl —ef] 321

Note: ATyq = T = Tonger With T > Tongee for the thermal hazardous reaction which is only

available from experiments after exotherm from instruments such as: ARC, ARSST, DSC,

20



i

HFC and TGA (McInttosh and Waldram, 2003). Equations [3.2a] & [3.13] are the required

equations to be solved numerically for specified initial and boundary conditions to obtain the
relationship between temperature, T(1) and time, t, with other parameters. If experiment data
is available, only equation [3.16] can be used. For compressible systems, density is not

constant, Hence, an EOS or other equations for compressible fluids is used in equation [3.6]

before evaluating the function 47 alongside with equation [3.2a].

Certain care must be exercised when coupling equations for numerical simulation for thermal

runaway reaction of any kind (Fogler, 2006; Levenspicl, 1999 and Schmidt, 2005)

 Work rate is not negligible for compressible fluids that are sensitive to pressure
change. Modified ideal gas and Clausius-Clapeyron equation relating pressure and
temperature with heat of vapourization may be used in estimating corresponding gas
and vapour pressure respectively, i.c.

Pt g )< 2 [

respectively ‘

‘This is used for the sh

ing un-reacted core or ash-layer control model as well as

for compressible fluids.

For n-multiple known reactions occurring together simultaneously, there is a change |

in heat generation term which s incorporated as follows:

o — At Co
Q9= Quen = ¥ Y P IGDL Whereii =123
&

3.1.1 Experimental Work
Ore samples were already investigated using DSC and ARSST for their thermal hazards by
running repeated experiments under various conditions as discussed below:

21



Differential Scanning Calorimetric (DSC) Tests
DSC sereening tests were carried out on the ore samples with onset temperatures and heat
rates determined which were used to determine kinetic parameters using the advanced
thermokinetic (AKTS) software. The DSC instrument has the ability to operate in both
negative and positive temperature regimes depending on the experimental set-up and
procedure.

For each investigated effect, 5-10mg ore sample was weighed out by Toledo Mettler Balance
and loaded into the hermetic aluminum or high pressure gold pan-lid scaled assembly. A
corresponding empty reference pan of the same material was weighed and simultaneously
loaded having previously calibrated the instrument with indium and zinc prior to the
commencement of the experiment to internally standardize it.

The experimental method was prepared on the DSC instrument under its own section and
saved which could easily be loaded at the commencement of each experimental run. Various
ramp rates were used from 0.5-8.0K/min and operating temperature 20 to 450°C in air
(oxygen) environment. Air was admitted into the DSC at flow rate of 10ml/min as purge gas
during each experimental run at constant pressure. Exothermic peaks were observed
alongside with heat rate (Appendix D).

The raw experimental results are as shown in Appendix C for some of the ores. These were
obtained from the DSC software. Further treatment of the results was done by importing the
data to the AKTS software where various kinetic data was determined and further safety
parameters could be predicted. Figure 3.1b shows the DSC experimental set-up. Mineralogy

effect was investigated for the ores by masking the effect of moisture content and particle

sizes holding them constant at 3% and 75um respectively. Similarly, selected ore 05-

2




658(257m) was investigated for particle size effect by ramping each of the sorted distribution

of <75um, 75um-180um, >180um and mixed particle sizes in the ratio 1:3 each at 0.5, 1. 2

and 4K/min rate in the DSC. This is to observe both the “within™ and “across™ the samples

effect at constant 3% moisture content in high pressure gold pans. The effect of moisture
content was investigated at the atmospheric baseline of 3% initially and later improved upon

by saturating the ore 03-601(207m) at 8, 15 and 25%.

Figure 3.1b: Experimental Set-up for Ore’s Thermal Hazards Investigation

tdvanced Reactive System Sereening Tool (ARSST)
The ARSST, another versatile instrument, was used in investigating thermal behaviour of
ores and operated under pscudo-adiabatic condition. This was used to further ascertain the
previous results obtained by the DSC screening experiments. 13g sample of cach ore was
loaded into the 10ml test cell containing magnetic stirring rod and immersed into the

calorimeter. The oxygen and nitrogen purge gases were used for the experiments. The typical

2



set-up is shown in Figure 3.1c. Ores were ramped at ramping rate of 2°C/min from near room
temperature to S00°C. The pressure range was 0-60psig depending on the experiments and
test cell used. The process of data collection during experimental procedure was started by

launching the ARSST 4.1 software. The circuitry was completed by turning on the ARSST

control panel, the magnetic stirrer, the heaters on feeding in the experimental data on the
Graphical Unit interface (GUI) and having checked the pressure regulator with admittance of

the purge gas either oxygen(air) or nitrogen. Finally, the experiment was commenced by

clicking on the start button on the GUI afier pre-setting the automatic termination conditions

for the experiment.

‘The acquisition stage commenced once the exotherm was detected with the heating rate
greater than the preset ramp rate by 0.1°C/min. The final temperature was 500°C, which is
the maximum temperature of the instrument. At the end of each experimental run, the reduce
software of the ARSST was launched as shown in Figure 3.1d and the XYPlot2 was used to

reduce the data in the corresponding experimental run’s file. Typical results obtained are

shown in Figure 3.1e. It was ascertained that at low phi-factor, the results were closer to

adiabatic condition although it failed to separate peaks and at

phi-factor, instrument
sensitivity problems at onset.

HG-1 indicates that SH is both complex and autocatalytic which qualitatively is in agreement
with DSC data. The obtained results were found to be in agreement with those obtained by

the DSC shown on the last page of Appendix D.
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Figure 3.1e: Typical ARSST Result for the Thermal Hazardous Ore.

3.2 Consequences Assessment

The sequences of what can lead to unwanted hazards (accidents) are best des

ibed

e
safety pyramids (Figure 3.2). Severity in the accidents increases from D to A. Heinrich,

(1959) asserts that the four layers are interconnected

hey aggregate in numbers and

oceurrenc

es and can lead to or rather influence one another from bottom to top. The attached
numerals indicate that about 4000 near misses lead to a minor injury. About 300 minor

injuries lead to a major injury and finally. 29 major inj

ies lead to one fatality.
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Figure 3.3:
Effective consequences assessment of thermal hazards need sound understanding of
interactions between events that can later culminate into hazards. For the case of chemically
oriented thermal hazards, the reactions are highly interdependent. In addition, thermal

hazards are controlled by availability of sources of ignition .g. hot spots, surfaces, electric

charges, cte. (Kuznetsov and Strizhak, 2009), availability of fuel and oxidants Glassman
(1977), localized storage containers and improper designs. Figure 3.3 (Perry, 1999)

illustrates the relationships between fuel, oxidants and sources of ignition on released or



generated gases due to pressure build up during chemical reactions which can lead to fire and

explosion

Basically, the overall consequences assessment can be represented by Figure 3.4, Undesired
or uncontrolled side reactions are typically more hazardous than the desired reactions.

Simplified consequence diagram for solids with thermal hazards is presented in Figure 3.5

for runaway reactions (e.g. Self-Heating Sulfide Mineral Ores and other reactive solids). The
basis of the diagrams is rooted in the heat confinement and localized heat generation at the
surface and interior of these materials during chemical reactions, storage and transportation
(Hu et al, 2006; Chevrier et al, 2006; Chirita et al, 2008; Murphy and Strongin, 2009; Korkin

et al, 1999; Janzen et al, 2000 and Mitchell and Akan-Etuk, 2002). This makes it for

legislations to be put in place for all chemical industries.

321 Effect of Gas and Heat Evolution

A hazardous gas released is characterized by its chemical and physical properties (density,
compressibility, solubility, lower and upper flammable limits, ete.), state before ignition (c.g.
boiling liquid expanding vapour cloud (BLEVE), unconfined expanding vapour cloud, etc).
For released liquids, the trajectory path, pressure, temperature, boiling and bubble points and
flash point are equally important in addition to other properties mentioned for gas. All in all,

exposure indices of these fluids must be accurately determined.
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Figure 3.4: Overall Diagram of the consequences Assessment
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‘The dispersion model of the released gas or vapour is vital to determining impact and risk.

