ANALYSIS of the COMPARTMENT FIRE
PARAMETERS INFLUENCING the HEAT FLUX

INCIDENT on the STRUCTURAL FACADE

Presented by

CECILIA ABECASSIS EMPIS
MEng (Civil Engineering) ¢ The University of Edinburgh * 2004

For the degree qf

DOCTOR of PHILOSOPHY

1n

STRUCTURAL FIRE ENGINEERING

THE UNIVERSITY of EDINBURGH

2010






Optimee familiee,arissimis anicis, sapientissidhmagistp, amantissim spnss






Declaration

This thesis and the research work detailed heragbeen solely conducted by the
author, Cecilia Abecassis Empis, at the BRE CefdreFire Safety Engineering,
under the helpful supervision of Professor Jos€drero and Professor Asif Usmani
at The University of Edinburgh and that of an irtdas supervisor, Dr. Debbie
Smith at BRE. Where others have contributed orratberces are quoted, adequate

references are provided.

Cecilia Abecassis Empis
October, 2010






Abstract

In recent years several high-profile building fitesve highlighted shortcomings in
the way we design for the complex interaction afucdures and fire. These
weaknesses appear to arise from a combinationpgs igaknowledge of some of the
more intricate aspects of compartment fire dynanaied from limitations in the
engineering applications developed to date frorhenib established fundamentals.
In particular the One Meridian Plaza Fire (199hg Madrid Windsor Tower Fire
(2005) and the Lakanal House Fire (2009) have empda the need for further
study in the field of post-flashover compartmentdi and the often consequent
external fires that emerge from the compartmentnimgs. External fire plumes
impinge upon the structural fagade, causing adtiedtaral stress, and often result
in external fire spread and secondary ignition pper level compartments. Hence a
better understanding of the effect had by the malecompartment fire on the
development of external flaming and the insult feé plume to its surroundings is
beneficial for Structural Engineers, Fire Protecti&ngineers and Emergency
Response Personnel alike. This research explonssingx correlations, identifies
their limitations and proposes a simplified metHodg that links key parameters
found to govern the internal post-flashover commparit fire to the heat flux

potentially imposed on the exterior fagade.

Existing correlations addressing the effect of cartrpent fires on the insult to the
external structure have largely been compiled bw lamd are summarised in the
form of a design manual for bare external strud¢tstael [1]. Formulated in the
1970s, these correlations are based on the comliingitigs of several different
experimental tests devised to investigate compoplehomena of compartment
fires and external flaming, forming a@malytical modeblhich is mostly empirical in
nature. The methodology is convoluted and has akugnerent assumptions which
give rise to various limits of applicability howevé is currently still used in
structural-fire design, but best known as AnnexfBath Eurocodes 1 and 3 [2,3].
As part of the present research, full-scale fistst@re conducted situ, in a highly
instrumented high-rise building, to provide higlsakition measurements of several

internal compartment fire characteristics duringast-flashover fire in a modern,



realistically-furnished compartment. External higisolution instrumentation in the
main test also provides detailed measurements ef akternal flaming and
distribution of heat flux incident on the fagcadéeTtests providesalistic benchmark
scenario data for comparing physical measurements agairestatialytical Law
Model, the difference in which allows for an evaloa of the assumptions used in
the model, which are often defined as ‘conservativenature from the perspective
of structural design.

A detailed sensitivity study of the main input paeders in the Law Model allows
for the identification of parameters of pivotal luénce on the resultant heat flux
incident on the plane of the external facade. Asialyf the Law Model and its
underlying experimental basis also enables thetifitation of several limits of
applicability of the model. Combined, these assesgmshow the analytical model
can be stripped of unnecessary complexity asingplified Modelis proposed with
clear bounds of applicability. The proposed matkscribes the distribution of heat
flux to the facade above a compartment openingfeaidires only parameters of key
importance, where low-dependency parameters arepgc into associated error
bars. This results in a model that can be appiethé design of several building
components that fall in the plane of the facadehsas structural elements, facade
cladding and window arrangements. Its ease of imeigation renders the model

more widely accessible to different factions of Hiee Engineering Community.

Furthermore, analysis of the Law Model identifiestlier parameters of potential
importance that have, as of yet, not been addregsqureliminary investigation

conducted using Computational Fluid Dynamics (CE)s shows that variation in
some parameters — that are not individually acemufor in the Law Model — may
influence the compartment fire conditions, the empeent external flaming and the
resultant external heat exposure. Therefore, itrasommended that further
comprehensive experimental research be condudiethi@ potential influence of the

identified parameters.

Keywords: Enclosure Fire Dynamics, External Flaming, HelatxRo Facgade,

External Fire Spread, Dalmarnock Fire Tests.
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Nomenclature, Acronyms and Terminology
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fex

g
H

h

hneutral

hl

Compartment floor area fin

Perimeter of the cross-section through the stratsieel element [m]
Area of the enclosure surfaces excluding opeaiegs [

Area of openings [fh

Ratio ofh/S" [dimensionlegs

Ratio ofw/S [dimensionleds

Dimension (width or length) of the compartmenteco[m]

Specific heat [kJ/KK]

Depth of compartment [m]

Characteristic length scale for the convective h@asfer coefficient [m]
Euler's Number, ~2.718 dimensionlegs

Excess fuel factor dimensionleds

Acceleration due to gravity, ~9.81 [rfi/s

Height of compartment [m]

Height of an opening [m]

Height from the neutral axis to the soffit of thgening [m].

Effective height of radiating surface [m]

Heat loss by conduction [kWfin

Fire load [kg]

Fire load density (average per unit floor areiay/m?]

Local length measurement taken along the extéiarak axis [m]
Mass of steel per unit length [kg/m]

Rate of burning [kg/s]

Aspect ratio of the upper half of a compartmentmopg [dimensionlegs
Point of interest on radiation receiver surfapgimensionlegs

Point on radiation emitter surface, where the ranm pointP intersects the

emitter plane [dimensionleds
Rate of convective heat flow from an opening [kW
Total heat flux incident on facade [kWim

Characteristic length scale of the external plin@at source [m]
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Distance between radiant emitter and receive] [m
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A combination of variables, as defined by Chatdequation (3.33)
[dimensionleds

Width of compartment [m]
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Effective width of the radiating surface [m]

Flame length along its axis from the opening ®ftame tip (Chapter 3) [m]
Coordinate axis used as part of the Global Coatdisystem used in the
Dalmarnock Fire Tests (Chapter 4, Appendices Can&eeChapter 4,
Figure 4.3 for GCS origin [m]

Horizontal flame projection, from facade to thesaaf the flame tip [m]
Coordinate axis used as part of the Global CootdiBgstem used in the
Dalmarnock Fire Tests;g®Chapter 4, Figure 4.3 for GCS origin [m]
Vertical distance along facade from opening sd@iapter 6) [m]
Coordinate axis used as part of the Global CootdiBgstem used in the
Dalmarnock Fire Tests (Chapter 4, Appendices Clan&eeChapter 4,
Figure 4.3 for GCS origin [m]

Vertical component of flame height above the opgrsioffit [m]

Convective heat transfer coefficient [KW/K]

Emissivity Himensionleds

Reciprocal opening factor [Hf], Chapter 3, Equation (3.4)
Yokoi temperature term dimensionlegs

Angle between radiation emitter and receiver pdgnad]
Temperature difference [°F]

Flame thickness [m]

Gas density [kg/fih

Stefan-Boltzmann constant, 5.7 X*1qW/m?.K*]

Fire duration [s]



@ Configuration (or ‘view’) factor dimensionlegs

W Compartment scenario parameter [Ki/r@hapter 3, Equation (3.5)
Other Subscripts

a Pertaining to ambient conditions

drl  Dalmarnock Fire Tests compartments’ door leadintpéohallway
dr2  Dalmarnock Fire Tests compartments’ door leadintpéokitchen
F Free-burning fire

Fuel Fuel-controlled, free-burning fire

f Pertaining to internal compartment fire conditions

max Maximum realistic value

mo  Modified opening values

0 Pertaining to conditions at the pane of the opening

S Pertaining to the steel element

Vent Ventilation-controlled fire conditions

win  Pertaining to the Dalmarnock Fire Test compartsiemindow

X Flame Tip location

z Pertaining to the external flame

Acronyms

BRE formerly) Building Research Establishment UK

CiB Conseil International du Batiment

CFD Computational Fluid Dynamics

DFT Dalmarnock Fire Tests

DFT1 Dalmarnock Fire Test One

DFT2 Dalmarnock Fire Test One

FirExHeat Computational implementation of Law Modéth some adaptations
FDS Fire Dynamics Simulator

FRP Fibre Reinforced Polymer

GCS Global Coordinate System

HRR Heat Release Rate

ND No Through Draught

ToFD Through or Forced Draught
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Terminology

Ambient

External Flaming

Fire
Flame

Incident Heat Flux

Local

Reciprocal Opening Factor

Sill
Soffit

Window plane

Weight-averaged height
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General conditions pre-ignition and in flae-field to

the compartment fire

Flames emerging from a compartnogrening to the
exterior of the building

Refers to thmternal compartment fire
Refers texternalflaming

Combined radiative and convecfie. total) heat flux

falling incident on a given point or surface

Conditions at a given point along the axis tloe

external flame

Ratio of area of enclesurfaces to ventilation factor
(cf. Chapter 3, Equation (3.4))

Lower ledge of the window opening
Upper ledge of the window opening

The 2-D plane defined by the normathe window

pane

Height averaged relativeht heights and areas of
other openingscf. Chapter 3, Figure 3.1 (ii))



Foreword

A Note on the Philosophy of Engineering Research

With the arrival of the computer era came a dedpdranzy of research in all fields

with an ever increasing urge to quantify, disceetid explicitly pick apart nature

enabling its eloquent description using the langsagf mathematics and physics.
This very urge appears to be our largest limitatioattaining a precise representation
of nature. Nature is, by nature, a continuum withrdinity that can not be quantified

as much in the infinite immensity of the univers&gpanse as in the infinite

minuteness into which things can be dissected antheé natural continuum of

anything in between, exemplified by the naturallgcurring but non-recurrent

irrational numbers of Pi, Euler and Fibonacci.

Nevertheless intrinsic to human nature is a ddsirgroup things, categorise, to box
knowledge into entities we can comprehend and coenptnave allowed us to do this
more quickly. Part of this process requires anweat@&n of what is to be done and
what it is to be used for. Be it an equation tlegresents the physics of electricity, the
theories that describe types of intelligence orimtigat depicts the dance of the bees,
the limits of its “accuracy” always lie within theounds of the assumed scale, an

agreement of the axioms of compliance.

Engineering is precisely the art and craft of deeing such problems. The skill lies
in evaluating the scope of the conundrum and iféleng the critical players. In
outlining the discrete pieces of this puzzle, eagms have to untangle the
fundamentals from the peripheral fillers. They tis¢éend back and reason the rules of
the game using them to discard unnecessary detdilv@ave back together the key
pieces creating an optimal solution. Engineering mere translation tool that allows

for the interpretation of nature in a way we cahda.

