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Therm al hazards constitute menace to the explorat ion, processi ng and their alliedindustries.

Thi s work prese nts quantitative risk assess ment of these thermal hazards via a simplified model ,

probabilit y and severity determinat ion with quantitative risk and proposed risk rankin g for

thermal runaway reaction s using a case study of se lf-hea ting mineral orc s.

A numb er of sulphide-co ntaining mineral ores supplied by Vale Inca from Reid dep osit

were already investigated for self-heating thermal haza rdous behavio ur on the effec t of

minera logy, particle size distr ibution and moisture contents using combine d state -of- the-art

inst ruments like Mineral Libera tion Analysis, Thermal Gravi metric Analysis and Differenti al

Scann ing Ca lorimetry. The obtained result s are then analyzed using AKTS so ftware with the

final data used lor the risk assess ment by first validating the devel oped kinetic mode l.

A continuou s probabilit y function, Gauss ian probabilitydi str ibution,i susedtodetermin e

the associatedchances of occurr ence ofth e thermalhazardshaving filled the representative data

of thermal hazards into continuous distribution using Matlab. The probabi lity of the hazards is

determ ined under seve n maj or classes of activa tion energy and Arrheniu s ' constanl.

Sim ilariy, seve rity of the delin ed thermal hazards is eva luated using the ratio of enth alpy

of reacti on of the ore under spec ific investigated effect to a referenc ed thermally hazardous

mater ial under four major categories o f low, medium , high and extrem ely high risk classes using

well- studie s refer enced materials. The assoc iated risks are then determined as produ ct o f

probabil ity and conseq uences .

Fina lly, the numerieal values of the assoc iated risks are eva luated forconsisteneyona

predelin ed sca le with the risk ranked and coded by means of colour legend. The assoeiated risk



with these mineral ores is found to be of medium class catego ry and can be manage d effectively.

Recomm end ations are made for further work on the subjec t and approach for improve ments.
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Chapter t

Accidents do not ju st occ ur but are caused by acts of co mmission 0 r omission on the part o f

opera tors or processing operations and equipment. In the Chemical processing industr ies,

acci dentsare typicallyattr ibuted to improperstorageand handlingof hazardouschemicals.

Implementati on of risk management strateg ies can decrease the occ urrence and sever ity of

these accidents.Theprocess ofri sk analysis entailsth efollowing (Nolan, 1996):

• What are the chances? (Probabi lity assess ment)

• Hazard quanti fication.

• Hazard preve ntion strateg ies implementation with emergency plannin g (Haza rd

mitigation).

1.1 T he r ma l Risk Asscss mc nt in Exploration, Manufacturing and Proccss Industrics

Genera lly, risk assess ment is a unique process of sys tematically quali fying or quanti fying

inherent hazard s from processes, mater ials or substances and events invo lved in industries.

The process industr ies are with huge inventories of stored chemicals, high temperatu re and

pressure reac tions and comple x layout, contro l and instrum entation.Risk assessment ofth ese

industries is vital to their ove rall operat ionsconsideringthe huge investments involved and

Assessment of the assoc iated risk with a recogni zed hazard involves determin ation of the

precur sors to the acci dent (Shah eta l,2003; Shahetal, 2005, Ozog &l3endizen, 1997). This

is done by co mbination of the methods such as : hazard and opera bility study (HAZO P)



wh ich identifi es the hazards but not freque ncies or chance s of occurrence; hazard analysis

(HAZAN) which est imates the frequencies of the occ urrence and consequences to the

empl oyees, member s of the publi c, industry and profit s, and compar es and contrasts the

result s o f the associated frequencie s and consequences with a target or cr iterion as to its

acceptance or rejection of the hazards (Barton & Roger s, 1997). Hence, quantitative risk

assess ment (QRA) entail s three major steps of hazard quant ificat ion, probab ility assessment

and co nsequences assessme nt that are concurrently executed with risk estimation. HAZAN

employs the use of fault tree ana lysis (FTA) (Haupt mans, 2004), event tree ana lysis (ETA),

Markov modelin g, etc. to obtain the probab ility assess ment. Other methods employed

includ e the use of prob abil ity functions (Sriniv asan & Nhan, 200S). Risk is finally quant ified

as the product of the probabilit y and consequences.

