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Abstract

Pool fire s and explos ions are amon g the mo st frequent accidents inproccssfa cilitics.Forpo ol

tires, name impingement and thermal radiation are main hazardous characteristic . Whereas,

overpre ssure and negati ve pul se duration are the main treat s to human and assets in the case o f

explos ions. Environmental variables signifi cantly affect the beha vior of fi res and explosions.

However , the effect of environmental parameters in the cold regions like arctic has not been

sullic iently studied. Thi s study presents two new model s. A steady state and full y devel oped

pool fire model that take s into account the effects of all environm enta l variables like

temperature. the presence of droplets and surface reflexivit y on the thcnnal radiation and

subsequently on the tire con sequenc e assess ment. Anot her mode l has been propo sed to account

the effect of snow layers on explosion overpressure. A detailed description of model

de velopment and solution methodo logy are present ed in the thes is.
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Chapter I: Introduction

1.1 Mot ivati on and Scope

Risk-based desi gn is a widel y used and yet gro wing practice in most of indu stri es .

Consequence assessment of the dcsircd fire or explosion scenarios is among the most crucial

steps in the risk ass ess ment, There are dilTerent methods and models available to prcfonn

conscqucncc analysis. These methods and models have bccn developed anduscd ovcr yearsfor

temperate conditi ons. Fire or expl osion in the arctic region is a unique ex amp le of

cnvironmcntally contro llcd consequence that has not been studied adcqu atcly. The reason is lack

of model s to incl ude environmental parameters whic h control the impact propagat ion. Snow /Icc

covered surfaces and the presence of waterlice droplets int hcai rare such parameters that have

not been considered in previous methods and models.

These environmental parameters could sign ifi cantly affec t the consequence of an accidcnt:

therefore, the contribution of these parameters must be taken into account especially when

consequence is estimated tor the arctic region. Hence, studying the effects of environmental

parameters and developing new models tor tire and explosion consequence assessment are the

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



FiJ:ure l . I: Th e area of focusfor thisth esis.

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

parameters. Consequence assessment is discussed genera lly in chaptcr3 . This chaptc rcxplains

theproc(.-durcof estimatingandconvcrtingthecons(.~uenceof an accident. DifTercntcategories

of fire and difTcrent methods for fire consequence assessment havebecn discussed in details in

chapter 4. This chapter discusses different method s, compares them and points out their

limitations and applications. Chapter 5 presents lhe proposed modcl for poo l fire modeling in the



arctic rcgion. This chapter includes the mathematical formulation of the proposed model and

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

and models for explosion conseq uence assessment. This chapter discusses the advantages and

shortcomings of ditTerent models. Chapter 7 presents the new modei for explosion overpressure

calculation in the arctic region .Tn this chapter, jump equation has been coupled with Baker-

Strehlow model , This coupling resulted into order four partial dilTerential equations which have

bL'Cn solvL-dusingtinitedifTerence teehniques.Finally,thecontributions of thesis have been

summarizl-d in chapter 8. This chapter includcs thcs uggcstions for future works.



Chapter 2: Arctic Characteristics

As ShOWl~ in Figure 1.1, environm enta l and workplace know ledge is a vital step for

conseque nce assessmen t. This knowledge contributes to hazard ident ification and scenario

maki ng and subscqucntlyaffects the consequence assessment. Variation in the environmen tal

paramctcrsmayrcsultinto significan tconsequcnceditTcrcncl.-s. For examplec thermal radiation

ofapooltire significantly altenuatesdue toprc'Senccofwatcrlicedroplets in the air. Th is chap ter

briefly indicates the main characteristics of arctic region which make this region diffe rent

compared to modcratcorwa nn regions.

The Arctic regio n is the region that surrounds the North Pole which is located within the

Arctic Circle (66.5 N) [ I] . When defin ed this way. the most fundamental charac teristic of the

Arctic region is 24-hour daylight in summer and 24-hour darkncss duringwintcr.ln sprin g and

autum n. duration of day highly depen ds on the latitude. During almost all the year, Arctic is

extremely cold with much of its land covered with snow, icc, and many areas of perm afrost, The

environment ranges from large elevated mountains to tlatplains, spacioustundra lands and large

bodies of wate r, snow, and ice.
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Figur e 2.1: Arctic Circle. a major part of Canada and Alaska are in Arctic Circle. Retrieved Dec

13, 20 10, from htlp://www.dom.de/acircle/acircle.htm.