It is important however to distinguish a “solutioffbm “natural reality”. With the
computing world fast-appealing to more and morewf senses, it is often tempting

to indulge in smaller and smaller dissections of pwblems. As we become



increasingly obsessed with intricate dependenciesrun the risk of creating a
solution that is self-fulfilling without realisingt has departed so far from its
application that it has become a mere representafithe human ego with little or no
use beyond the amusement of a select few curiondanDetail can lead to a false
sense of proximity to nature whereas the very eatdirengineering is to accept that
any attempt to model nature will always fall shoftperfect. Instead engineering
embraces the asymptotic nature of complex solutare opts for providing simple

and effective shortcuts that are perfect if thelvesaghe particular problem at hand
within the scope of its axioms. Hence an engineestrhe humble and not lose sight
of the problem objectives, the initial assumpticarsd the scale delineating the

limitations and applications of engineering work.
Engineering research aims to provide rational smhgtthat make daily life just a little
bit easier in order to make time for sitting baadkjaxing and to enjoy the

awesomeness of the irrational, chaotic magnificerficeture.

In this light it is hoped this work will make a digkcontribution.

Cecilia Abecassis Empis
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1.1 Early Humans and the ‘Control’ of Fire

Since the dawn of our time, fire has proved vital the survival of humankind. In
fact, recent archaeological finds have uncoveredtvs believed to be evidence of
fire use by the predecessorshoimo sapienscirca 790,000 years ago [4]. Throughout
the millennia, humans have gradually improved thagintrol’ of fire and have learnt
to use fire as a tool for their advantage. Theitghib make ‘controlled’ use of fire
had a remarkable influence on the development walisition. As a somewhat
portable source of heat and light, fire allowed lasito cook food, broadening their
nutritional intake and allowed them to move to enallimes by providing warmth at
night and deterring potential predators. So impurtgas fire to the essence of ancient
civilisations that it became hailed worldwide asarf a handful of key elements

deemed to be the fundamental building blocks ofdh@dations of life [5].

Adversely, fire has always posed a potential dangdrumankind. Initially natural
and accidental wildland fires posed the biggestatrhowever as humans gained
increased ‘control’ of fire they began to use itlewalently, as a weapon of war,
setting vegetation alight to burn their enemies dadastate their crops. Hence the
level of human ‘control’ of fire has had to becopregressively more sophisticated.
Potentially one of the most notable leaps in wideag@ use of fire in a significantly
‘controlled’ fashion was at the onset of the indastrevolution in the 18-19"
Centuries, when ‘fire-powered’ machinery became mamplace [6]. At this point,
the main threat of fire shifted from one of genenaliltiple building conflagrations to
a more building- and contents-specific concerntiaarly as factories drew the need
for large, often multi-storey, open-plan areas &mdbulk storage warehouses [6].
However, it was only in the late #&entury that the process of combustion was found
to involve a reaction with oxygen, by one Antoinavhisier. Up until then the
essence of fire was believed to be solely due tsulastance calleghhlogiston
contained within all combustible materials [6]. thMeds of fire-fighting, fire
prevention, fire protection and even fire-warniragdhbeen developed however, even
then, the ‘control’ of fire was mainly based on expnce and trial-and-error alone.
Fire-related quantification was limited to the cifisation of materials as

combustible, flammable, non-combustible, or nomafiaable [6].



1.2 The Dawn of Fire Science

Perhaps surprisingly, given the centuries of cderise and increasing dependence on
fire, it was not until relatively recently, in thmid-20" Century, that fire dynamics
began to be studied in depth scientifically and ltied into a subject in its own right
[6-8]. According to Howard W. Emmons - “the fatledrmodern fire science” [9] - at
this time “the realization of the importance of dmping a fundamental
understanding of fire through the methods of s@em@as developing” [7] and
information from other fields was gathered to fotine basis of the discipline that
became known as Fire Dynamics [6]. Much of thislizaion came from the
heightened exposure to fire during World War IlJoaing for comparable
observation of the range of fire involvement, irdverlding fire spread and resultant
levels of devastation caused by conventional wesp@n Conveniently, by this time,
the level of understanding of many of the compongiéénomenai.g. classical
dynamics) and development of necessary taas dgomputers) were at a stage that

allowed for the simpler problems of fire sciencdo#osolved [7].

In 1962, in the USA, representatives from acrossfialds of science potentially
related to fire safety engineering gathered forrfaeeeks with leaders in fire
prevention and protection and with fire insureos discuss prospective solutions to
the main problems in fire safety. The scientist;cbaded an intensive federal
research program should be established howevefirth@rotection community and
the insurers staunchly opposed this suggestioomreending instead that efforts be
made to employ the already sufficient existing klemlge into common practice [6].
By then “there was a well developed public awarsmdshe seriousness of fire and a
procedure of city fire codes and variously approtests and standards”, however
“these were almost entirely empirical” [7], accomglito Emmons’ part-historical,
part-speculative account. Although nothing offici@sulted from the scientists’
recommendations this conference was critical it théggenerated consensus in the
scientific community that there was a potentialmathematically describe (model)
fire phenomena and the impact of fire on the emvirent within buildings” [6] and

hence allow for improvement in the ‘control’ ofdir



1.3 Fire and the Built Environment

In the pursuit for the ‘control’ of fire, there hawalways been two main threats:
wildland fires andenclosurefires. Wildland fires involve the complex interaction
between several different types of fuel, continuakriable air movement, moisture
content and often uneven terrain [1Bhclosurefires on the other hand, ranging from
building to vessel fires, involve many of the sacoenplex interactions as wildland
fires but have a further degree of complexity rddtethe interaction between the fire
and the enclosure itself. Hence in aiming to sdieatly understand the behaviour of
fire in enclosures - both fuel and ventilation gotied fires — understanding of both
the main fire threats was advanced simultaneouBly. the 1980s, scientific

knowledge obtained in the laboratories began tayaied in the practice of fire

protection engineering [6] and there was a healtgraction where feedback from

real fires guided the need for further scientiésearch [7].

As the common abode evolved and grew in complefiyn the cave to multi-
compartment adobe brick buildings and eventuallgaimposite material skyscrapers,
the ‘controlled’ fires within evolved from an opdronfire type arrangement to
fireplaces which were eventually replaced by beil@nd kitchen stoves. Often it was
architectural innovation compounded with advancematerial science and resultant
changes in civil engineering applications that ‘I engineers” to strive for ever
increasing ‘control’ of fire. Over the last halfraery, fire dynamics research into the
complex interaction between fire and structureshe ‘effect of structural geometry
and material properties on fire development’ ame fire development effect on the
structural reaction, resultant structural geometng material properties’ — has lead
scientists and fire engineers to identify sevemiameters that govern this intricate
inter-related behaviour [6]. To date, the reseaftbrt has made impressive progress
in identifying component phenomena in fire dynamécsl has been successful in
modelling these phenomena for practical applicationelementary cases [10].
However, as predicted by Howard W. Emmons in 198§ f{hese models are
presently not yet capable of fully supporting perfance-based design [11].
Nevertheless the research conducted to date waseeessary preliminary since
without an adequate quantitative understandindhefiiuilding blocks of a fire, the

overall fire phenomena itself could not be put thg€’ [7].



Chapter 1 Introduction

Ideally, the field of fire engineering, encompagsiimie dynamics, fire prevention and
protection and fire suppression, would continudléy on par with innovation in the
fields of architecture, material science and canlgineering. However, although an
extreme case, the events witnessed on SeptemBepaa1 during the attacks on the
World Trade Centre Twin Towers in downtown New Yonkere a stark reminder of
the existing disparity between the level of progresade in these three affiliated
fields and that of fire engineering. To best illag¢ this disparity succinctly, two
scenes are juxtaposed. Both settings depict fifietdrs tending to fires in buildings
however the scenes, the buildings and the firetifightools are characteristic of
different eras. Figure 1.1 shows the fire-fightefd776 tending to a fire in a typical
18" Century building while Figure 1.2 shows the firghters of 2001 tending to a fire
in a building representative of the pinnacle of' Zentury architecture and use of
then novel materials in construction. While the stamction materials, furnishing
materials and structural-architectural layout af thuildings have distinctly changed
over the past three centuries, the fire-fightinghuds and the techniques available to

control fires once they break out appear not tehaanged significantly.

Figure 1.1.Depiction of 18' Century fire-fighting in tenement buildings typicd the time [12].
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Figure 1.2.Photographs depicting fire-fighters in standardigepent arriving at the scene of a large
fire in the upper floors of a skyscraper over 408igh, taken at the World Trade Centre site in New
York after the attacks on Septembel" 2D01 [13].

In the 18" Century, fire-fighters with step-ladders, helmatsi water hoses had most
of the tools needed to access and combat commenfilas. With the advent of
skyscrapers running several hundred metres high,lange atria and a vast variety of
materials used for construction and furnishinge-fighters armed with helmets, pike
poles and water hoses appear rather ill-equippeddsgparison. Although fire-
fighting equipment has evolved more than first rmeké eye — fire engine pumps are
no longer manually operated, and often replacedfitey hydrants and in-built
standpipes; ladders reach several stories higheathing apparatus is a requirement;
building fire detection, suppression and managensgatems such as fire alarms,
sprinklers and smoke extractors help deal withfiteeand aid evacuation from the
outset — this modernisation still seems orders afmtude behind the exponential
innovation witnessed in the built environment. Atebtural design has evolved from
the single standard compartment to large volumepeotments with high aspect
ratios; innovation and development in constructmaterials now allows for open-

plan offices to be supported by light-weight lomgs composite-material beams;



furnishings have evolved from mainly cellulosic eréls to plastics, foams and
complex composite materials. The level of dispanitythe progress made in fire-
fighting compared to that in the structural-mateaeeas may be different to that
witnessed in other areas of fire engineering, h@vé@vserves as a clearer example of

the disparity exists between other more techniczsdsof fire engineering.

On September 1 2001, the gap between these fields was furtheshesised by
both WTC1 and WTC2 having remained standing for.7Blhours, after being
penetrated by large commercial aircraft but latdlapsing after prolonged exposure
to fires on multiple floors, killing hundreds of@gants and fire-fighters [14,15]. The
extent of the gap between structural-material iation and fire dynamics knowledge
has varied considerably over the past few decad#s periods of intensive fire
research leading to a significant narrowing of glap. Nevertheless since the field of
fire science is still comparatively young, fire @mggring is not yet able to keep up
with the successive exponential surges in architattand material science
innovation, and resultant civil engineering praetigVhile it appears certain areas of
fire engineering are more advanced than other$apsrthe scientific developments
in the area of enclosure fire dynamics have nobgen fully integrated into practical

fire prevention, protection, suppression, and mansmnt strategies.

1.4 Describing the Phenomenon of Fire

Several factors are thought to contribute to whaifien perceived by laypeople as the
‘chaotic’ behaviour of fire. At present, the numioévariables identified stands in the
order of 30 parameters [16]. Several intensive expmtal programmes, conducted
mainly since the 1950s, have allowed the paramédertified to be pieced together
to form correlations, many of which are based ompienal data that are potentially
tied to the specific experimental scenarios. Thraaay correlations steadily evolved
into analytical models and were subsequently impleed in both Zone models and
Computational Fluid Dynamics (CFD) models, oftenthwa steady increase in
complexity and number of parameters involved. Alidlo the more complex models
are rooted in conservation of mass and energy, shiecess in simulating realistic fire

behaviour is varied and most often depends ondéeasio the models are applied to.



In many cases the disparity appears to lie in titeécacies of the fire-specific

correlations.

When a scenario consists solely of a pre-mixed dlasuch as that in a household
boiler or kitchen stove, the combustion process @slilitant fire can be robustly
described using analytical models and accurateflulsited using CFD. When
considering a simple pool fire, which has the addedhplexity of air entrainment
among other parameters, both analytical model<C&fidl models can simulate the fire
behaviour with reasonable accuracy. Often the ejmoncy between the model
predictions and the measurealta arewithin the bounds of experimental error and the
error involved in measuring the different aspedtshe fire [17]. On the other hand,
when considering a more complex scenario, suchragwar household living room
fire involving several types of fuel, complex ainte@inment and re-radiation,
analytical models, zone models and CFD models athpare fairly poorly to
thorough experimental measurements by comparis®i9]l. Unfortunately the latter
is a better representation of the everyday thres¢g by ‘uncontrolled’ fire.