These models require downwind speed, concentration, flow rate, cross-wind direction, etc.
Quantity of heat released along with fluid is used to determine the severity, intensity and
types of inferno (pool, flash and jet fire as well as fire balls). The detailed consequences of

the released gas and energy are shown in Figure 3.6. The released gas (acidic and basic in

origin) can react with moisture to form acids and bases that can be flammable, toxic or
detonate in the presence of ignition sources. These can cause injury and fatality to plant and
personnel and degrade or damage equipment. Thermal stress, fatigue, injury and death can be

caused by the released heat too.
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Figure 3.6: Consequence Assessment Diagram for Gas & Heat Evolution Due to Non-
Autocatalytic Self-Heating Reaction




3.2.2 Effect of Presence of Heavy Metal and Inert Materials
Metals and other contaminants impact the rate of reaction and reaction pathways. Heavy
metals are very reactive and have catalytic properties. Inert materials constitute bulk of the

resident heat accumulation in a system and slow down reactivity, waste energy and quench

or dampen reactive systems. To assess the contribution of these inert and heavy metal;

exceute pilot test on a smaller scale for their inclusion in the production operation before

Simulation can also be used based on the obtained resi

scaling up to an industrial s

from the experiments to quantify the

Figure 3.7 illustrates the detailed consequences of the presence of metals in the reacting

mixtures. Metals can be oxidized to their gaseous forms with huge released of heat energy. In

ite to cause

the presence of combustibles, moisture, air or oxygen, the released gas may

inferno, explosion, severe burns, injury and death. Heavy metals in samples can enhance

s with

catalysis of the reacting systems, specding up the reaction and generating more g

high evolution of heat energy.
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3.2.3  Effect of Recycling Materials with Fresh Feed

Recycling is advantageous in terms of industrial practices due to economics. However,

properties variations between fresh feeds and recycled materials may result in unanticipated
hazards. For example, effective energy utilization is important in control of auto-thermal
reactors where products heat stream is employed to pre-heat the fresh feed. However, should

the product temperature fall outside a set range, unwanted reaction in the reactor can occur

resulting in a runaway reaction. A simple flow diagram of Figure 3.8 reveals the effect of the

recycle on feed. The product formed often rejuvenates the reaction in some cases thereby

ing runaway reaction due to uncontrolled heat evolution
3.2.4 Effect of Induction Time

Induction or delayed time is the time it takes at a given initial temperature to evolve from
stability to runaway reaction. Most controllers are designed for routine operations and have
1o time to adjust to the sudden offset. The response to this is to attempt to mitigate the

hazard by using curtailment, Induction time for thermal hazard is normally estimated roughly

using the Vant Hoff expression given below:

AT dr_Q(n)
a” e,

The consequences of induction time are 5o great and can be summarized as shown in Figure

3.9 due to their sudden manifestation. The latent nature of induction time leads to high

thermal hazards yielding unexpected consequences. Therefore, reactions with induction time

should be avoided by first executing pilot laboratory tests to prevent unwanted scenario.
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3.3 Severity Determination

The severity of thermal hazardous reactions is quantified by the heat (enthalpy) of reactions

as it is a measure of the runaway or hazardous nature of the material or reaction (Stoessel,

2008). Therefore, the consequence of any thermal hazard can be determined using:

Enthalpy of spectfic reaction material in question
Enthalpy of referenced reaction or material

Severity,

M speciic reaction 322
vl ’

B reterenced reacion/

Well studied thermally hazardous materials are used as referenced materials in equation 3.22

as the crit

ality of the hazard can casily be considered on any scale by varying the

referenced material so that the behaviour across board for easy comparison can be easily

monitored. Stoessel (2008) proposed that associated AT, with such reactions could be used

alongside with their enthalpies to corroborate the above facts and gave a qualitative table to

support this .. Table 3.1:

How severe a thermal hazard is, can also be assessed by the TMRy. It is well noted that
chance of oceurrence is high if TMRyq is less than 8hr i.e. one work shift hours, intermediate
if it is between 8-24hr and low or negligible should it be greater than 64hr. The properties of

referenced materials used for severity determination are as depicted in Table 3.2

In applying this approach, the four referenced chemicals were selected with each being a

representative of cach class of severity or risk. Any new material whose risk is (o be

quantified

compared with these materials independently to ascertain the numerical value

under each class. The values obtained are then compared with standard values on the

predefined scale for its proper classification.
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Table 3.1: Severity of Thermally Hazardous Reactions based on AT,q (K)

Simplified Extended AT (K) Order of Magnitude ,
of Q (k/kg) ]
High Catastrophic 400 00
Critical 200-400 400-500
Medium Medium 50-100 100-400
Tow Negligible 50 100
‘Table 3.2: Referenced Material Used for Severity Determination of Thermal Hazardous

Runaway Reaction

Risk Class Referenced Material | Molecular Onset AHg, Reaction | TMR,, (min)

Used Weight (gmol) | Temperature, | Enthalpy (Vg)
ca

Class 1 3-Amino-d- T o4 201 100
Chlorophenol

Class 2 Di-tert-butyl Peroxide | 146 62 557 107

Class 3 2,6-dichlorobenzoyl | 209 79 2906 9%
chloride

Class 4 Trnitrotoluene, TNT | 227 30 5388 [}

3.4 Probability Model Methodology

Probability is the likelihood of occurrence of an event and is used in the quantification of
uncertainties in parameter based on their randomized sample. Probability models can be

discrete or continuous and are based on the use of probability density mass and functions

(PDF). Be it conditional or unconditional probabilities, mathematical models (popularly
referred to as probability functions) are employed in obtaining numerical values of the

chance of occurrence of any events.




To accurately model thermal hazards, continuous PDF are preferred o the discrete ones
among others. PDF includes: Gaussian, Beta, Gamma, Weibull distributions, etc. In this
work, Gaussian or normal distribution will be employed for simplicity and conservativeness.

“The normal probability distribution function is of the form:

[ =€

323

Where the variable x (normal variate) can assume all values from —oo to + . j and o are
the parameters of the distribution called mean and standard deviation of the distribution
respectively and —e0 < < +o0, with o > 0. f(x) is the probability density function with

the following properties (Zill & Wright, 2011 and Stroud, 2003):

) =20

% fGo)dx = 1, indicating that the total area under the normal curve is unity.

“The normal distribution is symmetric about its mean.

‘The distribution is a unimodal distribution with mean, median and mode coincides.

To construct a PDF that can capture this variability, a wide range of rate data was included.
However, it is impossible to construct PDF to capture all reactions. Therefore, reactions were
grouped based on Ea and A as shown in Appendix A. The activation energy data was
grouped into four classes: Ea>400k)/mol (class A), 100kJ/mol[Eas400k)/mol (class B),
10kJ/mol 1 Ea<100k)/mol (class C) and Ea<10kJ/mol (class D). Similarly, the Arrhenius’
constant data was classified into three classes: A=10's" (Class A), 10”s" [1A<10""s” (class

B)and A110"'s" (class C). Fits of these classes were then obtained as in Appendix B.
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The probability of an event “E” (self-heating behavior or runaway reaction) occurring for

thermally hazardous material, can be modeled by using a normal or Gaussian probability
function by computing the slope or distance of a variable of the function h(x, u, t, T....) or
the parametric curve defining the functional relationship between the self-heating parameters
via:

Pr(x=E)=1-Pr(x, Sx<x) 324

Where x can be converted to a standard score or z-score using:

Pr(z sz <z)=Pr(

)= 122 f(@)dz = Fz)F(21) 325
Where: F(z) = [*, f(x)dz = Pr(Z < z)

‘This becomes necessary since the runaway reaction or self-heating (SH) parameters fall
between two points (i.e. onset and maximum values) before decreasing again (if it exists at
all for hazardous chemical or reaction). In the functional relationship y = h(x,u,t,T, 8H, ..)

having n-parametric variables where the variables can define SH at any point, the probability

“E” oceurring can be determined quantitatively on knowing the locus of the point P(x, u, AH,

[

) or plane defining such SH. The parameters that determine the event can be
quantified based on the nature of the material being investigated and on their
physicochemical properties and thermal history. Accurate experimental data obtained from

thermal analysis experiments are required for the analysis.

For runaway reactions, the kinetic parameters (A & E,), enthalpy of reactions, thermal time

constant T and characteri

e temperatures Toe and T are required for the above analysis.

Since temperature (T) determines AHy of the reaction, then, modeling the probability of the

2




hazardous condition from A and E, of the reaction is sufficient. Obviously, A and Ea are a
function of the reacting system at temperature (T). The resulting probability from this

approach gives a true resemblance of the likelihood of thermal hazardous reaction occurring.