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

over 1000 meters in depth. and the surface continuously coaled withice[I] . The thickness of the

icc usually ranges between I to 10 meters with a surface area of approximately 9 to 12 million

km'. About 30 percent of the Arctic Ocean has very shallow water; these parts arc known as the

contincntal shcU:lce shcets arefoundth roughoutthc ocean surfacca II year round. but during

summer and the end of spring, the icc usually melts at the continental shelf.

Inccrtain arcas ofArc tic. wann oceancurrcntsin crcaseh.mperature andmoisture contcnt of

the atmosphere. causing the amountsofprccipitation to increase as well. Some regions can



receive more than 3000 millimeters of prec ipitation per year such as the Norwegian coast,

southern Icel and and Alaska. In other part s o f the Arctic whe re the re is no intlu enee ofheat , the

tempe ratures are much lower, therefore receiving less than 150 millimeters per year.

W ith in the cen tra l areas of the Arcti c Oce an where it is isol ated from surro und ing in tluene es

that may affe ct the clim ate, the majo rity of the precipit ation occurs as snow. A ltho ugh there is

rainf all throu ghout the year, the most rain falls in the warrnermonth s sueh as in Ju ne, Jul y, and

Augus t.

Figure 2.2: Snow and ice co vered waters. Arctic region. Ret rieved Dec 13. 20 10. from

httn ://gall crv .usgs .gov/vid co tal!s1seatl oo r/li st/55/1 .

2.3 Te mperatu re

The air tem perature of the Arctic region is depend ent on the solar radiationt hat itr eccive s

from the sun. At locations with higher latitudes. solar radiation is very weak and does not

provide too m uch heat to the en vironm ent [2]. Te mper ature'S amo ng locat ion s va ry becau se of

the di fferences in radiation and also from surrounding influences. Usually as the sun rises during

the mo rning, the ea rth' s surface heats up . So me time s the weather pattern can a ffec t the

tempe rature due to draft s of cold air during the heating process. Th e cold air fl ow may cause the



morning temperature to rise slowly. remain the same, or even decreases. The oppos ite effec t can

happen as we ll when drafts o fwa nn air flow results in increase of air temperatures.

When solar radiation interacts with bare land,soil in the ground absorbs it and radiates heat

which then warms the surrounding air. In the Arctic region most of the energy is spent for

melting large areas that are cove red with ice and snow . Especially in the Arctic Ocean, all the

solar radiation isu scd to melt the glaciers; so, the temperature remains freezing cold throughout

the day. During the night when there is no influence of solar radiation. the air temperature is

manipulated by the amount of cloud cover present. It has been concluded that the temperature is

colder during clear conditions and wanne r during cloudy conditions.

The annual average of incoming solar radiation in the northern part 0 fthe Arctic Circle is

approximated to be 100W/m' and the areas located at mid latitudereceivearangeof l50 t0200

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

range between 3-12 degrees Celsius in the summer seasons.

Surface air temperatures (SATs, approximately 2m above the surface) exhibit remarkable

regional and seasonal variability [ I, 3]. January average SATs less than - 40 -C characte rizes

parts o f Siberia. Over the central Arctic Ocean, winter temperatures are somewhat moderated by

heat fluxes through the icc cover. January mean valuesof -25 -C to - 32 -C are typical [1-3].

During July, mean values over snow-free land surfaces are typically 10 -C to 20 -C [1-3]. Over

the central Arctic Ocean. the presence of a melting ice surface keeps summer temperatures close



Fig ure 2.3 : Temp eratur e variation during a year in plus 80 N, Retrieved Dec l 3,2 0 10 from

https://climatcsanity.wordprcss.com/catc!Jory/arctic/ .

During winter the Arctic region is known to have high winds with snowstorms betwe en

calmed period s [I , 4]. With high velocitie s, the Arctic winds gather snow as it flows throu gh

large open spaces and depo sits it in sheltered areas. Winter wind speeds are usually slower than

summer wind speeds due to frequently occurring inversions, and surface winds are separated by

the inversion layer from the strong upper layer winds. Wind speeds that blow from the west are

also nonmally slower than the winds that blow from the east.

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

topography, there arc influences among wind strength, direction, and temperature.



flows through coastal channels or mountain passes, its strength can be increased. Katabatic

winds flow downward which can be warm or cool according to the situation. forming over

glaciers in mountainous areas from high to low grounds, accelerating on the way down.