Variou s merits ofQRA are the accurate cost-eff ectiv e or cost-benefit engineerin g design,

safe operations and mainten ance, well informed process route s managem ent and decision

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

eco logical, processand toxico logica l haza rdsidentifica tion, quantification and mitigation. In

this work, the focus is to study risk assess ment spec ific to exploration, process and

manufa cturin g operations

1.2 Obj ecti ves of the Resea rch

;p. To evaluate available methods and model s for thermal hazards and risk assess ment

;p. To develop and test a quantitative thermal risk model cum assessme nt methodology



Therm al hazards are very challenging to manage. Therefore, ava ilable technolog ies and

models must be cont inuously modifi ed to mitigate the new discoveries asso ciated with these

challenges. The ava ilable quantitative risk-based methods for thermal hazards are not only

time consuming and laborious but also requi re specia lized laboratories and equipment. The

methods do not provide categorization of the chemicals nor do theycharacter ize the ir

In view of the above , a simple method of characterizing the chemicalsa nd riskcatego riza tion

wi ll be developed to cater for these. This developed method will be used to quanti fy the

thermal hazards alongside with the usual determ inat ions ofexothermicityand time of no

return . Considering the amount of needed time to be invested in carrying out the

exp erimentsaswellas the expensive costs and specialized labora torieswith highly sensitive

equipment to ascertain minut e deta ils, this simple method will give the same result s at lesser

cost and time with few experimenta l runs and data.

Quantum e ffe ct of sca ling up from laboratory to industrial sca le will be well accom moda ted

with in the developed methodology so that the porte nd hazard s inherent in such operat ions

can be diagnosed promptl y. Also, the approac h is aimed at inco rporating the efTect of

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

experimental runs comp actly so that comprehensive infcrence can be deduced.

The proposed approach can equally be used to identify and compare the chemica l's thermal

hazards, as we ll as estim at ing the magnitude of' the hazards thereby provi ding various

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

selec ting and spec ifying safe ty measures. Such derived kinet ic and risk- base d mode ls



sho uld be able to con firm, co rrobora te and replica te exp erimental result s obtai ned by the

sophis tica ted instruments as well as yielding the sa me conclusio ns.

Runaway react ion o f se lf-hea ting sulfide min erals will be used as case study for testing the

new mo de l to be deve lope d.

It is imperative to assess the risks of runaw ay react ions due to the hazard s assoc iated with

them such as ex plosion, loss of lives, industria l plant s, env ironment and capita l. Rangin g

from major indu st rial acci dents in Ge rmany O PPA U ( 192 1), to a host of others, the mater ial

costs amo unt to the tun e of milli ons of dollars e.g. $458 m for La Medes ( 1992), France

(Egidij us& Varman tas, 200 8) . Th e fata lities incurred in such accid ents are very grave and

irreparable as resour ces are lost in terms of qu ali ty personn el, experience and trainin gs.

Therefore, prop er identific ation and assess ment o f operating risks could decrea se the

frequ ency and se verity of therm al acc idents. It wi ll also enhance superb hand ling and storage

of these hazardous chemica ls.

1.4 T hes is Layout

Layout ana lys is of this thesis has six major chap ters. Chapter I review s Q RA from historical

perspect ive to mod ern trends and so me o f' the basic stcps o f therm aI risk assess ruc nt in

various industries . Also, the chapter outlines the objec tives of th is researc h work. A literat ure

rev iew of the stale of know ledge on the subjec t is presented in chapter2 with the background

knowl edge o f therm al reaction hazards analysis. Chap ter 3 is so lely devoted to methodo logy

wit h app lication o f this methodology to a case study presented in cha pler4 portraying the

se lf-hea ting phenomen on,



Every model and result is parametr ically sensitive . Chapter 5 is concerned with this

sensitiv ity analysis and discussion of the obtai ned results for the case studies. Conclusions

and recomm endations are in chapter 6. Orga nogram of the written epistle is

diagramm atically represented in Figure 1.1.