CFD models involve the most complex level of inttian between the numerous
parameters identified to date and represent the-sfahe-art of current knowledge in
the field of fire dynamics. While these tools ermatiile user to set up a complex multi-
compartment scenario, visually comparable to ahiteat’s depiction, and to assign
temperature-dependent material properties to éfffieitems of enclosure boundaries,
furniture, etc, it is clear they can not yet model the intricdegail involved in an
‘uncontrolled’ household or office fire. In curreptactice the discrepancy between
the output of a tailored model and detailed expenital data pertaining to the same
scenario can still be large. For example, a stumhcerning thea priori modelling of
the Dalmarnock Fire Test One (a full-scale, reiglistenario) showed that even for a
generalised representation of enclosure fire eyenish as the modelled time to
flashover, output varied from 80-850 s, which &gnificant variation from the actual
300 s recorded time to flashover [18]. Although teeel of detail obtained from a
CFD model is tied to the resolution of the compotal domain, with high resolution
models often requiring currently unfeasible compatel effort, studies have shown
higher resolution does not necessarily equate te raocurate results [18]. Hence, it

seems reasonable to conclude that perhaps nohealparameters and parameter

9



interactions involved in the complex phenomenoeraflosure fire dynamics have yet
been identified. It is possible that many of thase still hidden within the empirical

constants used in several of the correlations eddxeth fire models. Therefore, CFD
models and all other models used in fire dynamimsikl only be used for scenarios

that fall within the bounds for which they have belidated.

Since the limitations of the models currently aaié are well known, practitioners
tend to concentrate on implementing conservatiygagrhes in design, such as the
extensive use of compartmentation to prevent figt @moke spread to other parts of a
building. Although there are some models of mubtmpartment smoke flow,
correlations for fire spread are still limited tinglistic scenarios [20,21]. Yet with
architects’, material scientists’ and civil engirecontinual innovation, we have
reached a point where the time to fully evacuate tidlest buildings has become
comparable to the time taken for the fire to hasreease effects on the structure, as
exemplified in the World Trade Centre towers ontSeyper 11, 2001. In order to
further advance the fire dynamics models such thay can indeed be used for
detailed performance-based design and eventudtiyw &r an all-encompassing fire-
structural behaviour model, it is vital that thedamental parameters and correlations

in fire dynamics are comprehensively explored.

In order to study the complex phenomenon of fireaiyics, it is useful to break fire
down into component phenomena. These componentb&apecific scenarios or
aspects of fire however all originate from a laggt of fundamental governing
parameters. The arrangement of these inter-retateghonents is best represented by
an inverted tree-like structure, with fire at theesb and the fundamental parameters at
the extremities. An example of a segment of sutiee is given in the upper half of
Figure 1.3, where the yellow background shows &iseof the larger triangle that
encompasses all the potential branches of the diygreamics’ tree. The fundamental
parameters are represented by a set at the exaenot the yellow tree. These
individual parameters come together by way of datiens to describe several
different phenomena involved in different aspedtsadire. In turn, these can be
further grouped to describe specific scenariosnexadly to culminate in the complete
description of “fire” at the root of the tree. Opended arrows allude to further

branches that are not depicted in this tree segment
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Figure 1.3.A segment ‘branch’ of the potential ‘tree’ of cormgmt phenomena (red boxes) that

contribute towards the global phenomenon of fireadyics is explored in the upper section (yellow
background), while the lower section (blue backgdjucontains some of the components that have
been identified and compiled using correlations emadiels (blue boxes) in the efforts made to date

towards the understanding of fire dynamics (doliteek represent work in progress).

Conversely, the lower half of Figure 1.3 shows gtutned tree set over a blue
background, the extremities of which also originaten the fundamental parameters
that govern fire dynamics. This tree representsbibaty of knowledge we currently
hold in the field. We have identified many but gk not all of the fundamental
parameters that govern fire dynamics and have flatea correlations that describe
particular aspects of a fire. These correlationgehbeen combined to allow for
analytical models that describe a number of phemamehich in turn have been built
on to produce computational models capable of desgr specific fire scenarios.

Since these models still provide limited accuracew simulating certain fire

scenarios and given that many model componentsediilon empirical data, it seems
reasonable to assume that somewhere down the Hyracertain component

phenomena have not yet been identified or includéubse potentially ‘unknown’
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components and inter-relations are qualitativelypresented by open-ended
connections (arrows) in the lower half of the deaagr Similarly the blue background
encompassing the tree of the ‘known’ componentdiren dynamics alludes to a
smaller tree than the upper section, however tinepoments illustrated in both trees
are not exhaustive and structural behaviour is amlythe edge of the field, with
changes in compartment geometry affecting the dind ‘real’ performance-based
design being a complex integration of knowledgéehia fields of fire and structural

engineering and material science.

There is no doubt that the last 50-60 years ofarebehave offered a tremendous
insight into what was previously a little undersdtogphenomenon. However
technological advances over the last half-centueatmwe are now more equipped
that ever to revisit the recommendations of theerddic body of the 1960s, by
delving further into the fundamentals of fire dynesn Ideally, experimental
programmes would be set up to explore the limitetiand assumptions inherent in
the early experimental scenarios to establish vdndtiere are any further governing
parameters and correlations in fire dynamics tlaat ieplace much of the empirical
data and allowing for more robust models that canniore generally applied.
Nevertheless in order to keep at some pace withtaotural, structural and material
science innovation, there is also a patent needet@lop innovative approaches in
applying what is already known into practical smns, allowing current buildings to

be effectively fire engineered.

1.5 Practical Applications of Fire Science

The current range of practice in fire engineermbroad. Regular building design and
retrofit involves mainly the implementation of stiand codes which are based on
fundamental principles, a significant amount of é@mal data and a notable
qualitative contribution based solely on ‘past exgee’. This type of design is
usually approved by an authorising body. In the Utks usually constitutes approval
by the local authorities following a site inspeatiby the fire brigade [22,23]. An
alternative approach is taken for some of the mom®vative structures that fall
outwith the building and occupancy categories $jgal in the standard codes. Most

of these cases require engineers to devise tailfrecengineering solutions often
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integrating elements from fundamental principlé® @lynamics models and standard
code recommendations extrapolated past their uBoals of application. For
complex structures, these designs tend to undertguoré party review by highly
regarded fire engineers before the respective atideogive their approval. Although
this type of design is commonly coined ‘performabesed’ design, it can only
account for performance under the ‘known’ fire dymes phenomena and subsequent
structural behaviour and hence is more of a ‘scéerailored engineering-based’
design. Only once a complete, thorough and holistiderstanding of all parameters
governing enclosure fire dynamics is attained adfiual ‘performance-based’ models
be possible, allowing for full integration gfrecisefire-structural interaction once

detailed structural-fire behaviour is also bettederstood.

Given the current level of fire dynamics knowledg#l, design approaches aim to
considerably err on the safe-side. However whensttemarios presented are at the
limit of our current understanding, what constifute conservative choice might not
be evident, hence innovative structures often sugfeater structural damage from
accidental fires than regular buildings. Across lloard of fire engineering design,
the tendency is to frequently feature compartmentiags an attempt to contain any
potential fire, as much as possible, to a resttidesa. Even if the intricate fire
dynamics of the single standard compartment areyabtfully understood, it best
represents the vast majority of experimental séesateading to the current
knowledge, so it is better understood than trawvglfires which potentially involve
more parameters. Compartmentation restricts thmfdaw which in turn reduces the
fire growth and it minimises smoke outflow, whilemang to prevent multi-
compartment fire spread, all of which contributevaods better conditions for the
egress of occupants. It also minimises the heatsalaf a structure, however whether
this is less adverse than more generalised heasingighly dependent on the
individual scenario and specifics of the structuself. Nevertheless, architectural
innovation witnessed over the past decades hagetitency to increasingly feature

open-plan and atrium spaces that often span sesteras in height.

In the meantime, technological advances have atlolge several types of sensors
that are now compact and affordable, yet accunabeigh to make permanent sensor

integration within buildings feasible. Should burlgs be fitted with such sensors, the
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structural health of the building could be continsly monitored but most pertinently,
should a fire arise they could be used to deteeindl to monitor its development and
consequent structural behaviour. Data gatheredth@mévelopment of a fire could be
remotely collected and fed into fire models thatum would attempt to predict its
development in super-real time. The outcome of géhesodels could then be
continuously checked against recorded fire data thet the real fire data would help
steer the fire model predictions, enabling therbéoome increasingly accurate [24].
Eventually this could allow for ‘intelligent’ autcated building interaction with the
fire, guided by recommendations from expert systeBssentially this is a more
sophisticated use of ‘smart buildings’ that curkergimply involve sensor-based
automation. In turn the sheer amount of data susystem would collect for a wide
variety of fire scenarios could also help furthee tresearch into the fundamental
principles of fire dynamics and fire-structural bglour. This could subsequently then
be re-implemented into the expert system steeringlats. The feasibility of the
implementation of such a system has been explordatia FireGrid Project [24,25]

which forms part of the context of the present work

1.6 Outline of the Aspect of Concern

Although most current buildings are highly compastrtalised, one of the biggest
problems faced in building fires is still multi-cpaxrtment fire spread. Fires within
confined compartments can lead to a rapid temperatecrease, particularly during
the flashover and post flashover period. This ofesults in shattering of windows
and fire breach of the intended compartmentatiast-Rashover compartment fires
tend to be ventilation-controlled resulting in &ty combusted fuel which

subsequently flows out of the broken windows andd$eto external flaming.

Frequently this external flaming is the main caokenulti-storey fire spread, mostly
by simply breaching the windows of the compartmambve. However at times the
facade cladding may ignite which can lead to rapidti-storey fire spread. Should
there be a gap between the structural perimetek amal an external curtain wall
facade or should the compartment open out to aarmedt louvre, the mode of fire
spread due to external flaming can involve more mer interactions between the

fire and the structure.
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In order to successfully prevent external flameeagr it is vital to understand the
behaviour of external flaming. Investigative wotkdetermine the characteristics of
external flames was conducted in Japan by Yokaaal/ as the 1950s [6]. Several
parameters thought to govern the internal fire dying, the compartment ventilation
and the consequent external flaming are still basethis early research. Others have
since built upon this research. The most commosBduanalytical model involving
external flaming was compiled in the form of a dasmanual for “Fire Safety of Bare
External Structural Steel” by Margaret Law in cbbaation with Turlogh O’Brien, in
the late 1970s [1,26]. This model, henceforth refitrto as thd.aw Mode] brings
together several correlations that define diffesypects of the problem. These range
from internal fire dynamics to the affect of wind @ through draught on the heating
of external structural elements. Soon after Laat fiormulated this model in the late
1970s, it was applied in the design of the extestaklwork used in th€entre
Georges Pompidoin France [27]. The model forms the basis of Eadecstandards,
having been integrated into Eurocode 1 — Annex Bere the calculations for
“Thermal Actions for External members” [2] are dietd, and Eurocode 3 — Annex B,
outlining the calculations for “Heat Transfer tot&mal Steelwork” [3]. Hence the

Law Model is now commonly employed in buildingsttfeature external steelwork.