Anabatic winds are usually warm as it flows upward due to the rising of air, frequently forming

as air flows off a body of water. Anabatic winds are usually very light, more known as a

Ncar-surface winds are typically light in the central Arctic with mean annual speeds

averaging 4-6 m/s [I , 4]. The NP observations show mean speeds of about 5m/s year round. At

stations in the Canadian Arctic, mean wind speeds arc typically less than in the Russian Arctic

due to the lower frequency of cyclone activity. Nevertheless, when they occur, they may last

several days with extremely high speeds exeeeding 25 mls [1, 4].

I
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Fi~urc2.4 : Frcqueneyof wind veloeities in Barents Sea. Retrieved Dee 13, 20 10 from

http://www.barentssea.no/.!n=barentssea&l=en .



2.5 Fog and Visibility

Fog cau ses a major visibility prob lem in the Arctic . There arc dilTcrcnt type s and some of

them are known as advection. radiation. and icc fog. Fog is most often found along the coast

parallel to the shore. Duri ng the win ter seaso n. the land is much wanner than the surrounding

water. As wann air from the water flow s over the cool land . the air of oppos ite tem peratures mix

to form fog. In the summer season, the same thing occ urs except the air from wanner lands and

coo ler wate rs mix instead . Ice fog crea tes fog the same way except that it con sists o f ice crysta Is

rathcr than watcr dro plcls. usuallyoccurringat tcmpera turcs bc low-45 dcgrccsCclsius.

Cold air inab ility to hold moisture causes sea smoke during winter seasons. Th e temper ature

of air is sign ifica ntly lowcr than water and causes steam to risco A blanket of water droplets is

forme..-d by the steam which is considered to bc sea smoke. Sell smoke is known to be another

type of fog. formed in a similar fashi on and having the same visibility effects,

Anot her visibili ty problem in the Arctic regio n is ca lled Arct ic haze. Charac teristics of

Arctic haze consist of limited visibility in the horizontal directions but clear visibility in the

vertical dircctions. It is known to be formed from vcry small ice particles since it rctlccts many

d ilTcrcnt colors as light inte racts with thc hazc. As sunligh t shines thro ugh the haze, it is known

as diamond dust becau se of all the rock-like part icles, but ncar the ground it appea rs to be mist or

smoke [ 1-3].

2.6 Humidity

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

winter, air is significantly colder andd ryer overl andt hani t is ovcr water. Since water is wanner

than land in thc wintcr. thc air abovc picksup watcr partick'S as itllows across thc surface and



retains its higher temper ature values and moisture content [5]. On average the Arctic relative

humidity found at the surface is ranged from 50 to 60 percent. Ncar the surface, mean specific

humidity (mass of water vapor per unit mass of air. including the water vapor) lor winte r as

ave raged for the region north of 70· N is only about I g kg' com pared to about j to a g kg" in

summe r [I] .



Chapter 3: Consequenc e Assessment

Previous chapter bric tly pointed out the ma in charac teristics of the arctic regio n. Accor ding

to these charac teristic s and workplacecharactcr isticslgco mctries. scenarios arc defined . O nce

scenario are defi ned. they arc ana lyzed for conseq uence and likelihoodassessmcnt.Consl'qucncc

asses sment re fers to attempts tow ard quantification of hazard intensity. Among hazardous

event s; tire and ex plos ion are the most common accidents in oi l and gas industries. Fire is more

frequent; in co ntrast explosion has higher da mage potentia l and commonl y leads to fata lity.

injuryand propc rty loss.Thcconsequcnccsarcusuallycalculatcd intcnn sof prod uction loss.

hum an health loss. assets loss, and environmental dam ages.

Co nsequence ass essment helps to dctcnn inc the potenti al damage due to hazardous

occas ions; however, but docs not account for how frcqucnt the ace ident occu rs. If the result s of

con sequence assessment are not dire ctl y quantifiable, then it has to be con verted to somc

measurab le impact s (mo netary term s usually).

Inlegralion o f all identili ediosses (e.g. produclionloss, assel loss. human health and sa fely

)oss, cnviro nmcnt loss, infonn ation and knowlcdgc loss) to obtain the ovcrall consl'q ucncc o f a

hazardous event require s spec ial treatment [6-8j . Figure 3. 1 shows the flow chart lor an overall

conseq uence with differ ent catego ries.



Fi~u re3 . 1:0verallconscquentwithdi fferent categories.

3. 1 J\1cthodsfor Consequcn ccA ssessment

Scenarios are identified accordin g to the conseq uences of hazards, in terms of the probab le

fatalities, injuries, damages, and fai lures that can bedetennined in three different ways [6-9}.