Chapt er 6

[Conclu sion s & Recomm end at ions]

'Figure1.1: OrgallOgramoftfie'Iliesis



Cliapter2

Literature Review

Risk is the potent ial loss (an undes irab le outcome) that a chose n action or activi ty (incl uding

thc choice o r inaction) may lead to. The notion impl ies that the sty le one chooses to pursue

an act ion has a great inlluenceon the outcome of the action , and so the likely losses that may

Alternati vely, risk is the product of the impact of the severity (consequences) and impact or

the like lihood (probability) o ra hazardous event or phenomenon . The simplest definiti on was

given in CMPT ( 1999) as "combination or likelihood and consequence or an accident" .

Kaplan and Gar rick ( 1981) opine d that risk is a set or phenomena- each with its own cha nce

or occ urrence and conseq uence. The most co mpre hensive one was presented by Cove llo and

Merkhofer ( 1992) as : "Risk is, at minimum, a 2-D conc ept involving ( I) the possibi lity of an

adver se outco me, and (2) uncertainty over the occurrence, timin g, or magnitude of that

ad verse outcome .lfeither ofth ese attr ibutesis absent,there isn ori skconstituted at all".

Risk can be assessed both quantitativ ely and qualitatively . The consequence s and probabi lity

dete rmination models for varietie s of proce sses, event s and seenarios are aptly and succinctly

summarized in "Guidelines for Chemical React ivity Evaluation & Applicatio n to Process

Design, CC PS of AIChE , New York (1995)" . Simila rly, exce llent work was done on

numerou s methodo logie s and techniq ues for risk assessment and sa fety mana geme nt by

various researcher s since '7 0s (Khan & Abbassi, 1998; Shen and Wang, 2005; Venugopal &

Kohn, 200 5; Scars , 2006; Garr ick et a i, 2010; Markowski et a i, 2010 ) which include "De sign

and evaluati on of sa fety measures using newly proposed method ology "SCAP", 2002" and a



host of others. Equally, ample work has been done on the area of QRA for the thermal

hazard ous react ions and worthy of mention are the works of Ando, et al. ( 1991), Wang, et al.

(200 9) and Sanchiri co, (20l I).

Wangctal.(2009)didthcrmalri sk asscssmcnt tor reacti on hazards by colle cting data from

previou sly publi shed measur cmcntsofpressurc DSC for3 ? selected reactiv e hazards out of

820 spanning various functional groups undergoing decomp osition reactions in conjun ction

with using Gaussia n03 program to estimate those experimental values that were not

avai lab le. Two basic criteria of onset tempe rature and TMRad were then established and

justified for corre lating onset temperat ures with their corresponding activation energicsand

TMR ad with onset temp eratur e from the collected data without recourse to the decrement in

conce ntration during chemical reaction. The obtained correl ations havin g R2 of 0.99

revcalcdthcperfectconcord amongthechosenparameters andthus provided basis for

drawin g conclusion that reaction hazards with high activation energy durin g the

decom posit ion reac tion would have relative ly high onset tempe ratu res and TMRad. Finally,

they used thermal risk index, a defined para meter connecting enthalpy ofrcaction and

TMR ad, to quanti fy the thermal hazard alongside with reaction hazardi ndcx.

Sanch iirico , (2011 ) delved into the minimum numb er ofthcrmoanalytical cxpcriments that

should be deem ed in arriving at complete and reliab le kine tic anal ysis when using scmi-

empiric al models. The y drew inference by concludin g that on ly two of such DSC

exper imental curves were sufficie nt to provide such co mplete ana lysis having made attempt

at resolving thc prob lem ofgathcring rcliab le therrnoki nctic informatio n from non- isothermal

techn iqucs.Thcyadoptcd Mil itky and Sestak approac h offinding pararnctric vector used for

the kineti c constant in the Arrhenius ' type exp ressio n and lumped parameter f(cr). This was
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