1.7 Scope of the Research

The success of the Law Model has not yet been tighly tested as there is little
evidence to date of large fires having occurreduidings where it has been applied.
Nevertheless the model itself appears to preseqpestor simplification, as Law and
O’Brien envisaged that “as more use is made ofntle¢hod it is likely that more
straightforward rules will be worked out” [1]. Thesent work aims to analyse the
model, which involves over 14 root parameters, lideo to determine whether the
model's complexity is justified or whether thereeaa smaller number of key
parameters that fundamentally govern the overaflosure of external structural
elements to fire. In essence a global analysis@itodel is conducted in the form of
a parameter sensitivity study, allowing for theeér branches’ that link the
fundamental parameters and correlations to theytrall model (as exemplified in
Figure 1.3) to be evaluated such as to engineeranwt ‘branches’ that provide

unjustified complexity. The inclusion of such ‘@i parameters may provide extra
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scope for potentially misleading results when aaplio particular scenarios and
hence unnecessarily limit the application of thevlModel. In addition, revisiting the
importance of the fundamental parameters at the bbthe Law Model allows for an
assessment of the assumptions inherent in the naodied thorough evaluation of its

limits of applicability.

The present research particularly focuses on thefhex imposed by external flaming
on the plane defined by the external facade, duthéoimportance of preventing
external fire spread and fire-induced externalcstmal damage. Although the Law
Model allows for calculation of heat flux to extatrstructural steelwork, all of the
examples given are based on structural elementsateanot flush with the facade
rendering it unclear as to whether the model i®ally applicable to scenarios
requiring heat flux to elements in the plane of faeade i(e. facade cladding,

spandrel beams, perimeter columns, window panes,gihs). In order to facilitate

assessment of the Law Model and that of the sules¢qgsimplified model in

reproducing heat fluxes to an external facade;dStdile tests were conducted with
extensive measurements of both the internal andrmadt fire characteristics and
external heat flux to the facade. CFD modelling bls® been employed to further
explore the affect of some of the assumptions mtem the Law Model and the

importance of the definition of some of its mairvgming parameters.

The simplification of the Law Model by removal ofinecessary complexity and
provision of clear limits of applicability, allow$or a quicker evaluation of the
external heat flux likely experienced by the vas@lements of the fagade during a
specific compartment fire. This facilitates the igasof adequate cladding systems
and vertical window spacing such as to minimiseristorey fire spread and provides
external fire loading for the adequate design ahnsipel beams and perimeter
columns. Apart from design, the appeal of a simgaliimodel is also relevant for the
respective authorities in charge of verificationcompliance and adequate fire safety

provision for project approval.
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The study of Fire Dynamics attempts to decipheragmygarently chaotic behaviour of
fire and determine the various relationships betwtbe tens, hundreds or potentially
more parameters that govern the time evolution firiea As the field of Fire Science
is relatively young, several of these parameteve lieeen pinpointed over the last few
decades of research but due to the scale of themgdarc relationships, many
“known” relationships still rely on empirical cotations to account for the, as of yet,
“unknown” parameters. Add to this the placementdire within the confines of a
building and several other parameters governinditbelynamics emerge due to the
interaction between the compartments, their matg@raperties, the complex flow
currents developed due to geometry and the rel&ioation of the fire itself. Hence,
any attempt to determine the behaviour of a gives Within a building and the

behaviour of the building subject to this firefrgm the outset, not a simple task.

In the case of compartment fire parameters inflienthe heat flux incident on the
external structure, it is vital to understand tegearch methodologies used to identify
the parameters and correlations which eventuadlgl te the development of the Law
Model. This allows an insight into the origin ofetlempirical values used and to
identify the scenarios the correlations are vatid dnd the source of the limits of

applicability.

2.1 Review of Incidents Involving External Flaming

The study of external flaming is important for uretanding some of the mechanisms
of fire spread, particularly in the case of higberbuildings, where evacuation times
are longer and inter-storey fire spread can posigraficant threat to a large number
of occupants. While compartment fires can spreattiéna building due to openings,
shafts and other breaches in internal compartmentatapid inter-storey fire spread

is often the consequence of external flaming.
As a compartment fire reaches flashover condititims,temperature rise often leads

to cracking and eventually fall-out of compartmemhdows panes. The ventilation-

controlled fire then tends to move towards the apgs) with a plentiful supply of air.
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The consequent external flaming and hot gases tienise due to the effects of
buoyancy, imposing a heat flux on the surroundifigss heat flux can lead to the
cracking and fall-out of upper-storey windows arite teventual ignition of
compartment fires in the floors above and in caglesn the radiant heat flux is high
enough, ignition of items in upper-level comparttsecan sometimes occur prior to
the window fall-out. Eventually the upper-level qoantment fire might result in
external flaming and the fire continually spreagstive building. In cases where the
external cladding ignites, fire can rapidly spregdthe fagade and result in fires in
several-storeys within a short space of time. Tiuelys of external flaming is also
allows for the evaluation of heat flux to exterstductural elements (both those at a
distance from and those forming part of the facagegh that adequate fire loading
can be considered as a boundary condition usdteindesign.

While there are more complex scenarios where thaysof the external flaming is
important, such as buildings that have curtain svgfi8] or where the external
cladding has inadequate fire stops such that aanspread vertically through the
cavities between the facade wall and the claddidg],[external flaming into

‘confined’ spaces is not considered as part of tbsearch. Similarly, downward
flame spread and fire spread to adjacent buildiB@kdue to external flaming is also
important but outwith the scope of this work.

Over the years, several high-profile building firesse highlighted the importance of
understanding external flaming and the associaskdof fire spread. While in many
well-known high-rise building fires — such as theelina Building fire in 1972 [31],
the One Meridian Plaza fire in 1991 [32] and thenWgior Tower fire in 2005 [33] —
the external fire spread from floor to floor, thmages available for the TVCC
Building fire in 2009 [34] and the Melia Hotel fira 2010 [35,36] appear to indicate
fire spread mostly along the facade, with littlend@e to the interior of the buildings.
Nevertheless, all cases involved external fire aghrevhich has been in the case in
several other high-rise buildings. Table 2.1 lstsumber of high-rise building fires
where external fire spread was one, if not the,solechanism of fire spread. Often
these fires resulted in a large number of cassafieethe understanding of external
flaming and mechanisms of external fire spread Hmeen of continued interest over

the years.
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Building Location

Year

Details

Andraus

Joelma

Las Vegas Hilton Las Vegas,
U.S.A.

First Interstate Bank Los Angeles,
U.S.A.

One Meridian Plaza Philadelphia,
U.S.A

World Trade Centre New York,
U.S.A

Parque Central ComplexCaracas,

(East Tower) Venezuela
Windsor Tower Madrid, Spain
Golden Tower Plaza Taiwan
Beijing Television Beijing, China

Cultural Centre (TVCC)

Camberwell,
U.K.

Lakanal House

Melia Hotel

Sao Paulo, Brazil

Sao Paulo, Brazil

Braga, Portugal

1981

1988

1991

2001

2004

19726 dead. 375 casualties. 28 floors

on fire. External inter-storey fire
spread [37]

197479 dead [31]. 320+ casualties.

[38] 1.5hrs. 14 floors on fire [31].
Internal and external inter-storey
fire spread [31] [38,39]

8 dead. 350 casualties. 22 floors
on fire. External inter-storey fire
spread. [40]

1 dead. 40 casualties. 4hrs. 5
floors on fire. External inter-
storey fire spread. External inter-
storey fire spread [33].

3 dead. 24 casualties. 19+hrs. 8
floors on fire. Primarily external
inter-storey fire spread [32]

Several diff. buildings, all
featured external flaming at some
point [39]

28 casualties. 12+hrs. 23 floors on
fire. External fire spread [41]

20057 casualties. ~22hrs. 30 floors on

fire. Both external and internal
inter-storey fire spread [33].

200%! dead. 3 casualties. 1.5hrs. ~5

floors on fire. External inter-
storey fire spread [33].

2009 1 dead. 7 casualties. 5-6hrs.

2009

External ignition source [34].
Mostly fagcade fire spread (?).

6 dead. 15 casualties [42]. 2+hrs.
6 floors on fire. External inter-
storey fire spread.

2010No casualties. 1.5hrs. 16 floors.

Facade fire spread. [35,36]

Table 2.1.Historic high-rise building fires that involved exhal flaming. A number resulted in inter-

storey fire spread, others in fire spread up tgada. Some also involved internal fire spread. Wher

21



available, details are given for the number of daxad the number of casualties caused by the fre, a

well as fire duration, number of floors on fire aheé main mode of fire spread.
Although the fire protection and suppression systawailable have development
significantly over the last few decades, many effires listed in Table 2.1 are recent
and occurred in modern buildings, indicating thathgps more needs to be done to
mitigate external fire spread, starting by enfagdine use of non-combustible facades
[29].

2.2 The Compartment Fire and External Flaming

The study of enclosure fires began with investigatihe dynamics of compartment
fires. Hence in this context, the term ‘compartmérdg’ often refers to a cuboid-

shaped compartment with aspect ratios close ty anid a fairly standard size, of the
order of 100 M[21] or so. While a large portion of enclosuresfitynamics research
concerns compartments of such a description, itdeen found fire behaviour in
much larger or much smaller compartments, as veethase with large aspect ratios
and irregular geometries, can vary significantynfrthat in a ‘regular’ compartment.
Most compartment fires, however, undergo three iBpestages: the growth period,
the fully-developed period and the decay period].[Eternal flaming is chiefly

associated with the fully-developed fire [21], asnost of the fire-induced structural

damage [26] hence the fire dynamics pertainindgpioperiod are of greatest interest.

2.2.1 Compartment Fire Dynamics

Several phenomena are known to govern fully-deveelagpmpartment fire dynamics.
Beyond the compartment geometry, the “ventilatiod ¢éhe nature, distribution and
quantity of fuel all have a significant effect” [R&n the duration and severity of a
fire. Ingberg, in the 1920s, was the first to betginquantify the effect of fire load
density,L” — as a measure of fire load per unit floor arda the severity of a fire,
[43]. The importance of ventilation was identifiadd Fujita quantified it in terms of
the ventilation opening areA,, and heighth, which in this case referred to a window
[44]. It was Kawagoe, however, who conducted thst systematic study of fully-
developed compartment fire behaviour. In the 28405, Kawagoe and his team
conducted several full-scale and small-scale cotmmant fire tests with various
different compartment opening sized. Using woobtsias fire load, they found the
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rate of burning to be strongly dependent on the sizthe ventilation opening, such
that [45]:

1
2

m= 009A,h (2.1)

where m (kg/s) is the burning rate a, (m?) andh (m) are the area and height of
the opening, respectively. This led to the undeditey that fully-developed fires are
ventilation-controlled, while fires in the growthegod are fuel-controlled. The
correlation however was semi-empirically deduced waas later found to hold only

for roughly cubical compartments [46] and withidiraited range of the ventilation

parameter,ANh% [47].