Available methods can vary from highly subjective method s like engi neering judgment to highl y

comput ational methods using computational tluiddynamic( CFD)tools.

Historical data can be used to evaluate consequences . The scenario can be compared to

accidents of the past that had similar hazards. For example. reviewin g the last accidents will

help to show the trend of consequence and its intensity. Moreover, it helps for a better

understandingof theco nscquencesfors pccificevents,a nd brcaksd own the damage outcome of

each conseq uential effec t, Historical data may be spccitic to the environment of the incident.

spL~ific tostructurcsofas imi lar typesharing thesamegencral location or owner.



There are advantages and disadvantages tor estima ting co nseque nces with historical data

The data hclps support the values given in a speci fic accide nt tocalculatetheconseq uences , if

they are sufficient enough to give preci se result s, data from these past incident scan be uscd to

make a reasona ble risk assessment. Tho ugh this mayb e practical for average valued results that

have a set number of varia bles, experiments that have a large number of variab les are not

accounted for. and output s a sign ifi cant ditTerence in data . The incident s used in compari son

should have very similar structures for the best results . Another probl em that may arise is the

errors or change in data over time which discourages the use of the inform ation previously

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

avai lable as it increases in size. Though there maybesumcientdata. the in tonnation nc(...~cd to

be accurate. Often, the details provided arc nol all the details required for consequence

estimation. Historical data is rarely complete because minor incidents that co uld have led to

maj or incide nts arc not always recorded . to usc historica l data, the relev ancy of the data must be

determined and ifit is suitable to be studied. (If applicable, Ihen apply, if partially, apply

judgme nt to modify data, and if not, usc another method)

Enginee ring j udgme nt is another useful way to evaluate consequences. This method is

Iimitcdtoju dgmentsor opinions thatarcof enginccringcx pertise.i no rder to have consis tency in

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

practiti oner or from the use of an organized and reliable proc ess sueh asthe Dclphi meth od. This

proces s is very practica l b(...~auseit providcseslimationthatiscompletcly inexistentor lack in

other methods, The Delphi method causes problems for most practitioners as it requires skill and

experie nce to be used .



Another disadvantage from the usc of engineering jud gment is bias opinions; they arise from

various indiv idua ls according to what has happe ned in the past. Thu s always the op inion of

several expert s must be asked and an individual opinion eannot berelied on lonel y. Sub sequenll y

this result s in a range of estimations and potenti al outco mes. Alth ough this meth od does not

provide a point value , sometimes the inaccu racy is fine when a range of values is of intere st

insteadofa spcciticestimation.

Model s havebccn developed to evaluate accident con sequenc es ; theyean calcul ate the

number of de aths or injurie s. loss , cos t of downtime or busines s interruptions, and also any

en vironmental damage s. Fire models are norm al ly capable of evaluating fire de velopment,

smo ke movement, structural respon se, and evacuation respon se, while estimatin g the time it

take s to reach its critica l dam age thresh old . Likewi se explo sion model s arc able to est imate

dispers ion, tlame prop agation and generated overpressure, The se model s are used for

quanti tative estimate s based on rationa lized methods and any chan ges in the de sign are related to

the consequence results ; therefore , allowi ng designers to acknowledge whe re change s should be

Accurat e input valu es are sometim es hard to acquire due to uncertainti es . Dependin g on

how comp lex the problem may be, one simple mode l cannot provide all the required results and

need to be combi ned with other models . When using one model at a time, the result s of one ma y

be used as input data for another as a seq uence, and if mistake s are mad e inthebeginnin g,thc

cntire proccss will beincorrcct. Fif::,'Ure 3.2 shows available met hods forc onsequence asscss me nt

and their adva ntage s and disadvantages.



Fi~ure3.2 :Availablemethodstorconsl.'quence asscssmcnt

3.2 Conver ting Consequence to I\leasur ab le Im pacts

ConSl.'qucnccscaused froma ccidental tires andexplosions arcmeasurl.~ indifferent\Vays.

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

costs. or environmen tal damages. The consequences can be subjective or objective. and can be

caused bydirect or indircct factors and must be identified during the risk assessrnent to do a

Evaluating conseq uence is morediflicult compared to cvaluatinghazards, ina way that the

value of loss or hann may be unclear and hard todctennine. \Vhile life safety conscquenccs are



estimated, injuricsand loss of human life are included in thccri teria but a 101ofthc time othc r

import ant factors are not included . Facto rs such as lower qua lity of Iife, pain and suffering,

rehabilitation after a tire relatedincident. inabilityto work after an accident. and effects on

family support. There are other longtcnn concerns that include loss of image and market shares

fora spec ific busiru..zss. Such impact s are very compli cated and in most cascs arc not considcn .."d

as a part ofcon scquence assessment.