Therefore the probability of any hazardous condition is computed by [3.26] using joint

probability rule.
Ier () 326
Where: "x" i a parameter known probability.

3.5 Quantitative Risk Assessment and Ranking

Mathematically, QRA is simply the product of probability and severity i.c.

Risk = Frequency of probability) x Severi B 327
=Prxg

The associated risk with thermal hazard will be computed from both severity and probability

as indicated in seetions 3.3 and 3.4 respectively. Successful ranking of thermal hazards was

done by Wang, ct al. (2008) using predefined scales. Hence, the call for predefined scales

from which conclusions can be inferred. An overview of the risk determination process is

given in Figure 3.10.



Obtain / Compute A, Ea, AT,
Towsew SADT & BHy

Compute Pr (4) based on
Parameters j1 & o of each dlass

Compute Pr (Ea) based on
Parameters j & o of each class

Determine Severity B using
BHyof specific & referenced
materials

Compute Pr (Hazard)
for each class.

Determine Associated Risk for each class

Classify or Rank the Obtained Risk as Low, Medium or High Based on Pre-defined

R ) (e s o) (g ) ()

Figure 3.10: Risk Classification Diagram




A predefined scale for quantifying risk is as depicted in Table 3.3 having tested several
materials undergoing thermal hazardous reactions using the presented approach with their
ascertained experimental evidences from experimental data obtained from the work of
several authors. Any obtained numerical risk value obtained is compared with the range
shown on the scale to ascertain the class where the material under investigation falls. No
‘matter under which class the material is examined, its real risk class will always manifest and

will be consistent if examined under two or more classes.

st, quantified risk and ranking are pictorially represented or coded using legend in Table
34,

Table 3.3: Predefined Risk Scale

Predefined Risk Scale Class2

Tow <10° <10 <10 <10
Medium 107-10° 20x107-107 [107-10 10710
High LIXT07=<3.0x10° [ 10°- <20x107 [107-10 LOX107-10°
Extremely High >30x107 >0 >107 STOX107

Table 3.4: Risk Ranking Legend

Risk Class Risk Ranking Code

Medium

Extremely High




Chapter 4

Case Study

4.1 Self-Heating Minerals

Self-heating is a runaway hazardous reaction in which chemical material either under
storage, transportation o processing undergoes exothermic reactions without any external

tion of heat energy. It is characteristic of oxidation and decomposition reactions under

ap
favorable conditions. Several materials including reactive minerals and ores undergo this

self-heating behavior. Gases and heat are often released in uncontrolled manner causing

imminent danger. The various hazards associated with self-heating were already discussed in

Chapter 3.
4.2 Model Application to Self-Heating Minerals

The methodology discussed is applied to the self-heating minerals (sulphide-containing ores)
which had been experimentally tested using DSC and ARSST. The experimental results
obtained had been treated with the AKTS software. Parameters such as onset temperature,
TMRad, ATad, SADT and apparent activation energies are evaluated. Using these

| model

assessment can be done uilizing proposed semi-empi

parameters, ri

“The model is not only relevant to quantify the hazards related to self-heating minerals but

also solve the scaling up of thermal hazards on the industrial scale. These self-heating

minerals have always constituted menace during mining and mineral processing operations

whose economic values depend on the fluctuating free market price at the official London
Metal Exchange market. This is due to the fact that smelters and miners are worried about

the returns and mitigation against hazards to avoid industrial bankruptcy, folding up and




severe damage to the environment, plant facilities, flora and fauna of the biomes.
Quantifying the risk will also help to put mechanisms and technologies in place for minerals

and their tailing re- ng to oblain more ore’s contained metal value by

vork or re-proce:

processing route modifications from the present state and sustainability of the industry to
prevent recurrence of the ugly scenarios witnessed in the last century (Wills and Napier-
Munn, 2006). It will also ensure efficient handling of the minerals throughout all phases of
its usage and treatment. A balance between the set operational standards and practical reality
of unexpected shutdowns, inventory control, occasional explosions, smoldering that are
normally encountered during mining, ore concentration processing, and milling operations
can be actively achieved and managed with fore-knowledge of mineral categorization,
characterization and risk analysis. One of the prominent acts usually embarked upon by the
smelters is ores storage which has its own advantage of allowing blending of different ores to
provide consistent feed to the mill. This portends more inherent dangers for the minerals that

undergo self-heating behaviour. Prior risk analysis will forestall these dangers.

4.2.1 Model Vali

jation for Hazardous Reaction Using Experimental Data

imental data from thermal oxidation of 13 ore samples

The model is validated using exper
carried out in the DSC. Attached thus are the raw and treated experimental data (Appendix

€). The ores were of various compositions as shown in the data with many oxidation

reactions simultancously going on. The overall reaction going in the self-heating of these

ores can be put as:

Ore + 0, + HO ——pProducts  AHy=-xk)/mol a1




Writing concise mechanism of reactions is not the main focus of this work. Further, simple

mechanism cannot be written for the oxidized mixture as the reaction mechanisms are very
complex. Hence, the data gave the overall enthalpy, Cps, activation energy and densities for
the experimental runs done to ascertain effect of parameters such as mineralogy, moisture
content or saturation as well as particle size distributions on the self-heating behavior of the
ores (well studied complex runaway reaction). Three sets of data (Friedman, Flying- Ozawa-
Wall and ASTM E695 Analysis methods) were obtained and used in this validation. Of all

these data set, Friedman data were adjudged to be the best (Iliyas, 2011).

In pursuance to the experimental results obtained simulation were runs in Matlab to ascertain

the hazardous nature with the model solved using equation [3.21] i.c.
T= Tyop = OTaa[1-e7| 321

The i

1 concentration of the ore was determined from ATqq = [(~AHR)C,%/pCy] using
data from Appendix C as conversion was at maximum at the end of cach experiment i.c.
eritical temperature. Also, the first commencement of exothermicity signals the beginning of
self-heating. The rate of reaction was simulated using t-expression having known the

concentration:

= 42

Similarly, the sel-heat rate was simulated using equation [3.14] i.c.

= (T~ Trep) + (OTa)] 314



Specimen of these calculations is shown here for Ore 03-601(207m) using its experimental

data:
Given: ATad=393K (i.¢.393°C), T=20°C, 55565,
AHg=-36627/mol, p=4369kg/m’ Cp=601.31/kgK
Basis: 1hr (3600s)
. T=T,,,7AT,,,‘[17e§] 321
=[20-393 [1 —e P56 pC
= 37826°C

=282x10° Mol/ o

xaoogmol s

* 55565 +2
=507 "“7’/"135

o =T -Te) + GTa)] 304
:ﬁ[378.26720+3931"7c = 0135%

‘The results obtained for other duration and concentrations for the various ores are as shown
in Figures 4.1-4.12 for the different experimental runs based on Freidman Analysis data.
‘The results are as shown here for the different ores to illustrate the effects of mineralogy,

particle size distribution and moisture contents or saturation. The rate of reaction was found



um fixed concentration

0 be increasing with increasing fractional conversion at the may
for cach ore. Other analysis results (Flynn-Ozawa-Wall and ASTM E698) are the same.

" is fixed in this work for

Parameter “t” can be determined as indicated in Appendix E.

consistency although its effect (variation) has been tested over a defined range (55565 [ T <

5555565) by scale factors of 10 and 100 above the computed value. 1" = 55565 is the least

value used in this work indicating processing or residence time of 1.5hr. Values in the order
of 1-2days were recorded by AKTS software. This value is typical for the behaviour of the
minerals ores. Hence, it necessitates testing the sensitivity of this model using various values
of . This is reported in Chapter 5. The results obtained are similar in trend under all
conditions except that they differ by these scale factors in decreasing the self-heat rate by
these scale factors too. Detailed discussion on parameters sensitivity of the model s given in

Chapter 5.

Figures 4.1-4.4 show that the rate of reaction and self-heating rate with respect to

e for the ore 03-601 (207m) is the maximum value based on

mineralogy. The reaction ra

determining the expected ATad for all the ores experimental data with respect to effect of
mineralogy (Table C12b in Appendix C). The expected ATad values obtained are 225K,
393K, 182K and 90K for ores 03-601(199m), 03-601(207m), 03-601(217m) and 05-
658(207m) respectively indicating that the relative least reactive of the four ores is 05-
658(207m) using equation [2.4] at full fractional conversion of unity. Therefore, the higher
pyrrhotite in the ores governs this observable trend (the higher the pyrrhotite content, the

higher the reactivity or self-heating).