In 1958 a large cooperative research study spoddmnrehe Conseil International du
Batiment (CIB) formed to undertake a thorough stofiyhe parameters influencing
compartment fire behaviour. Due to the scale ofgfablem, it was decided that the
fully-developed compartment fire regime would bevestigated first. Over 400
experiments were carried out over 8 different toftns using model-scale
compartments with various aspect ratios and henggng between 0.5 m, 1 m and
1.5 m [47]. Besides the compartment geometry, s¢\ather parameters such as the
ventilation opening size, the flammability of thalMining and the fire load density
(i.e. mainly 20 kg/m, 30 kg/nf and 40 kg/rf) were systematically varied, in order to
establish the effect of such parameters on theffasdtover fire [47]. Most tests were
carried out under natural fire conditions, withani forced ventilation however some
explored the effect of wind on the internal compeant fire. The aim was to identify
“the relative importance of various features, nbtalbmpartment shape, and scale,
which had not hitherto been studied” [47]. The graeported that “the effects of
scale were found to be minor, justifying the usesimfall-scale compartments” [47].
Although Thomas and Heselden emphasise that “§irsoi complex a phenomenon
that it was not possible to model in one fire tHiects of more than a very few
factors”, the experiments were used to identify ¢fffect of compartment geometry
and fire load on the mean burning rate, the metengity of radiation and the mean

compartment temperature [47].
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The study identified the importance of the comparitrscenario parameter, the ratio

of fire load,L to the paramete(rANAT)%, whereA,, is the area of the opening aAgis

the area of the enclosure surfaces excluding tle@ing area. Similar to Kawagoe’s

research, thEm/AWh% ratio was found to have averagevalue of 0.1 kg/s.if in
the tests conducted however it was found to be tbedompartment geometry and
hence only a “gross approximation” [47]. Insteatkeav correlation for rate of burning
was later suggestedf(Chapter 3, Equation (3.7)), with additional partenesuch as
the compartment width)V and depthD and the reciprocal opening factgrwhich

equates tAr /Ay h%, used to represent the area of the compartmefacgsr relative
to the opening ventilation parameter [48]. While sinmf the compartments
conventionally used in experiments fall within aadimange of the reciprocal opening

factor, it was found that for significantly higheailues, such as those representative of

typical compartments in larger buildings, the ratidA,, h of is nearly double [47].

The average compartment temperature was also foonde a function of the
compartment geometry and size of the opening antbemum compartment fire
temperature was found to correspond to a certaigeraf reciprocal opening factor
values [47]. While the time-averaged parameteregl{taken over the period of fire
load reduction from 80% to 30% of its initial massiere rate of mass loss was found
to be approximately steady) have “enabled many mapb conclusions”, no analysis
has been conducted on the time-variation of tha datlected which could provide
further refinement of the correlations identifietf]. Although others have developed
other correlations for the evaluation of post-flager compartment fire burning rates
and resultant temperatures [49,50,51], the workdaoted by the CIB is most

pertinent to the methodology used in this study.

2.2.2 External Flaming

External flaming has been found to be a charatierisf the fully-developed,
ventilation-controlled fire. The internal compartmdire characteristics deemed to be
most important in determining external fire expasare “the rate of burning which
affects flame size and fire duration” and “fire {g@nature which affects the radiation

from the window [26].
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2.2.2.1. Experimental research leading to the development of the Law

Model

A comprehensive study of external flaming was faatried out by Yokoi [52] in the
late 1950s. Yokoi was interested in the risk oftiecat external fire spread and his
research produced the pioneering trends used ftrideshe behaviour of external
plumes. Having initially investigated the temperatand velocity distribution in the
plume of hot gases arising from alcohol-based fioes, Yokoi then derived similar
correlations for the external plumes emerging feoth4 m by 0.4 m by 0.2 m model-
scale compartment fire, where alcohol was also asefite load. The size and aspect
ratio of the opening at the top of one of the cortipant walls was systematically
varied, while ensuring the compartment was welltNated such that combustion was
assumed to occur only inside the enclosure. Thecasatio of the opening was found
to have an important effect on the plume projectiokoi derived a series of plume
shapes corresponding to different opening aspéosrdreating the upper half of the

opening as the heat source and hence using thengta [52]:

n="= 2.2)

wherew (m) is the opening width and (m) is the opening height. Yokoi also
investigated the effect of having a vertical wdlbae the window on the temperature
distribution and trajectory of the plume. It is f@uthat when no wall is present above
the opening, the plumes tilt away from the walltlasy are projected outwards from
the opening before the effect of buoyancy beconmsimant. However with a wall
above the opening, for larger valuesmfvhere the opening is wide relative to its
height, the plume is found to tilt back towards wedl. While the wall absorbs heat, it
also restricts air entrainment to the ‘back’ of ieme, such that for relatively wide
openings the plume is found to adhere to the walitarises from the opening.
Conversely, for smaller values ofwhere an opening is relatively narrow, the plumes
are found to tilt further away from the wall, aggmojecting outwards before the
effect of buoyancy become dominant. Therefore d a@bve the opening only has a

significant effect on the trajectory of a plume egieg from a ‘wide’ opening [52].
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The plume trajectories found by Yokoi are plottadFigure 2.1, where (m) is the
height of the plume above the opening soXifm) is the horizontal projection of the
plume away from the opening wall ahg«a (M) — the height from the axis of neutral
pressure that divides the opening into inflow amdflow of gases (Yokoi assumed
this to be half the opening height) to the opersoffit — is used to normalise the
values of reference. Good agreement is then fowetdiden the results from the
model-scale tests and the data obtained from testiducted in four full-scale test
conducted in three concrete compartments using adwased fire load: one
compartment measured 13.35 m by 9.7 m by 3.5 nthand.3 m by 3.48 m by 2.47
m and a third 5.0 m by 2.5 m by 1.67 m [52]. Nelveless Yokoi points out that
theoretically adjustments should be made for tifferdinces in fuel and material used
for enclosure surfaces, namely due to the diffexemmc emissivity of flames and
thermal properties of the enclosure material. Itaiso noted that incomplete
combustion inside the compartment resulting fromtiNetion-controlled fires could
lead to combustion outside the opening, which agenld affect the correlations
derived [52].
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Figure 2.1.The trajectory of the hot plume emerging from opgrof the model-scale compartment
used in Yokoi's experiments, where the aspect i@tihe opening is varied according to the key

provided. This image has been extracted from Y {#@j.
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In developing a correlation for the temperaturahaf external plume, Yokoi used a

characteristic length scale to represent the eatgrimme ‘heat source’ as the area of
the opening corresponding to the outflow of hotegasThis opening area is expressed
in terms of the radius of a circle of equivalergarsuch that the characteristic length

scale of the heat sourag,is [52]:

r:h_vv 2.3
o T\ (2.3)

whereh andw are the opening dimensions, as defined above. iYalko used a non-
dimensional temperature parameter to collate thenpltemperature data. This non-
dimensional temperature parametiis described as [52]:

QT (2.4)

whereT, (K) is the temperature at a certain point aloregekternal plume axi3, (K)

is the temperature of the plume at its axis andsapoint of origin on the opening
plane, Q (kW) is the rate of convective heat flow at theewing, T» (K) is ambient
temperaturec (kJ/kgK) the specific heat and (kg/nT) the local density of the hot
gases, ang) (m/s) acceleration due to gravity. Plotting the datdected from his
model-scale fire tests, using the non-dimensioeaiperature parameter against the
vertical distance from the opening soffit, normatisagainst the characteristic length
scale of the heat source, Yokoi obtained a verydgowmtch between the data

pertaining to tests with different opening aspatios, as shown in Figure 2.2.
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Figure 2.2.Non-dimensional distribution of temperature alohg &xis of hot plumes emerging from
openings (window) with different aspect ratios, véhthere is a vertical wall above the opening. This

image has been extracted from Yokoi [52].

Apart from studying the effect on the external ptunf a vertical wall above the
opening, Yokoi also studied the effect a horizoptajection above the window has
on the plume trajectory. A projection, such as amiag or balcony, is found to
deflect the flame away from the opening wall, alihlo beyond the projection the
flame is seen to deflect back to its original tcépey. The overall flame length
however is seen to be relatively unaffected astéineperatures along the axis fall
somewhere between those recorded with a wall athevepening and those without.
Nevertheless Yokoi determined that the further ath@yprojection is placed from the
opening soffit, the lesser its effect on the flatregectory. The inter-storey opening
separation necessary to prevent inter-storey fireasl is also investigated, where a
temperature of 506C is defined as the likely temperature for windolasg fallout
and hence the temperature at which there wouldidbkeof inter-storey fire spread

[52].
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Around the same time Webstet al conducted a series of experiments, mostly
model-scale, in which visual estimates of the exdeflame heights were recorded
[53-55]. Cubical compartments were used, with oa# sompletely open and no wall
above the opening, using wood cribs as fire lodibnias later used dimensional
analysis, similar to that employed by Yokoi, toreteite the data collected by Webster
et al Although Yokoi refers only to temperature measwrts of external plumes,
described as ‘upward currents’, the point at whiehaxis temperature has reduced to
500 °C is defined as equivalent to the flame height, toae basis that at this
temperature radiation has mostly ceased [52]. plyapy this temperature to Webster
et al’s data Thomas was able to compare the data redadainst that reported by
Yokoi. While Thomas recognises there are clearediffices in the two systems,
several reasons are given to justify the comparemh although in places there is
significant scatter, Thomas reports reasonableeageat is found between the two
sets of data, provided a temperature rise is usedefine the flame tip. Thomas
suggests simplifications to some of the Yokoi'sretations “without sacrificing too
much accuracy” [56]. Both Yokoi and Websttral’s experiments considered only a
single-storey fire, so the temperature distributaamrelation is only valid for such

scenarios.

In the 1960s Seigel reported on some large-scate tenducted at the Underwriter’s
laboratories in which air was forcibly suppliedttee fire test compartment, beyond
that provided by the opening, in most tests. Thenopy size and aspect ratio was
systematically varied and it appears there was afl above the compartment
opening. Fire load consisted of wood cribs. Flagmagderature measurements were
taken and visual estimates of flame height wereenalthough Seigel also reports the
flame tip at a measured temperature of 820 The added air supply (of up to 2.25
m%/s) created a forced draught which simulated ‘fbaening’, fuel-controlled
conditions, increasing the rate of burning anddkternal flame length. In this case,
the flames are treated as forced horizontal jett @eigel excludes the effect of
buoyancy [57]. The flames projecting from the opegsiunder thesEorced Draught
conditions were observed to widen with distancenfrime opening and the flames

were observed to project from the whole are ofdapening [57].
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Thomas and Law [46] analysed Seigel’s data by coimgédt to the data collected by
Yokoi and Websteet al Despite the differences between the three expeeriah set-
ups and the lack of some key data measurementsgepated by Seigel, which had to
be estimated, they derived the first correlatianeiternal flame height:

(z+h)= 18.6(—mj3 (2.5)
w

wherez (m) is the vertical component of the flame heighbve the opening soffik
(m) is the opening heighth (kg/s) the rate of burning (wood-equivalent) am@dm)
the width of the opening. This was found to holdihwlittle loss of accuracy
(considering the significant data scatter and wtemates made), for most scenarios
that were compared, whether the external flame coasidered as a jet or a plume
[46]. This correlation was later adapted by Law][28 a better fit to the general
trends in data collected from a number of largdestasts [52,57-64] and is in wide-
spread use, recommended by both Drysdale [21] amchdhan [65]. Law [26]
developed separate correlations for natttalThrough Draugheind forThrough or
Forced Draughtscenarios. Details of these correlations are giverChapter 3,
Sections 3.2.2.1.2 and 3.2.2.2.2, respectivelythadarge-scale experiments used are
further discussed in Section 3.3. Under both draieghditions, the rate of burning,
m is found to be important in determining the exé¢rfame height. Law [26] also
provides correlations for the horizontal projectioh flames, measured from the
opening wall to the flame axis at the flame tip, both types of draught conditions.
Thomas [66] reports on the effect of wind on exaéftames, finding that wind speed
has little effect of the length of the flames, hoeeit the flame trajectory is deflected

in the direction of the wind.