Chapter 4: Fire Modeling

As discu ssed in previou s chapter , there arc severa l method s to est imatc consequence of an

accident. Amon g those method s, mathematical modelin g is reco gn ized to be the most powerful

meth od due to its llexib iJity and abi lity to handle different level o f complex ity and deta ils.

Avai lable methods may be divided into two main categories based on their outputs: physical

models and effect mode ls. Physical mode ls calc ulate variables which are dir ec t outcomes o f a

hazardous event. For example they may estimate parameters like temperature, radiation, toxi c

gas concentration. Effect models convert the outcomes of physical model s to more sensible

impacts like fata lities, inju ry or loss of propert y.

Models may be c1assili ed as empirical and co mputationa l. Empirica l tool s est ima te

parameters based on ex perimentally obtained co rrelations; thus, a short time is nc...xlcd for

calculati ons. The ass umptions and limitin g condit ions durin g the dcrivation ofthc sc corrclations,

limit the application to simple geometries. In contrast to empirical too ls. computationa l too ls take

adv antage o f governi ng equations in es timating desired parameters. Although it takes a much

longer computatio nal time to run these model s, the result is expcct cd to be moreaccurateand

reasonab le. Th ese models have the abi lity be applied for com plex geometri es whe re the

applica tion of simple empirical model s might be meaningless .

Although there are numerous mode ls avai lable for conseque nce modeling . selecting the most

suitable model is not an easy task . In selecting a model all workp lace• environment conditi on and

dilTerent seen ariomustbe considered andthe selectedmodelmusthavethe ability to take into

acco unt these conditions. For exam ple the FRED may be used to estim ate impa cts ofa hazard ous

event in a simple geo metry ; howe ver. it is not applicable ifretlective sur faces such as snow



presen t. Fire, Release, Explosion and Dispersion (FRE D) is a softwa re developcd by She ll for

qui ck cstimut ions basc d on thc expcriment al data.

4.1 Fire Ca tcgor tes

The main cause o f injury or damage from a large open hydrocarbon lire is thennal radiation.

Th e differe nt types of tires beh ave differe ntly and exhib it markedly different radiat ion

characteri stic s. Radiation and convect ion are the princi pa l mec hanismsfortransferringheatfrorn

a lire to a structure. The radiation is usually the dominant mode of heat lransfer , although

convective heat transfer become s an important mode for structures directly impinged or

engulfed. Ty pica lly, fire s can be classified into four categories : pool tires, je t tires, tireba llsand

tlash tires. lnapoollire,thepoolof vaporizingfuelformsbuoyaneyeontro lledturb ulent tlame

where the fucl vapor has negligible initial momentum. Pool fires occur from the accidental

release of liquid fuel during loading of tank s or due to ruptu re and!or frac ture in pipes and tank s.

The probability of occ urrence for this type of lire depends on the type off u els and environmenta l

condi tions. Heavy fuels arc most likcly to produce pool tire while light fue l may eva porate and

produces vapo r cloud . In warm environments fuel will mostly evaporate while the same fuel may

generate a poo l fire in co ld environme nts like the Arctic.

Jet tires occur due to immediate or quick ignition of pressuri zed fuel. Thi s fue l co uld be a

single phase of gas, gas and liquid and even sometimes liquid [10- 12]. Jet tires arc much more

dangerous than pool lire because of the radii of its impacts. Depending on the scenario

spt-cification (rcleased phase and angle of rclease)jet tires can be horizontal or vertical.

Horizontal jet tires are more hazardous espec ially downwind. Jet fires may lead to impingement

of structures, equi pment and vesse ls, ruptur e of pipes and secon dary failures.