Similarly, Figures 4.5-4.8 revealed that the fine particle sizes of <75um are the most reactive

based on the measured experimental data.
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The computed “expected experimental ATad” using equation [2.4] on the same basis of
constant “fixed concentration” across board for a particular investigated parameter is shown
in Table C14b (Appendix C). The obtained ATad values for <75um, 75-180um, >180um and
mixed particles are 59.0K, 4.03K, 1.60K and 45.97K respectively This trend indicates that
the order of reactivity of the ores in term of particle size distribution with [<75um particles]
> [mixed particles] > [75-180um particles]> [>180um particles]. Therefore, the higher the
surface area available for reaction, the higher the reactivity of the particles present in the
ores. Although these particles were isolated and tested experimentally, yet, they existed in
conglomerated form as an aggregate in each ore type but not segregated class. It can be

inferred that the effect of particle size distribution is well represented by the mixed particles

Figures 4.9-4.12 shows the effect of moisture content on the measured experimental data.
‘The obtained results indicate that there is an optimal moisture content that aids reactivity
after which reaction progress decreases. The computed “expected ATad trend” which is not a
measured trend is 61K, 103K, 89K and 144K for 3%, 8%, 15% and 25% moisture content
respectively (Table C16b, Appendix C). Although the computed “expected ATad trend” for

the effect of moisture content indicates that 25% moisture content is expected to be the most

reactive but this is not true as the computed value suggested. This is simply because the
effect of the advancing reacting gas front was not captured in this regard. Excessive moisture

will inhibit the m

n of the advancing gas front thereby slowing down the rate of reaction.
Only measured experimental values at the same fixed concentration will reveal the real trend
of the moisture effect. Fluid phase interaction in different media was well explained by

Smith et al. (2001), MeCabe & Harriott (2005), Richardson & Coulson Volume 2 (2002) and

Foust (1980) on this aspect.
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422 Probability Determination for Thermal Hazardous Reaction Using Ores’

Experimental Data

The Arrhenius’ constant is first determined for cach ore (Appendix E) having known Ea.
Gaussian distribution is now used to compute the hazard’s probability for cach class of Ea

and A. Specimen calculation is shown below with the results for other ores computed under

different classes are attached in Appendix F. S

nsitivity of the results is included in chapter §

for individual ore indicating the risk classification.

Ore Name: 03-601 (198m) with

neralogy Effect

The activation energy, Ea, and Arrhenius’ constant, A, are 70k/mol and 6.337 x 10" (In
A=29.4774s") respectively using TST approach. Arrhenius’ constant data i first converted
into logarithms form before fitting the data into normal distribution (Appendix B). The

thermal hazard probability is computed as:
o Class A (Ea’] 400kI/mol, p=570kJ/mol and 6=147.4)59K)/mol (Tables B1 & B2)

For the activation energy, this becomes:

xu 702570
Prte <) = Pr (S <15)

=Pr(z < -3.3908)
=0.000348

For the Arrhenius’ Constant, the expression reduces to:

_ py (B8774-334633
Prie <) = pr (MR <)

=Pr(-0.77813 < 2)
= Pr(z < 0.77813) by symmetry property
= 0218247 02182

64



Therefore, the probability of ore self-heating (thermal hazardous reaction) is the joint

probability of the individual value

the product of the two values). This is computed as:

Pr (thermal hazard) =[] Pr (x) =0.2182 x0.000348 = 0.00008

Class B (100 [ Ea < 400k)/mol, p=191.461kJ/mol and 6=82.1525kJ/mol)

., xou _ 0-191461
For Ea, Pr (z < 7)) = Pr (22 < Zo14e)

=Pr(z < ~18785)
't (z < 1.8785)
=0.069%

By symmetry property

For the Arrhenius’ Constant, the expression reduces to:
294774-33.4633
Pr(z<zl)7PY( sﬂann a)
=Pr(-0.77813 < z)
Pr(z < 0.77813) by symmetry property
1218247 =0.2182

Pr (thermal hazard) =[T Pr (x) =0.2182 x0.0696

0.01520
Class C (10 [ Ea < 100k)/mol, p=46.8474kJ/mol and 5=27.03kJ/mol)

For Ea, Pr (z < ) = Pr (u<7n;$

P (077813 < 7)

= Pr(z < 0.77813) by symmetry properties
= 0218247

02182

Pr (thermal hazard) =[] Pr (x) =0.8042 x0.2182 = 0.1755



o Class D (Ea [ 10kJ/mol, p=7.702kJ/mol and 6=2.4104k)/mol)

For Ea, Pr(z < 7

For A, the expression becomes:

Prz<z)=Pr (zmwasm:<2>

Pr(~077813 < 7)
= Pr(z < 0.77813) by symmetry properties
=0218247
02182

Pr (thermal hazard) =[] Pr (x) =1.0 x0.2182

0.2182

All the above is done in MS-Excel by employing two-line commands of standard normal
distribution  which is used for the spreadsheet results of the Appendix F ie.
“=STANDARDIZE(x, mean, standard_dev)” and * =NORMDIST(x, mean, standard_dev,

cumulative)”.

The above routine s repeated for each of the ores under the investigated propertics of

rej

mineralogy, particle size distribution and moisture content, Comprehensive results are

presented in Appendix F.

4.2.3 Severity Determination for Thermal Hazardous Reaction Using Ore Experimental

Data

The severity of each ore is evaluated using equation [3.22] with enthalpy of the four

referenced materials in Table 3.2 Specimen computation is shown here for the above ore

sample under effect of mineralogy with details of the others shown in Appendix F.

B = ——Huspecitcresciion 322

Wi referenced reaction) material




* Ore Severity Based on Referenced Material in Class |

= W:""—mw Error! Bookmark not defined.

1987/,
322 = W/_f =0.5961

% Ore Severity Based on Referenced Material in Class 2

Hrore
= 322
= e

J,
= 2980 _ 21514
5577/
4 Ore Severity Based on Referenced Material in Class 3

[ 7. E— 322

LTI e——

)
= 00 _ 04123
29067/,

4 Ore Severity Based on Referenced Material in Class 4
f = pomece 322
11987/,

= m =0.02223
4.2.4 Risk Determination for Thermal Hazardous Reaction Using Ore Experimental
Data

Risk associated with each ore is computed using equation [3.27) by multiplying the

computed probability of hazard with the corresponding severity for each risk class i.¢.

Risk

Frequency of Occurrence (probability) x Severity(consequence,f) 327

=pPrxp




ciated risk under each class is:

For the ore 03-601 (198m) treated above, the a
s 1)

Riskigy, = 0.21825 x 059612
=01301

% Low Risk Class (Cl

% Medium Risk Class (Class 2)
Riskpegium = 01755 x 0.2151
=0.03776

% High Risk Class (Class 3)
Riskpign = 0.01520 x 0.04123

=0.000627

% Extremely High Risk Class (Class 4)
4 =0.0008 x 0.022233

=169 x 10°°

RisKextremety nigh

4.2.5 Risk Ranking for Thermal Hazardous Reaction Using Ore Experimental Data

mple with respect to the investigated property is compared

‘The computed risk for the ore s
with the values on the pre-defined risk scale of Table 3.3 and ranked as belonging to one of

For the ore 03-601 used in above example, it was found that it belong to

the four
medium risk class. This is shown in the Table below:

eralogy Effect

isk Categorization for Thermal Hazard for Ore 03-601(198m)

Table 4.1:
Parameter Risk Class 2 [ Rk Class 3
Tazard Probability 0215 OGE o 00008
Severiy. p 05961 ] Toins (o=
Associated Risk 01301 00378 627X 10 TN |
Risk Ranking Range TG T 0 [0
Fquivalent Risk Colour Code

Inference: The associated risk with respect 10 the investigated parameter belongs to medium

risk class




Chapter 5

Results and Discussion

5.1 Sensi

ity Analysis of Results

The proposed model has two important parameters that are critical to the reliability and

correctness of the results: “ATad” and “t". The effect of

is briefly discussed in chapter 4.