The experimental work conducted by Yokoi [52], Webet al [53-55] and Seigel
[57] and the subsequent interpretations of thisa danhducted by Thomas [56,66] and
Law [26,46] discussed above form the basis of the Model which is examined in
detail in Chapter 3. As part of this model, Law eleped a methodology for
determining the heat flux to external structuralnmbers based on the characteristics
of the external flame and the temperature withanftre compartment, which imparts
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a radiant heat flux on external surfaces that ar¢he direct line of sight of the
compartment opening [1,26]. While the methodologg aorrelations defined in this
model are still in mainstream use in codes anddstals today [2,3], further research
has since been conducted on several aspects ofnaxtBre exposure. These
individual research studies mainly investigate @netwo aspects of the problem,
although a few address several components at éitteugh the present research
mostly concerns a thorough analysis of the Law NModsearch conducted post the
development of the Law Model in some ways corrotesrdhe correlations proposed

and also highlights some areas of importance thatod feature in the Law Model.

2.2.2.2. Experimental research conducted post development of the

Law Model

In the 1970s, Bullen and Thomas [67] conducted sdime experiments in
compartments using non-cellulosic fuels. It wasnfibuhat fires involving liquid or
thermoplastic materials resulted in an increasexternal fire exposure due to an
increase in external combustion. The concept ofxaess fuel factoffe, was used to
guantify this external combustion. It was noted #meternal heat transfer due to fire
exposure can not solely be defined in terms obftening geometry and compartment
temperature but that external combustion and flam@ssivity should also be
considered. It is also observed that external flaare seen to widen as they emerge
from narrow openings and that the heat flux to # alaove the opening decreases
with vertical distance from the opening soffit. Wehihe flame emissivity is taken into
account in the Law Model [1,26], the excess fuetdais not directly incorporated
into the calculations and widening of flames isyodescribed undefhrough or
Forced Draughtconditions as described by Seigel [57].

In the 1980s, Bohm and Rasmussen [68] further tigeged the relationship between
the external flame height and radiative heat flaxtlie facade to the rate of heat
release due to external combustion. Model-scals tesre conducted using propane
gas burners undéorced Draughtconditions where the rate of forced-air supply was
regulated. The rate of heat release in the interopartment was measured and that
in the external flame was calculated by measurixyggen concentration both in an
exhaust duct and at the compartment opening, wiia located high on the wall,
close to the ceiling. Temperatures and heat fluxh bwithin and outside the
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compartment were also measured. While this is aotlgh collection of data and
external heat fluxes are reported, the data arextensively analysed and hence little
new insight is provided into the role of externahtbustion in determining heat flux

to external surfaces.

In the late 1980s to early 1990s, Oleszkiewicz catetl a series of full-scale fire
experiments to investigate external fire expos6&11]. A single compartment size
was used and the size and aspect ratio of the mpevas varied. Measurements were
taken of the external heat flux to the wall abdwe dpening. In some tests, a propane
gas burner was used and its flow rate was variedas found that the heat flux to the
external structure increased with the increasimg o gas flow. The heat flux to the
wall above the opening was also reported to deeredth vertical distance from the
opening soffit, as previously observed in experita@vhere the external heat flux was
measured. Differences in external heat flux wese abted when changes were made
to the compartment opening geometry, corroboratiolgoi’s finding of the effect of
opening geometry on the external flame shape amdsLeorrelations for determining
the external heat flux from the external flamesni&ir tests conducted using wood
cribs resulted in higher heat fluxes to the extewsll than those using propane gas
with a similar burning rates. This is attributedthe lower emissivity of the propane
flames, as earlier described by Bullen and Thor@ak [

Also in the early 1990s, Gottuk, Roby and Beyle2][dndertook model-scale tests
with a hexane gas burner in order to determineetfect of external combustion on
the downstream yields of carbon monoxide and sBetseral distinct modes of
external flaming (varying intensity and duratiom® adentified and compared to the
compartment equivalence ratio — the ratio amtual fuel/air mass ratio in the

compartment to that of th&toichiometricfuel/air mass ratio [21]. It is reported that
external flaming does not occur when the fire isl4tontrolled and occurs when it is
ventilation-controlled. Nevertheless, while thematy excess fuel will travel out

through the opening when the equivalence ratio nsatgr than one, external
combustion is only observed when the equivalent®sraare significantly higher

(~1.7 on average for sustained external flaming)isitconcluded that external

combustion is therefore dependent not only on theivalence ratio (which
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determines the excess fuel factor) but also ongaition source which itself is

dependent on the opening geometry and fire size.

Others such as Ohmiyet al [73-75] have also investigated the effect of mdé
combustion. In carrying out model-scale tests wiHrying opening dimensions,
similar to those of Yokoi's, it is noted that Yokomethod could underestimate the
risk of external fire spread as the heat releate fram external combustion is not
taken into account. Ohmiyat al propose a model to predict the heat releasedtste
to external combustion of excess fuel. It is akgparted that external flames arise not
only from compartments under ventilation-control@hditions, but from those with
fuel-controlled conditions as well, where long flesninside the enclosure are seen to
emerge out of the opening. The risk of external $ppread due to external combustion
is emphasised as a complex function of the opedingensions the compartment
dimensions, the fire load and the fire location.isTls an important point as in
previous tests, fire load was often uniformly disited throughout the compartment,
with uniform internal conditions of combustion, ssassumed in the Law Model
[1,26].

More recently Lee, Y.-Pet al [76,77] conducted a series of model-scale tasts i
which internal and external heat release rates tentperatures were measured.
External flame heights and heat flux to the spdndedl above the opening are also
reported. In using a gas burner and systematicadlyying the compartment
dimensions, the opening dimensions and the buweatibn, uniform temperatures
were reported inside the compartment and previelaionships for air inflow and
heat release rate inside the compartment wereiagkriience the burner location is
deemed to not have an effect on the resultant medtdreat exposure. New length
scales are proposed based on the effective areatftdw and the length after which
the external plume changes from horizontal to galti(due to the effects of
buoyancy). These are used in proposed correlaf@mntame height and heat flux to
the facade above an opening. Goble [78] on therdihed, also investigated the
properties of the external flame and resultant h#tak using model-scale
compartments and proposes new correlations foexternal flame length and heat

flux to the facade using non-dimensional expression
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In the late 1990s to early 2000s, Klopovic and huf&-81] conducted a series of
eight full-scale fire tests in a 3.6 m by 5.3 m2y% m compartment with a 2.4 m by
1.5 m window opening (and a 0.8 m by 2 m door ims@ases). The tests are set up
to further investigate the effect of ventilatioNg Through Draught and Through
Draugh) and wind on the external flaming and on the tiket to the facade wall
above the opening. Furniture is used as fuel witbad-equivalent fire load density
of circa 23-29 kg/rh Taking the flame tip at a flame axis temperanfr840°C, the
flames dimensions recorded measured noticeably tharewould be predicted using
the Law Model correlations [1]. In line with thidbgervation, the glass in the upper
storey compartment window was breached in evety égen though the length of the
spandrel wall between the two openings was clodaree times that recommended
by Yokoi [52] in order to prevent vertical fire-gad. These findings suggest that
perhaps previous work underestimates the risk dica fire-spread in realistic fire
scenarios. This is potentially due to the diffeeeirt fuel used in these testse(non-
cellulosic) compared to the wood cribs used in dkevation of many of the Law
Model correlations. However beyond the increasexternal combustion found by
Bullen and Thomas to be characteristic of non-tadic fuel fires [67], the
distribution of fuel throughout the compartment nago be an underlying cause of

the high heat flux to the facade.

In terms of obstructions and deflection of exterflaines, back in the late 1980s
Oleszkiewicz [70] also investigated the effect afeenal projections. It was found
that horizontal projections significantly reducée theat flux to the facade above the
opening, in line with the deflection in flame tretery reported by Yokoi [52].
Vertical projections on either side of the openigad to higher heat flux to the facade
as the flames became elongated [70]. Oleszkiewiga @eported on the necessary
heights of spandrel walls above openings to preuater-storey fire spread [71].
Alterations to the flame shapes of constant thisknesed by Law and O’Brien [14f(
Chapter 3, Figure 3.2) are also proposed as thesdeeemed to be “conservative”.
Oleszkiewicz recommends instead that a taperethguilar-shaped flame be used for
determining the flame thickness, which affects ¢beelation for flame emissivity at
a particular point along its axisf(Chapter 3, Section 3.2.2.1.3).
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Over the years, others have also investigatedffeetef external projections on the
internal and external fire behaviour. Using modwls experiments with gas burners,
Suzukiet al [82-84] showed the presence of balconies leadntancrease in the
internal compartment fire temperature, while thragerature along the external plume
axis is reported to decrease faster than when loomais present. Apart from this,
deflected flame trajectories reported were sintdathose found by Yokoi [52]. Using
full-scale tests with a wood crib fire load, Hakkimen and Oksanen [85] investigated
the effect of the opening width on the ignitionaofvooden fagade as well as that of
horizontal projections of varying lengths. An ingse in internal compartment fire
temperature with increase in opening width is regmbrand longer horizontal
projections above the compartment opening are aggém to reduce the heat flux
incident on the facade above. Notably, it was &smd that horizontal projections
increase the risk of horizontal fire spread to eeljg compartments due to an
increased exposure to radiant heat flux. SugawaTakékhashi [86] furthered the
work done by Thomas [66] on the effect of wind be &xternal flame by defining
several different plume trajectories dependinglewind direction, where a frontal

wind was seen to push the flame back towards taedspl wall

The work conducted to date has been diverse atwh@$ even inconsistent, as is the
case with observations of external flaming undesl-ttontrolled conditions. While
there are several instances where the work condiycter to the development of the
Law Model is corroborated, research has also shtivat other parameters of
importance might not have been considered at thee.tiAlthough some new
correlations have been proposed, most are onlyaeteto specific scenarios, with
particular draught conditions or with the presenge a spandrel wall. The
measurements made by Klopovic and Turan [80,81ljcad also that further
investigation is still necessary to ensure cor@tet for external flaming and external
heat exposure are adequate for realistic scenagb that they can be confidently
used in design. On the other hand, no thoroughstigagion appears to have yet been
conducted on the effect of varying the locationasf opening, the number and
dimensions of openings on different wali®(openings as windowand doors) and
of varying the location of the fuel within the coarpment in a large-scale setup where
the fuel is either wood cribs or furniture, as wasdlcombustible wall-lining. Hence, to

date, the Law Model is still the most comprehensmedel linking the internal
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compartment parameters to the characteristicseokgternal flame and heat flux to
the external surroundings. It is therefore appaiprito revisit the model and to
conduct a thorough sensitivity analysis of the peaters it takes into account. This
enables the identification of the parameters tleatehthe greatest influence on the

resultant external heat exposure, in order to fokceglirection of further research.
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Chapter 3 The Analytical Law Model

The main analytical model describing external flagnand linking its development to
the characteristics of an internal fire can be tbunthe form of a design manual for
“Fire Safety of Bare External Structural Steel”.[The model - herein referred to as
the Law Model — is based on fundamental fire s@ermalance of heat and mass
transfer and experimentally derived empirical datrens [26,46,52-57] and hence

has some inherent assumptions and limits of agpita

3.1 Overview of the Law Model

The Law Model comprises a detailed analytical matilised to determine whether
external structural steel members require passigepfotection or whether the steel
can remain ‘bare’ and provide adequate performamdee event of a post-flashover
compartment fire. As an advocate of practical eegiimg solutions, Law aimed to
develop a model that could be understood and eragldy the wider non-specialist
community [87]. The Law Model was developed asah for structural design to help
determine the resultant temperature of externadl steembers when exposed to a
regular compartment post-flashover fire, hencenvibives a fire component and a
structural-heat transfer component. One of the nosign manual requirements
stipulated by Law was that “the correlations o€ fand flame behaviour should be
based on parameters which can be readily identifiethe designer” [26]. Although
the model is theoretically based on fundamenta ficience, fire dynamics and
balance of mass and heat transfer [21,88], itskation into an engineering tool for
design [1,26] means many of the fundamental priasifjhave been converted into
component correlations based on simple input paemheMost of these correlations
are derived from experimental data [46,52-57] aedce involve empirical values

which to some extent may be tied to the specifiofexperimental scenarios used.