Since j et fires have high radi i o f impact, scenarios which incl udc je t fires should be spec ified

prL~iselybccause ofdominoetfects. Thcdominocffectis the si tuation when an accidental fire

triggers and exp ands tires to the other parts wo rkplace. Thi s is an extremity hazardous even t

when theinsta llalion is high ly conges tcd duc to limitationofs pacc likc offshore structures and

ships. ln thosc placcs, j ct fircs lcad to avcry high ralc of hcat transfcrandrapid

The dornino etfect s of poo l fircsorjct tires may increase the pressure inside a tank which

contains flamm able compounds. Th e increases in temp erature and pressure may ft ...esult in tank

failure duc toboi ling liquid expansio nvapor cxplosio n (BLEVEl[13, 14]. ln lhissitua lion, duc

to a sudden pressure drop, liquid evaporatcs and ignites. This results in anoverpn...-ssurc and

missile hazards. Furthermore. thi s results in a higherthennal radia tion compared to jet and poo l

Due to the therm al radiation, overp ressure and missile hazards. BLEVE co uld be more

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

rapid fireb all. Such a fireball has the high cst thermal radiation pro lile among all diffe rent type s

of tires . Th e fireb all shapc, bchaviora nds izeare strictly relatcd to type of fuel. failure mode and

A tlashfire is a type of fire in which thcrei s a short delay bctwecn the releasc and ignition

times. In this category of fire, the gas or vapor cloud is released and then is ignited ; thus. there

will be a negligible overpressure. Flash fires are transient and result in a temporary heat

radiation . However it could trigger other types of tire especially iftlametumsb ack to the source.

Figure 4.1 summarizes the categories of tires.
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Figure -t.I : DitTerentfirecate gories and theirh azards.

4.2 i\l od elin g

After unde rstanding of the scenario's requirements. specifications and characteristics.

mathematical modeling is used to estimate the possible scenario consequences. A variety of tools

and models are available to perf orm consequence asses sme nt. Selecting the optimal model

requires an understanding of their strength and limitations.

In tire modeling the object ive is to understand fire behavior and its outeomes.Dependingon

required accuracy, complexity o f system and required time there arc numerous mathematical

mod els whi ch could be used for lire mod eling . Based on the emp loyed mat hem atical techn iques



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

correlations, zone models and CFD models.

4.3.1 Empir ical Cor re lat ions

Empirical correla tions based models are the simplest models. They are based on empirical

relations which have been developed considering the algebraic reiation betweeni nput parameters

and outcomes of fires. Since in fire modeling especially in open area thermal radiation and

convection are the most important parameters, these models are mostly devoted to estimate

thermal radiation, temperature profile and convection. For example in je t tire modelin g,

parumcters Iike type off uel, fuel mass rate and discharge diameter is used to estimate thennal

radiation, conve ction and the visible length of the tlame.

Although these models are fast and user friendly, there are several limitations which

restricting their application. Firstof all,mo stof these models areo n the base oftinite number of

experiments constrained with experimental conditions. Secondly, there are inherent error

associate with fitting corrclations to a restricted data set. Furthennorc, most of the experiments

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

model s may not be applied for highl y conges ted work places like o ITshore struetures .

Th e application o f zone model s started in mid-1950 with introdu ction of one zone model s for

study ofpost-tlashovcr and specially movement of toxic gases in other compartments. Later two

zone modcls weredevclopcd for pre-tlashover behavior estimations. The concept behind zone

models is to divide compartmen ts or enclosures into two or more spatially homogenous volumes

(zoncsj . Thc modcl has bee n observed to takeplaee in real cases and experiments [ 15, 16J. ln



thcsemodel s, the upper layer has higher temperature and temperature dropsi ns ubscquent lower

layers. In these model s, the plume concept is used to take into account smoke and hot air

For each spatial volume (zone), physical parameters such as species concentrati on.

temperature and density arc assumed to bcunifonn . This means that all thep articlcs in a specific

zone have same properti es and these properties change only with lime. Although the results from

experiments show some perturb ations and variations from these assumptions, in general the

results of these modc1s are in good agreement with experiments .

Mass. momentum and energy conservation equations result in a sct o f Ordinar y Differenti al

Equations (ODE). The conservation equations arc coupled with gas laws (lypiea lly the idea l gas

assumption) for calc ulatio ns. In zone models the physical propertie s in a zone considered

homogenous; thus. conservation laws are applied to estimate energy. mass and momentum

transport between adjacent zones. Calculations arc conducted bymodeling sub-fircproccsscs:

Thc momentum conservation law is not applied explicitly as not all the required information

for pressure and velocity is available in the model. The application of momentum conservation

law is governed by the mass movement from plume fire to zones and from adjacent zones to

ventilation and open areas.

Zone models maybe classified based on the number of zones in each compartment: one

zone, two zone and multi zone models. In onc zone models the entire compartment has the same

properties like temperature and species concentrati on. Due to plume rising and fire turbulent

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