The adiabatic temperature, ATad must be accurately determined during the experiment as it
is crucial to the determination of other parameters like time to maximu rate under adiabatic

condition and induction time as well as self-heat rate. High t-value implies high inventory

and feed rate in terms of material stockpile or accumulation during processing and cooling

failure. This is important as intensification is taken over in most processing operations.

s determination of *

Any error in lad” and “1” will translate to high magnitude of errors in

other dependent parameters. Therefore, aceuracy of the results depends majorly on these two

parameters. This is why correct base line must be obtained for the DSC signals during

evaluation of the experimental results. ATad is a measure of the drift of runaway re;

from safety zone. The larger the ATad value, the higher the enthalpy and severity of the

reaction and the more cooling system required. This means that enthalpy of reaction is very

high with high ATad value.

Effect of Varying Only ATad Value with Investigated Parameters on Self-Heati

Semenov diagram illustrates the characteristic operating points for the balance between

ple drift of operating points

enthalpy of reaction and cooling to quantify the effcct of

meters. These intersection

from the intersection of the curves repr

senting these two pa

69
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points govern the operating zones or safety boundaries for prevention of runaway reactions.

The importance of variation of “ATad" at constant T is illustrated by the two useful plots of

SH vs. Temperature and Temperature vs. Time displayed in Figures 5.1-5.12. The two upper

curves in each figure illustrate the anticipated behaviour over longer duration and higher
temperature regions (exaggeration) while the lower ones show the same behaviour in lower
temperature regions. In each case, the self-heating rate is between 0.005°C/s to 0.075°C/s for

temperature range of 20°C1IT<S0°C for all the ore samples.
Effect of Varying Parameters v, ATad and Moisture Contents on Self-Heating

The effect of t is eritically observed by fixing the varying concentration, C, at their

respective values used for the experiment and varying © for the ore 03-601(207m) with

ious moisture content and simulate the experiment again. The results are as shown in

Figures 5.13-5.24 for t= 55565, 5.6 x10%s and 5.6 x 10’ at the various levels of measured

ATad. This is done to assess the combined effects of most reactive fine particles of size

75um, varying concentration, changing ATad and moisture content at the fractional

conversion 0-1.0 5o that meaningful conclusions can be drawn. Also, presence of moisture

enhances rea

ity of the ores and gaseous diff
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For the chance of occurrence of thermal hazards. both Arrhenius’ Constants and activation
energy of the reactions are crucial in its determination. A small off-set in the correct
determination of these values corresponds to large error in the computed probability even if
lognormal distribution is used. The higher the Ea, the lower the chance of occurrence of the
runaway reaction as few molecules will possess the Kinetic energy required to cross the
energy barrier called activation complex and which reacts to cause the self-heating
behaviour.

Having explained the parametric sensitivity of the model and methodology. the computed
risks for the ore samples with investigated parameters are as shown in Tables 5.1-5.12 for
Friedman Analysis data. Other results for Flynn-Ozawa-Wall and ASTM E658 data are

presented in Appendix F.
Quantified Risk for Effect of Mineralogy
> Ore 03601 (207m) ‘

‘Table 5.1: Risk Categorization for Thermal Hazard for Ore 03-601(207m) Mineralogy Effect

Parameter - Risk Class 2
00001

Hazard Probability 02177 03078 0.0249 ‘
Severity, p TS [ TORTS o

‘Associated Risk 03560 [ g ST

Risk Ranking Range 00 X101 010 (G

Equivalent Risk Colour Code.

Inference: The associated risk with respect 10 the investigated parameter belongs to medium
risk class




> Ore 03-601 (217m)

Table 5.2: Risk Categorization for Thermal Hazard for Ore 03-601(217m) Mineralogy Effect

Parameter ‘Risk Class 2
Fazard Probability 02177 02095 00262 0.0001
Severity, p 06310 02277 00736 0023
‘Associated Risk OEg 0017 T 107 377510
Risk Ranking Range 00 0N 10710 a0 010

Equivalent Risk Colour Code

Inference: The associated risk with respect to the investigated parameter belongs to medium

risk class

> Ore 06-658 (257)m

Table 5.3: Risk Categorization for Thermal Hazard for Ore 06-658(257m) Mineralogy Effect

Parameter ‘Risk Class 2
Tiazard Probability 02174 0261 00383 0.0002
Severity, p QT 00683 [ 0066
Associated Risk ToiT 001 TN TN 107
Risk Ranking Range 010 0310710 oA 010

Equivalent Risk Colour Code

Inference: The associated risk with respect 1o the investigated parameter belongs to medium

risk class.




Quantified Risk for the Effect of Particle Size Distribution
> Ore 05-658 (257m) Fine Grain Size

‘Table 5.4: Risk Categorization for Thermal Hazard for Ore 06-658 (257m) [175sm Particle Size

Severity, p oI 06T o 0066
Associated Risk T Tor LK X
Risk Ranking Range T Tox 10710 10 (G

Equivalent Risk Colour Code

Inference: The associated risk with respect to the investigated parameter belongs 10 medium
risk class.

> Ore 05-658 (257m) Intermediate Girai

‘Table 5.5: Risk Categorization for Thermal Hazard for Ore 05-658(257m) 75-180pm Particles
Parameter Risk Class 2
Hazard Probability 02177 02078 00249 000013
Severity. b 015 G057 o0t To0050%
‘Associated Risk 00 [ ERINNT T
Risk Ranking Range 00 Tox 10710 a0 (G
Equivalent Risk Colour Code

Inference: The associated risk with respect to the investigated parameter belongs to medium

risk class.




ek ekt e R s A R

> Ore 05-658 (257m) Coarse Grain Size

‘Table 5.6: Risk Categorization for Thermal Hazard for Ore 05-658(257m) () 180um Particles

Parameter "Risk Class 2
Hazard Probability 02175 aies 00334 00002
Severity, p 0065 00z G000 000t
Associated Risk w00t 0003 T 10 TN
Ranking Range 010 NG a0 =
Equivalent Risk Colour Code

Inference: The associated risk with respect 10 the investigated parameter belongs 1o medium

risk class.

> Ore 05-658 (257m) Aggregate Grain Size

‘Table 5.7: Risk Categorization for Thermal Hazard for Ore 03-601 Mixed Particles

Parameter Risk Class 2
Hazard Probability 021 ko8 000008
Severity, p T T [y [y
Associated Risk Taow ToeE Toox 10 TN
Risk Ranking Range [0 TN T0 0 (a0
Equivalent Risk Colour Code

Inference: The associated risk with respect 10 the investigated parameter belongs to medium

risk class.




Quantitative Risk for the Effect of Moisture Content

> Ore 03-601 (207m) with Addition of 3% w/w Water

Table 5.8: Risk Categorization for Thermal Hazard for Ore 03-601(207m), 3% Moisture

Content
Parameter ‘Risk Class 2
Fazard Probability 02174 02156 0.0366. 0.00021
Severity, p 02359 T08s1 00163 0088,
‘Associated Risk 0053 ToTst Bz TEN 10
Risk Ranking Range 00 Tox 10710 a0 010
Equivalent Risk Colour Code

Inference: The associated risk with respe

risk class.

10 the investigated parameter belongs to medium

> Ore 03-601 (207m) with Addition of 8% w/w Water

Table 5.9: Risk Categorization for Thermal Hazard for Ore 03-601(207m), 8% Moisture
Content
Parameter Risk Class 2
Fiazard Probabiity 02192 01198 0.0093 0.00005
[ 0270 00975 [ Gotor
Associated Risk 0592 g TN 0 e 10
Risk Ranking Range 00 Tox 10710 [oan [OE0
Equivalent Risk Colour Code

Inference: The associated risk with respect to the investigated parameter belongs to medium

risk class.




> Ore 03-601 (207m) with Addition of 15% w/w Water

Table 5.10: Risk Categorization for Thermal Hazard for Ore 03-601(257m), 15% Moisture

Content

Parameter Risk Class 2
Hazard Probability 02179 01978 00201 0001

Severty. B T i T Tor
TG oy T TN
sk Ranking Range e TR (AT s

Equivalent Risk Colour Code

Inference: The associated risk with respect 10 the investigated parameter belongs to medium
risk class

» Ore 03-601 (207m) with Addition of 25% w/w Water

Risk Categorization for Thermal Hazard for Ore 03-601(257m), 25% Moisture

Parameter - Risk Class 2

Fiazard Probability 02175 0218 00334 000019
Severity, p 03200 [y G0 B0
Associated Risk 00698 00289 TATNTO EEINT
Risk Ranking Range 010 20510710 010 (O
Equivalent Risk Colour Code.