In discretizing the problem several assumptionsewaade, inevitably leading to
limitations in the application of the model. Nevmtess, where specific knowledge
was not available, assumptions were devised tmmerthe conservative side. This

approach was deemed to allow for conservative tstralcdesign [1,26].
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Chapter 3 The Analytical Law Model

Although several assumptions and limitations of thedel are stipulated by Law
[1,26], these appear not to be exhaustive. In astudy the limits of application of
the Law Model in detall, it is necessary to undmndtthe intricacies of the model and
to appreciate the experimental work [52-55,57] mahthe correlations are based on,

as well as the assumptions made in analysing theremental data [46,56].

3.2 The Law Model Methodology

The Law Model is composed of two main calculati@tt®ns: fire development
leading to an external heat insult to the surroogsliand a structural heat transfer
section where the heat flux from the fire is applie a given external structural steel
member in order to obtain a resultant steel tentperaHeat flux to the external
elements arises from a combination of “radiant hieain the windows” of the
compartment fire and both “radiation and convectilom flames projecting from
these windows” while the elements are also “fre$@ heat to the surrounding air”.
Hence the amount of heat flux impinging on exterstalictural members is highly
dependent on the location of the member relatiiheovindow (or windows) and the

external flaming [1].

If the external steel member is engulfed in flaties, heat balance per unit surface

area of the steel surface can be expressed astanaimon of components:

) o Radiation from Radiative Heat Rate of Heat
Convection from Radiation from . . .
+ Fire (through + Loss to = Gain per Unit

External Flames External Flames ) )
windows) Surroundings Surface Area

These components are respectively defined by LalnGiBrien [1] as:

az (rz _Ts) + 828500-24 _Ts4) + ‘gf (1_£z)£s¢f O-(I-f4 _Ts4)
Mc, dT,
A

+ (-&)e,0-@)o(T; -T)) = +k  (31)

where &« (kW/m?.K) is the convective heat transfer coefficieft,(K) represent

temperaturesg is a measure of emissivityy (W/m”.K?% the Stefan-Boltzmann
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Chapter 3 The Analytical Law Model

constant,p a configuration, or ‘view’ factorM (kg/m) the mass of steel per unit
length, c (kJ/kgK) the specific heat of the stedls, (m) the perimeter length of the

steel cross-section,(s) represents time ard(kW/m?) the heat loss by conduction.

Throughout the Law Model, the internal compartnfeetis mainly referred to as the

‘fire’ and related to the subscript while the external flaming is referred to as the
‘flame’ related to subscrip, ‘ambient’ external conditions are given subscapand

properties of the ‘steel’ are referred to by thbessuipts.

Nevertheless, the emissivity of the steel surfagdas deemed to be high, so it is
approximated as unity. The emissivity of the ingrfire, & is also expected to be
high, so for simplicity, it too is taken as unitiRadiative heat transfer from the

ambient surroundings to the steefl," is deemed to be relatively small and hence

negligible, particularly in comparison with heas$ofrom the steel to the ambient.
Conduction is also assumed to be negligible de limperature gradient is expected
within the region of the section engulfed in flam&dditionally, steady-state
conditions are assumed for the heat transfer psoagshey lead to a maximum steel
temperature which is of interest for design purposehese approximations and
assumptions allow for a simplified heat balancesteel members engulfed by flame
[1,26]:

a,T,-T,) + &0T} + (-&)poT! - oT! = 0 (3.2)

Similarly, when a steel member is not engulfed kigmnal flame and hence no longer
in the convective stream of the flame and hot gabesheat balance can be expressed

as a combination of the following components:

o Radiation from Radiative Heat Convective Heat Rate of Heat
Radiation from ) ) )
+ Fire (through  + Loss to + Loss to = Gain per Unit
External Flames . . .
windows) Surroundings Surroundings Surface Area

Taking the same approach and making the same aisum@s for the scenario
engulfed in flame, these heat transfer componertsl@scribed by Law [1,26] under

steady-state conditions as:
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Chapter 3 The Analytical Law Model

where individual terms represent the same variaageslescribed above. Note that
under transient conditions, the right-hand sideEqtiation (3.3) would include the
same expression as that in Equation (3.1) for ohteeat gain per unit area of steel

and conduction losses.

Hence, in order to determine the heat transferhto dteel, the fire and resultant
external flaming have to be characterised for qaticular scenario, such that each
necessary parameter can be quantified. This rernlkersvo main ‘fire development’

and ‘structural heat transfer’ calculation secti@egjuential, as are their individual
components. Nevertheless the first step is to detie scenario by identifying the

compartment parameters.

3.2.1 Defining the Scenario

The Law Model allows only for simple right-anglebaid-shaped compartments with
the possibility of defining an additional internadre. There can be any number of
openings in the compartment, provided there i®astlone. The compartment width,
W (m) is taken as the length of the wall contairtimg largest opening area, the length
of the perpendicular wall is taken as the companmtmdepth,D (m) and the
compartment heightl (m), is defined from floor to ceiling. Opening démsions are
characterised by their widthy (m) and their heighth (m). Should there be a core
within the compartment its dimensions are labeflgdtive to the wall they facef
Figure 3.1 (iv)). These are the key parametersnohgfithe geometry of a specific

scenario.

The key geometric dimensions can be used to ohidiner parameters characteristic
of the scenario, such as the compartment floor, akeam?) the sum of area of
openings A, (m°) and the total surface area of the enclosAfe(m?) including the
walls, floor and ceiling but excluding the areatloé openings. The ratiD/W also
forms a further parameter to be employed in theeti®dorrelations. Under scenarios
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Chapter 3 The Analytical Law Model

with specific characteristics, the definition ofme® of these parameters is modified
when used in the Law Model correlations. Figure iBuktrates four main potential
scenario characteristics and the respective deinsitof several parameters in each
specific case. The parameter calculations for apastment scenario with just one
opening, seen in Figure 3.1 (i), are straightfodvadevertheless, should there be
multiple openings of different dimensions, as is tase in Figure 3.1 (ii), an overall
opening widthwme is taken as the sum of all the individual openivigths and an
equivalent area-weight-averaged value of openinghiheh,, is used in subsequent
calculations. If the multiple openings lie on mdinan one wall, as depicted in Figure
3.1 case (iii), the total opening area calculatot remain straightforward however
the total area of the openings on each individual are used to enable a weighted
calculation of the compartment depth-to-width ratid/Wno. Similarly if the
compartment has a core, as in the case of Figaré\g, the compartment depth-to-
width ratio, D/W, is also adjusted, as are the floor area and éstellosure surface
areas. These same definitions and modified dedimstiof the main geometrical
parameters are given in the Eurocode [2].

Wy =W ) A, = window area on Wall 1
‘ ,T W, =D Ay = window area on Wall 2,
H Ac=WD etc.
J Ay=wh Awmo = At A+ etc.
LW/J Ar=2Ac +2H (W + D) - A, D/Wino = (W2 Awr) / (W1 Aw),
DIW = W,/ W, where Wall 1 contains
(i) Simple case greatest window area.
(iii) Windows on more than one wall
A= Wiy A = Wils— C,C,
Az = Wah, Ar=2Ac + 2H (W + D
ele +G+C)- Ay
Pumo = Aot Az + ete. DWiro = (W, - C2) A/
Wino = Wi + W, + efc. (Wh— G Ar

(ii) More than one window  hmo = (Athy + Achp + etc) / Ay

(iv) Compartment with core

Figure 3.1.Depiction of the key characteristic dimensionshaf tompartment and its openings for
four different types of scenario. The definitioifarther characteristic parameters, respectivestth
scenario, is given in the form of simple equatidhere modified definitions of, h, A, andD/W are

given, the new definitions are referred tdas Wme, AwmoandD/Wn, These images have been

extracted from Law and O’Brien [1].
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The parameters shown in Figure 3.1 are used tauletdcthe reciprocal opening
factor, a parameter found to have significant eftecthe fire conditions in particular

scenarios [47,48]. In this case, the reciprocalnaqme factor,7 (m*?) is defined as

[1]:

(3.4)

The reciprocal opening factor is the ratio of thelesure solid surface area relative to
the main ventilation parameter, the product of apgrarea and weight-averaged
height of the enclosure openings. For the caseudfipte openings of varying sizes,

the values ofA, and h are defined as per the modified values defined thar

respective scenario defined in Figure 3.1.

3.2.2 Describing the Fire

The main purpose of the model is to evaluate whedhg fire protection is required
on external structural steelwork, hence the fireomy characterised in its fully
developed, post-flashover stage, when it is moséeted to produce external flaming.
Additionally the steady-state conditions assumedtie heat transfer calculations to
the external steel are more likely to be found miyithe post-flashover stage of fire

development, than in the growth and decay stages.

Beyond the dimensions of the compartment and ienimgs, the only other input
parameter required is the fire lodd,(kg). This is a measure of the total amount of
combustible fuel within the compartment, expressetérms of “equivalent amounts
of wood which would evolve the same amount of fi@athe actual fuel] when burnt”
[1]. For a particular scenario, this is often definn terms of the fire load density,
(kg/m?), an average of the fuel content per unit flo@aaexpressed as the quotient of
the fire load,L and the total floor ared: (m?). Together with the properties of the
enclosure geometry, the fire load paramdtes found to affect the conditions of the
internal compartment fire [47], particularly in tf@m of the compartment scenario

parametery (kg/nm):
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L
Y = — (3.5)

(A, A )2

which subsequently features in several equatiohsWithin the model, the internal
fire is mainly described by a uniform burning raded a single resultant fire
temperature. Consequent external flaming is thearadterised in terms of flame
dimensions, flame projection and temperature ¢hgtion along its axis.
Characteristics of the fire and external flame,hsas emissivity and the convective

heat transfer coefficient, are also defined.

There are two main sets of calculations for firevedepment for two distinct
scenarios. The potential variation in amount oftlé@t can reach and take part in the
fire has been found to influence fire behaviour-68}. Hence, if the scenario includes
openings on only one wall or two adjacent wallg, sbenario is expected to hawo*
Through Draught (alias natural draught) conditions. If there are openimys
opposite walls or if there is an alternative suppfyair fed into the compartment,
“Through or Forced Draughtconditions are considered [1,57]. The prospective

effect of wind [66] is considered separately.
3.2.2.1. No Through Draught (ND)

3.2.2.1.1. The Internal Fire (ND)

Under No Through Draught{ND) scenarios, there are two distinct conditidhat
may characterise the internal fire. If the comparimis well ventilated, the fire is
expected to burn freely undkrel-controlledconditions, with a different burning rate
and fire temperature than a compartment which @erswentilated, burning under
ventilation-controlledconditions. In order to identify which of theseotwonditions
the scenario falls under, the rate of burning, (kg/s) is calculated for both
conditions. For a fuel-controlled fire, the rateboirning is defined as [1,26,46]:

Fuel

M,y = L (fuel-controlledfire) (3.6)
Ie

45



Chapter 3 The Analytical Law Model

whereL (kg) is the fire load in equivalent kilograms obed andz: (S) is the free
burning fire duration, whereas for a ventilatiomtrolled fire, the rate of burning is
defined as [1,26,48]:

_ 018f1 - &)
ent (Djé
W

where only compartment geometry and ventilationapeaters feature. These

N =

@entilation-controlledire) (3.7)

A,h

parameters are defined relative to their correspgndcenario as defined in Figure
3.1. It should be noted that Equation (3.7) hasnb#srived from a best-fit through

data pertaining to a number of both model-scaled@]7and large-scale [58,59,89]

tests. Since the units of the parameters featur&juation (3.7) are not consistent, it
is implicit that the coefficient 0.18 has units (kif-°), therefore there may be further
parameters of importance within this coefficierattare yet to be found.