Inference: The associated risk with respect 10 the investigated parameter belongs to medium
risk class




5.2 Discussion of Results

Closer laok at Figures 4.1-4.12 reveals that the ore will self-heat under favourable condition
without any additional external heat encrgy at the rate ranging 0.12°C/min to 4.5°C/min at
lower temperature. This is exactly what was observed on the field in terms of oxidation
characteristic (Table C2 of Appendix C) and during experiments. Individual result indicates
that Ore 03-601(207m) is the most oxidative or self-heated one with characteristic SHR of
42°C/min-4.5°C/min  within Imin over 20°C-50°C temperature range. Similarly, its
maximum rate of reaction (5.07 mol/m’s) at full conversion is the highest if the same

concentration of 28223mol/m’ were to be used for all the ores alongside with the

from Table C12b of

corresponding ATad (a fact that is hidden from the plots but obvior

Appendix €). The computed associated risk (0.2560-low risk, 0.0882-medium risk, 0.0020-
high risk & 5.74 x 10%extremely high risk) values corroborate this fact. This is the

observable trend across board irrespective of the analysis data-type used. Therefore, presence

s to severe thermal hazard. This a

of high percentage pyrrhotite content correspon

was also made by Thomas et al, 1998; Thomas et al, 2001; Mikhlin et al, 2002; Miller et al,

2005; Wills and Napier-Munn, 2006; Nakamura et al. (1994), Iliyas, (2011) and Peck et al,
2011,
Finer particle size (<75um) in the ore has higher risk values than other particle size

distribution. This is true because the larger the surface area of particles taking part in

chemical reaction, the higher the rate of reaction. On the other hand, it

highly otiose to see

this finer size particles distribution alone as aggregate particles of all sizes react together

0.0208 under class 1, 0.0062 under

s 2,

during reaction. This is why the risk value

0.000106 under class 3 and 2.88E-7 under class 4 for ore 03-601(207m)) obtained for the

101



mixed particles are the true representative governing the effect of particle size distribution.

‘Their own values are next to the values (e.g. 0.0387 under class 1, 0.0139 under class 2,
0.000451 under class 3 and 1.39E-6 under class 4) obtained for the finer particles. The same
is observed on the SHR values obtained (field study, experiments and simulation). Several
authors observed this effect (Nakamura et al.1994, Ahonen and Tuovinen, 1991, Belzile et al.

2004 and Janzen et al. 2000).

Although moisture presence in the ore accelerates rate of reaction, yet, its effect is masked by
the inhibition of gas front during diffusion of air or oxygen as the stoichiometry of reaction

shows that it is solid-gas phase reaction. This is why the computed values for the associated

risks increase from 3% moisture (0.0512) to 15% moisture (0.0746) before decreasing again
at 25% moisture content. Computed risks follow this trend irrespective of the source of the
data (Appendix F). This gives an indication of optimum saturation level for the reaction to
proceed optimally to prevent ore solvation or coating. From this, it can be inferred that too

‘much moisture will hamper self-heating. This is why these ores and their tailings are covered

or stored under water to prevent rapid oxidation.

ociated

sks with sel

Globally, the a heating behaviour of these mineral ores indicate that

the ores are of medium risk cla

on the conservative safety margin. Varying parameter ©

shows that the self-heat rate is decreasing as T increases suggesting that conversion s rapid.

the increment in t-value is small. This is

Also, the corresponding temperature variati

due to the vanishing of the exponential term.
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5.3 Usability of the Model

The derived model is a semi-empirical model that can be used for any thermal hazardous
reaction. This model is independent of the order of reaction in its final form but depends on
feed rate as it has been derived for general kinetic reaction undergoing runaway reactions.
“The limitations of the model include need for experiments to be run to unravel the unknown
parameters such as onset temperature, SADT, ATad, ete. before it can be applied. If
temperature T is plotted against (¢ - 1), the slope of such line will represent ATad with
s not a valid approach to obtain

intercept representing the referenced temperature. This

experimental ATad prior to the execution of experiments as ATad depends on the chemical

nature of the material under investigation. This is why the model is an empirical one that
relies heavily on experimental runs. The model should not be used this way without running

experiments on the sample to be assessed otherwise, many materials with different values of

experimental ATad will have the same behaviour if this warning is not heeded.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The mineral ores (03-601(199m), 03-601(207m), 03-601(217m) and 05-658(217m)) portend
intermediate risk of self-heating thermal runaway reaction that can be managed effectively.
Processing, storage and transportation of these ores constitute moderate thermal hazard as

the

self-he:

g rates are tolerable under the cold climate where temperatures are generally
in the lowest cbbs. Mineral composition plays significant roles in this obscrvable SH

behavior. The global minimum and maximum SH rates were found to influence the

quantified risk values as the accompanied enthalpy and activation energy of cach particular

ore vary accordingly. Rapid oxidation of the ores oceurs due to high reactivity of oxygen on

the pyrrhotite content alongside with other reactive minerals contents such as: pentlandite,

magnetite, chlorite and chalcopyrite with chalcopyrite oxidation reactivity trailing that of

pyrrhotite ahead of other components.

The mineralogy in the ores revealed that the self-heat rate increases with increase of %
pyrehotite, % moisture content and increase of fine particles. The particle size distribution of
the ores affect the SH as the quantified risk values (0.03873 under classl, 0.01387 under
class 2, 0.00045 under class 3 and 1.4 x10° under class 4 for the fine particles) associated
with the effect of fine particle size distribution which are the highest values under each
category confirms that fine particles react vigorously than other particle types. Hence, the
higher the proportion of these fine particles in an ore sample, the higher the tendency to self-

heat to cause potential hazards.




Presence of extra much moisture impedes self-heating reaction by inhibiting the advancing
diffusing gaseous reactant. At moisture content greater than 15% by weight, the self-heat
rates were found to be optimal afier which excess moisture beyond this inhibits the
reactivity. This is why the ores and their tailings are stored under excess water to mitigate the
hazards temporarily as acid mine drainage is another potential hazards in industries and
environment if there is a leakage to the ground water bodies (Thomas et al, 2001 and Toner
et al, 2009). Masking of the oxide coating of the ores after surface oxidation of the ores does
not reduce the SHrate as their reactivity follows the shrinking unreacted core model with
continuous diffusion of gascous reactants through the ash layer formed. This is why SH
increases with time as the reactions progress. The reactions are governed by the combined
effect of diffusion, ash-layer and chemical controlled reaction at both microscopic and
macroscopic levels. Therefore, the formed ash layer on the ores prevents effective cooling of

the reacted ores but rather promotes internal heat generation rate.

The various ores investigated was found to be self-heating at different rate covering the

entire range of the quantified medium risk range on the predefined risk scale. Finally, the
parameters involved in the semi-empirical model need to be determined aceurately during
experiments to get meaningful results. Further, an uncertainty analysis of the parameters and

assessed risk is useful. The proposed approach of risk ranking of thermal hazards accounts

for uncertainty in assessing risk and assigning risk rank.
6.2 Recommendations
o The work can be extended by investigating the combined effect of different

parameters under various classes of the Arrhenius’ Constant.
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‘The probability assessment can be revised by adopting conditional probability such
as: Bayes’ Theorem.
‘This work could further be enhanced by testing the model and methodology on other

minerals and fine chemicals.

The risk ranking proposed in this work though broad to capture wide range of
chemicals, this needs to be tested and verified.

The consequences model used in the risk assessment could further be improved.
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The activation energy and Arrhenius Constants of some first order reactions are as.
below with the validity of the range of operating conditions for 10 reaction:

‘Table Al: Class A of Activation Energy (Ea ' 400kJ/mol)

Activation Energy and Arrhenius’ Constants

Appendix A

Reaction Type Activation Temperature /| Reacting Species
Energy(ki/mol) | expression/rate | Pressure Range

expression/

Controlling

‘mechanism
Reduction of Meallic 7 Diffusion contral, §00-900°C MiFe,0, & Ciy
Oxide:MnFe., using X003
Sinerng of high densy 00 Sold Stie disoluion | 1000-1500°C_| ThO; U04 and UO;
THO.U0, Pellet of metals
(powdes metalugy)
Evaporation of 3 Solution of Meals TSO0-TS00C | Forserite
forsterite under
ol faciornin
Flevated temperat a0 Diffusion Cantroled TO00-TS00C | Fe39AT Fe-
Detormaton T P 3.6M-39.4A1
0SAI & Fe36Mn-

Al

Sintering_of SiNy Gl Chemla s TIO0-TRSOC | ST S0, kel e
with rare carth melal Conrolled ovid and rarecarth
la meal
Sintering _ofSiNy EQ Chemical Reaction TROO-TES0C | S S0, ey
with rare arth metal Controlled ide
Nd el
Sintering_ofSiN w7 Chemical Reaction TH0T8S0C S0, ahalcarth
with rar carth met Controlled uw= and e ar
4
Sintering_of _SiN. e Chemical Reaction TROTRS0C | Sof 10, sl ety
with rare carth metal Controlled oxke nd e carth
b el
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Note:
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‘Table A2: Class B of Activation Energy (100k)/mol

Ea < 400kJ/mol)

us oxide over Cu-

Chemical eaction
ntrol

Reaction Type Temperature /| Reacting Species
Energy(ki/mol) | expression/rate | Pressure Range
ex
Controlling
mec
Surfce Pyrolysis. g Surface/ Chemical | 0-550°C. 2310 7torr | ASNICHI ).~
Thermal controled TOMAA Langmic
Decomposition Adsorpion on GaAs
‘Oidation of Pyrie 70 oo 0T | Fes, &0;
(parice size:147-
205um)
‘Oidation of Alex W7 30400 Nanometre size
Aluminium powder
Thermal WS TSOROC | PIFEmST
Decomposition ~of
PTFE in the presence
ofsi
Thermal 3566 TOSTC | PIFE& Cast
Decomposition  of
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of Cassi
Thermal 90776 BT KDNB, Poiassiom-
Decomposition 46
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Reduction of Metallic T Chermical eacton RO-T000C | IO, MgALOs & 11y
Oxide:NIOMEALO, control, x-0-1.0
using CHl
Oxidation of Metalic 7 Diffision reacion S00-900°C M0, & 110
oxides: MnFe,0, using Control, x~0-1.0
11,0()
Ovi eallic 5] Diffusion eaction S0TNC | ZaFei0, & 10
ovides: ZnFe,0, using Contol oy, x=0-1.0
X
Decomposiion of 0 00C N0 & CuZsMS
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‘Table A2: Class B of Activation Energy (100kJ/mol (/ Ea < 400kJ/mol) Cont'd

DVIE formation via TI7G%) | Surface adsorpion e CHON & el
Partialauto thermal reaction caalyst
m Chermical Reaction WI0C | Kerogen
Kerogen o produce
Bencene
Decomposiion of i) Chemieal Reaction H0S0C | Kerogen
Kerogen to produce
Hexane
Decomposiionof B “Chemical Reaction 0500C | Kerogen
Kerogen to produce.
Toluene
Decomposiion of 75 Chemical Reaction W050C | Kerogen
Kerogen to produce
Phenal
Decomposiion of o Chemica Reaction THR0C | Rerogen
Kerogen o produce ’
Heptane
Decompos 70 Cheneal Reaction T0R0C | Kerogen
Kerogen to produce
Indene
Dcompontion TS0 i 25600°C with major A

ol resction)of Reacton eaction occuring. | Where Db = 11"
RN i 260.600°C | buancdyDhisinidazoe)
buaneiy i)

Note: The operating

Table A3: Class C of Activation Energy (10kJ/mol [ Ea < 100kJ/mol)

Reaction Type Activation | Kt expression/rate | Temperature/ | Reacting
Energy(ki/mol) | expressios Pressure Range | Species
Controlling
mechanism
T ¥ onder reaction, Toa0C | con
a7 AahTayer Control TWS0TC | €0, & NaNO,
Oxidation of Py gl TTO Fy T WT0C | Fes; &0,
(particle sze:<43m)
‘Adsorption of 043 T/ Go. afion 0N E A
Arsenate on Comolled
synthetic Geothite
245 ), chemcal 0N E a0
rinate on e
synthetic Geothite
Teaching of metaly s oo oA0C Vo, TLC04 107
m spent hydrate
Sulphurization, Mo
T ¢ T

Desihuratonin
presence of oxidant

SurfacelChemical
Controlled
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‘Table A3: Class C of Activation Energy (10kJ/mol

Ea < 100kJ/mol) Cont’d

onin 095 Teaction 3¢
mechanism
Phoocatalytic %5 Chain reacion Ambient temperatre | 10 + &y TO-Dye
decomposion o contolled
Methylene
Siam Reorming S | Chemical Rescton TO0TIO0C | CHLON & seam
Methanol wolled
Leaching ofmeias Toxh (- 70T LTG0, 107
rom spet hydrae
Sulphurization,
Leaching of meuls 04 e 070C V.TC:0. 150,
fom
Sulphurization, V
Leaching of metals 5753 [y 3070°C AL G0, 1,0,
from spent hydrte
Sulphurization, A
uction o Mctllc © Chemieal FOTO00C | NOE THy
Onide: NIOYSZ eactiondiffusion
conrol, x-0-10
iy Chemial eacion 00T | 0 & W;
ool 00
W “Chencal esction SHS0C | €0, ALO, O &
control, x=0-1.0 10
775 Diffsion Contrl, S0I00C | T, & 10w
X003
B Diffsion Conrol. S0IFC | Vie;01 & THO®)
010
6] Diffsion Conirl, FOOTORC | N, Bentonie & 05
010
W Chemica eacion FO0T00C | NiO, MgAO, & Oy
oxides: NK)/MIAM). Contol, x-0-1.0
o Vi =3 “Chencal raction WoRIC [ NO&O;
oxides: NIONSZ difusion Contro,
using 0, X010
Gridaton of Metalic i ‘Chemicalreacion SO | o0, A0 & 07
oxides: CUO/ALO, Contrl, x=0-1.0
| using0,
Wt s S 59.1(:25%), varies | Surfoce eacion | 75-T00°C depending | €O, F0 and meallic
with conditons. on catalystused and. | Catalysts such as Cu,
oues Pd,Fe,ctc
Chemcal Reaction
contolled
Note 1
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‘Table Ad: Class D of Activation Energy (Ea <10kJ/mol)

Reaction Type Activation | kt Temperature / | Reacting Species
Energy(ki/mol) | expression/rate | Pressure Range

expression/

Controlling

mech:
Diffusion o water in s Diffusion Controled BT Water & Siicalite
Silicaite MgALSLO,
Diffusion o water i 0 Diffusion Controled 7aTC ‘Water And Cell
Human Cell issues
Gas Phase Reaction o Tight Conrolled | Ambient Temperature | NO & O,
between NO & O;
Alkall Siiea 70 Thermal Chermical @soC NaOH, water 3nd
Reaciviy of reaction/expansion Opal (§i0:1H.0)
Concrete with 10N
'NaOH: Opal mineral
Akl Silea g Thermal Chemical WRoC NaO, water and
Reactiviy o reaction/expansion Jasper (quantz
Coneree. with 10N coloured by oxidesof

OH: ron)
mineral
Al Siiea ) Thermal Chemical wsC NaOH, water and
Reactiv of reaction expansion Chalccdony (quartz,
Conerete. with LON airand water)
NaOH: ~ Chalcedony
w5 Thermal Chemical @0C NaOH, water and
reaction’expansion Fint (icrocrystalline
and eryprocrystalline
silca
o Thermal Chermical @rC NaOH, water and

reacton/ expansion Rhyolie.
NaOH:  Rhyolite
Desulphurization w5 ‘Adsorption’ Chemical T CRICTHCOTIRE
presence of oxidant reaction Controlled
Thermal 500 Diffision Controlled | 25°C-930°C, 56 2tor | FINO;+(B:075105)
Decompositon of YINO,
Gases Ammoni (B:0/510)
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Classification of Arrhenius’ Constants or Pre-Exponential Factors

Table AS: Class A of Arrhenius’s Constant (A (1 10"s")

Reaction Type Arrhenius Constant (s') Temperature/ | Reacting Species
Pressure Range
Decomposiionof TR0 0800C Rerogen
Kerogen o produce.
Hexane
Decomposion of I HR0C Rerogen
Kerogen to roduce
Phenol
Oxidaton of Alex o0 000 Nanomete size
Aluminium powder

Thermal 0 TR | P WIS
Decomposiion of
PTFE in the presence
orsi
Themmal 0 TORTC
Decomposiion~of
PTFE in the presence
of Casi
Thermal TR0 AT KONB, Poasstum-
Decomposition 6
Decomposiion o gEE H0500C Kerogen
Kerogen o produce.
Benvene
Decomposition of ERENTY 20-800°C Kerogen
Kerogen o produce
Decompositon oF o0 WRC Rerogen
Kerogen o produce
Decomposion of 3000 0T Rerogen
Kerogen o
Tolvene
Vapor Phase F00n10" T0rC il
Decomposition of

cl
Vapor Phase Synihess TR0 T NI & ST
of SHCLNI,
Thermal B TG0C Dicumy! Peroxide
Decompasition of
Note:
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Table A6: Class B of Arrhenius’s Constant (105" [ A <10""s")
Reaction Type Arrhenius Constant (s7) Temptnmre 7~ | Reacting Species
Pressure Range
oI TG00 with major | G-I
(ol rescion) of raction occurring | where bb = LIl
YOl bw 260-600°C | butanediyisimidaoic)
o 1
Symbess of complex o7 TorC SiCl, & S
Silylene insertion
oo ar e EEn THC | NINO;
NHNO,
Decomposiion of pure TS0 TA0C | NHNO; & Pyrie
NHNO, pyrite
Thermal T FCHrCS | TNorB0750)
Decomposition of 62tore 0:
Gascous Ammonium Biossion
Note:
‘Table A7: Class C of Arrheniuss Constant (A £10"s") and Lower
Reaction Type Arrhenius Constant (s') “Temperature/ | Reacting Species
Pressure Range
Rowsing of Chiomim oo 10-500°C Cri0, & NaNO,
Oxide with NaNO),
Desulphurization in ER T GOt
presence of oxidant
Desulphurizaton in ToiI0 T CICTCOTTCr
f oxidant
Desulphurization in 20110 I [T
presence of oxidant
(O woT0C T T-dmethyhydrazine
i OIS0C, 2N10Torr | ASNICI -
hermal DMAA, Langnuir
Decomposition Adsorption on GaAs
Note
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APPENDIX B
Normal PDF and CDF for Thermal Hazardous Reactions
Normal PDF for Thermal Hazardous Reaction for Ea<10kJ/mol

Ea_Less10 data
Normal Distribution for Activation Energy Less Than 10kJ/imol

POF

6 8
Activation Energy
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Nomal PDF for Thermal Hazard

Ea_10t0100kpermol data

o0t

0016

00w

o012

Densty

0008

0008

0004

0002

0 0 e
Acthation Energy
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(GDF for Tnermal Hazardous Reaction Acthation Energy, 10k imol<Ea<=100kJ/mol

Ea_1010100kjpermal cata /
——— Nomal Distrbution for 10k Jmol<E-

coF

50 3 o 0 o
Acthation Energy
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PoF

x10°  Nomal POF for Thermal Hazardous Reaction Acthation Energy,Ea>400Kimol

mol data
Nomal Distribuion or Acthation Energy Ea>400kJmal

600 0 %0 w0 100
Actnation Energy
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Nomal COF for Thermal Hazardous Reacton Acthation Eneroy, Ea>400kJimal

Gumuative probabi

E:
—— Nomal Distrbuion for Acthation Energy Ea>400kJimal
—— Nomai Distrbution

40 S0 s 60 6 70 750 80 880
Actnation Energy
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POF

« 10Nomal PDF fo Thermal HAzardous Reactons Actiation Energy, 100kJ/mol<Ea

Ea100_400kJpemol data

% 100 20 20 0
Acthation Energy
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Cumustive probabity

Normal COF for Thermal Hazardous Reactions Acthtion Energy. 100kJ/mol<Ea<=400kJimol

E8100_400kJpermol dat
——— Normal Distribution for Actiation Energy, 100kJ/mol<Ea<=400k/mal

50 100 150 200 250 00 350 00
Acthation Energy
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Table BI: Mean and Standard Deviation of Each Class of the Arrhenius’ Constants

Class/ Group | Range of Values of | Mean of In(A),u | Standard Deviation of In(A), o
Raw A (s)
A Tox 10" 463 5122356
B TOX 1070ASI0x 77863 527284
100
C STox 10" 539889 0502494

Table B2: Mean and Standard Deviation of Each Class of the Activation Energies

Class/ Group Range of Values of Mean of Ea Standard Deviation of Ea
Ea (ki/mol) (k/mol) (ki/mol), &
A 400 570 147459
B 100 1 Ea <400 191461 82,1525
c 00 Ea<100 468474 27.03
D =10 7702 24104
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Appendix E
Determination of t

g

Parameter

can be determined using representative industrial reactor data on a pilot scale

(such as autoclave data used for treating the concentrate and ore). For a typical production where

2200 tons/hr (611.1kg/s) of ore is fed in, the average density of the ores is 4900kg/m’. Density of

pyrrhotite, the major active constituent of the ore causing self-heating, lies between 4800kg/m’

and 5000kg/m’, Therefore, the volumetric flow rate for the feed i

_ Mass flow rate of feed
= Average dnsity of feed

i 611.1kgs™!
P~ 4900 kgm?

_0.a25m* _ 450m*
T s hr

The corresponding autoclave volume is 693m® with corresponding working volume of 462m’

(i.e. two-third of normal reactor volume), Levenspicl (1999) to allow for haulage space and gas

build up.

Autoclave or reactor volume
Volumetric flow rate of feed

v _ _eom’

- oazsmijs 5556
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Determination of Arrhenius’ Constant

The best approach to obtain Arrhenius’ Constant, A, is to obtain it from the self-heating regime
from the AKTS software data or ARSST Self-heat Rate vs. Temperature Plot or DSC
Temperature vs. Time Plot. The value obtained using this approach is a true representative of
what is happening at the onset or any other temperature of the runaway reaction. Another

approach to calculate A is that of classical global chemistry/ physics model rooted in Transition

State Theory (TST) given as:

kaTi
A=

Where: kn = Boltzmann’s constant, T; = critical temperature & h = Planck’s constant

[1 &T, = Referenced room temperature

‘The precise approach is based on graphical experimental plot of the self-heat rate vs. temperature

at the onset temperature using the expression below based on AKTS and instruments software

such as: ARSST and ARC with zero-order reaction assumption

_|ar pCyeFTanser (| |dT eFonset
|0t | XCoBHr || |0 Tonser | ATaa

Fhs is valid since the first term in equation [3.13] approaches 7ero or negligible i.c.

S =LT - Tyep 14+ 1 ((-BHR/Cy) 33




For ore VBO7824, a strongly oxidized ore ramped @ 8K/min experimentally with 9.60mg
sample and cell constant of 1.3979, the SH at the onset temperature of 21.20°C (294.20K) is
determined using (0.39min, 21.20°C) & (1.64min, 28.12) from the Temperature-time Plot of the

DSC composite plot of Heat rate vs. Time and Temperature vs. Time as follows:

dr (@8

21.20) oc
39)

ary (L

oc oc
536 —— = 0.092267 —
min s

‘The equivalent “ATad" measured to the peak of exotherm curve is 6.92°C and activation energy

of 82.6kJ/mol. Therefore, using the above formula gives Arrhenius’ constant as:

= |0.092267%
= B 692degC

=618 x 10'257"

Similarly, using classical method

koT, 13806503 x 1072 % x 294206
6626068 x 107 Js

=613 x 1012571

‘These two values agree with experimental uncertainty.



Compositional Balance Modeling

{Initial molar flow rate} = {Converted molar flow rate by reaction +{Final molar flow rate at time t}
Tany+ 2
But molar flow rate = Concentration x Volume/ Time = CV/
vey

vy v
= =Rl

Also, G = Co=xCo = Co[1-1]

Therefore, Y22 Y
(€ - 61
—L =y
0~ Coll —
WV = [ [1-x1]
T

The above expression for “r,” was used in equation [3.11] in Chapter 3,
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