The actual burning rate of a specific scenarim, is then defined by thiewestof the
two burning rates, hencén = min(Mryer ; Mven). Nevertheless, subsequent fire and
flame calculations are identical for both fuel-cofied and ventilation-controlled

conditions, differing only by the value of ratelafrning used.

The internal compartment fire temperaturg(K) is given by [1,26]:

T, :[600({&%} (1o )J + T (3:8)

/75

where the previously defined reciprocal openinddga; and compartment scenario
parametery/ are used and the ambient temperafliyés input in degrees Kelvin (K).
As this correlation was also empirically deriveak toefficient 6000 must have units
(K.m%%) and again may be composed of several other paeesnihat have not yet
been identified. This fire temperatuiig,is an important parameter that features in the

‘radiation from the fire’ component, as expresseé&quations (3.2) and (3.3).
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3.2.2.1.2.  The External Flame Shape and Temperature Distribution (ND)

Consequent external flame conditions are definéaggusotional flame shapes’ as a
geometrically simpler, idealised representationthed actual emerging flames. The
flames are defined in 3D with temperature varyinginty with distance from the
opening, along a central axis. Figure 3.2 illustsathe notional flame shapes used to
describe external flames undéo Through Draughtonditions, the main dimensions

of which are described below.

2h3
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Figure 3.2.External flame geometry und®io Through Draughtonditions: (a) a plan view of the
flame protruding from the facade; (b) an elevatibthe flame when there is a wall above the window
and the conditions are satisfied for an adhereddlgc) an elevation of the flame when there is no
wall above the window or when other conditions eatle flame to protrude away from the wall. Key
characteristic dimensions are labelled, the flarig ia shown as a dotted line andndicates the flame
axis length below the opening soffit. The flamassumed to project from the compartment at aralniti

angle of 48to the horizontal. These images have been exttdicien Law and O’Brien [1].

The flame heightz (m) is defined from its base, at the opening sdtbp sill),
vertically to its tip where the flame temperatuses lilecreased to 813 K (~5%0), as
depicted in Figure 3.2. The flame height is exprdsss [1,26,46]:

win

z=16h — M | _p (3.9)

A, plghl
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where a buoyancy term features wherékg/nr) is the density of the gases flowing
out of compartmentg (m/s) is acceleration due to gravity afmdis the window
opening height, as defined above, together witlapatersm andA,,. Although the
units within this expression are consistent, theratation is empirical in nature,
having been derived as a best-fit through a nunobetata from model-scale tests
[47,52-55] for which data scatter was significdfdr design purposes, Law simplifies
Equation (3.9) by taking the gas density to be kgBn® (taken at 540°C) and
gravitational acceleration to be 9.81 fi{526]:

z = |128h° {ﬂ} - h (3.10)
A,

and then further simplifies this to [1,26]:

Z = [12.8[—?}1 - h (3.11)

Although Law makes no further comment on this rasienplification, its validity is
discussed in Section 3.4. The flame width is simipken to be the same as the width
of the window,w, even as it projects outwards, while the flametldép described as
two-thirds of the window height,h23 [1,26], equivalent to the height of the neutral
plane down from the opening soffit, which descritlesarea of outflow. For the case
of multiple windows, particularly when these aréedent sizes as in Figure 3.1 case
(i), w andh are redefined asi, andhy,. It is unclear both in the Law Model [1] and
the related literature detailing its derivation J[26 the window width,w and opening
height, h used to define the flame width and depth refeth® modified values
described in Figure 3.1 case (ii), or whether thefer to dimensions of a specific
window. Hence, since the rate of burning for suchaae is defined by, mo for
multiple windows, these values have been assumedefer to the modified
dimensions, resulting in an averaged flame heighsfor all windows. In any case,
the full expression given in Equation (3.9) is give the Eurocodes hence in these
mainstream standards the simplification expressé&thuation (3.11) is not used [2].
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The horizontal projection of the external flame magry in accordance with the
external geometry. It is measured horizontally friva facade to the flame axis, as
depicted in Figure 3.2. A wall above the comparthveindow is defined as a vertical
surface that will retain its “integrity” during &ré and “exceedsz23 in height” [1]. If
these conditions are not met, the window is deenmédo have a wall above it. The
presence of a wall limits the amount of air that b&@ entrained into the back of the
plume and hence the flame tends to adhere to tHe lvaiting its projection.
However, the width of the window can also affect thame projection, as very
narrow windows lead to narrow flames. In this caseyided there aren’'t any other
windows close by, the presence of a wall providesteéd restriction to the air
entrainment behind the plume as some air can braieat from the sides. Hence, if
there is no wall above the window or if the wind@anarrow and well spaced from

other windows, the flame will be projected outwairdsn the facade.

For a scenario with a wall above a window thatas marrow and/or has no windows
at a distance closer thawAthe flame adheres to the wall hence the flamgegtion

is simply half the flame depth [1]:

>
1
w| >

0 h<1.25v (3.12)

If there is a wall above the window but the windmanarrow and other windows, if

any, are at a distance greater tharadvay, the flame projection is defined as [1,26]:

N
x = 03h (—j O h>1.25v (3.13)
w

On the other hand, when there is no wall abovewimelow of interest, the flame
projects further, and its horizontal distance frtime facade to the flame axis is
defined by [1,26]:

1

X = o.6h(ﬁj3 (3.14)
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This defines the basic geometry of the external dlamiustrated in Figure 3.2,
allowing for a definition of flame temperature distition within the flame. Flame
temperature]T; (K) is assumed to vary only along the flame heightl is defined
along the flame axis [1,26]. Thus the axis tempgeatat any point represents the
flame temperature through the cross-sectional pfaogided it intersects the point
and its normal is parallel to the flame axis. Thanfé axis is simply defined as
running through the centre of the flame as depibtethe dotted line in Figure 3.2 (b)
and (c). With the distance along the flame axisotiesh byl (m), running from the

plane of the window to the flame tip, the tempemtlistribution is defined as [1]:

T,-T Iw
z__2 =1-0027—
- - (3.15)

where the subscripb® describes conditions just at the ‘window plangévertheless,
in order to pin-point a flame temperatuiig, (K) at any particular point along the
flame, T, (K) must be known. The temperature at the baskeoflame,T, is found by
benchmarking against the total flame length aldasgxis,X (m) and the temperature
at the flame tipTy (K) assumed to be 813 K (~540) [1,26,46,57]:

813-T,
T 2 + T (3.16)

=S

where the length of the flame axiX, (m) is found by simple trigonometry. The
temperature just at the plane of the winddywcan be found to exceed the internal fire
temperatureT;. This is expected as often a significant portiorpaitially combusted
fuel emerges from the compartment and burns outsidevindow as described by
Bullen and Thomas [67]. The temperatUigis input into Equation (3.15) enabling
the flame temperatur@; to be defined for any point along the flame agisfined by
lengthl (m). This provides yet another input variable foe heat balance Equations
(3.2) and (3.3).
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At times, obstructions may be present between timelaw soffit and the spandrel
wall above. Awnings, balconies and other projediabove the window may affect
the flame shape if they are deemed to be fire tegdislf such an obstruction lies in
the regular path defined for the flame, it deflettts flame away from the facade as
found by Yokoi [52]. The flame will follow the lenigtof the projection and then its
height, if applicable, however once past the olosisa, the flame will then deflect
back to its original trajectory at an assumed awnglé5’ provided it is long enough.
Although the flame shape changes, the length alsngxis remains constant, so the
calculation for the flame heightz and flame projectionx should be adjusted

accordingly.

3.2.2.1.3. Flame Emissivity (ND)

The emissivity of the external flameg, is related to the flame thicknesk,(m) in a
relationship described by the Beer-Lambert law 1], turn, the flame thickness is
defined relative to the location of the steel eletrad interest [1,26]. It is taken as the
dimension of the flame perpendicular to the surfaicéhe steel member of interest,
hence normal to the flame face the surface ‘saesttty. This can vary depending on
whether the steel member of interest is a columa lbeam and also if the member is
engulfed in flame. In the latter case, the thicknisscalculated as just the portion of
the flame the specific surface ‘sees’. In any c#se,thickness should be calculated
individually for each face of the steel member dnel thickness is cumulative if a
given surface ‘sees’ several flames emerging frafferédnt windows. Once the flame
thickness has been specified for each face oftéw mmember, it is used to find the

emissivity of the flame relative to the faces tteek‘sees’, as [1,21,26]:

£, = 1-e %% (3.17)

where the emissivity is dimensionless. The flamessivity is another variable that
features in the heat balance Equations (3.2) alj. (8. some specific cases the flame
emissivity from the exposed faces of a steel memaberaveraged, however further

details are given by Law and O’Brien [1] for spexgcenarios.
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3.2.2.1.4. The Convective Heat Transfer Coefficient (ND)

A simplified approach is taken for the calculatiohthe convective heat transfer
coefficient, a (kW/m”.K). Details of the simplification are given by Law a paper
that explains the development of the model [26]. &pproach relates the convective
heat transfer coefficient to the ratio of the bogirate to the area of the opening as
this has been found to be proportional to the nflass of hot gases per unit area of
the opening. The coefficiemt is also related to a characteristic dimensiorhefsteel
member cross-sectiond, (m). The steel member’s surface orientation is raicebe
perpendicular to the flow as this yields a maximuatue for the coefficientg. This

iIs deemed to be a conservative assumption, patlgubr a fuel-controlled fire [26].
For a case with multiple windows of varying sizéise value ofA, used is that
redefined in Figure 3.1 case (ii) Agmo as this will provide a generalised estimate of
the coefficient [1,26]:

1 04 m 0.6
a = 0026[aj (Ej (3.18)

Irrespective of the cross-sectional shape of teel stlement, for the purposes of the
model, a rectangular geometry is used, its dimassdaefined by closely enveloping
the real steel shape, as illustrated in Figure 3.3.

d

o

Figure 3.3.A cross-section through sample structural steel bezs) where the characteristic
dimensionsd (m) are shown for both: (a) a circular sectiorg @m) an I-section. The dimensions are
obtained by taking a rectangular envelope arouaddttions, the dimensions of which are takenes th

characteristic dimensions of each section.

For cases where the rectangular envelope aroundtdéie section is square, where
both sides are of the same dimensidras in Figure 3.3 (a), them is simply the
characteristic dimension of the section. On thesiothand, although not explicitly
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mentioned by Law and O’Brien, example cases pravidd show that when the
rectangular envelope around the section has sidegoodiffering lengths such a$
andd, in Figure 3.3 (b), an average of both lengthes. (d; + dy)/2) is taken as the
characteristic dimensiomnl. Although this approach mainly applies to the cartive
heat transfer coefficient for steel elements emglih flame,a, it is also used for the
coefficient of elements that are not directly efgailin flame,as where heat from the
steel is lost by natural convection [1]. The useéeqfiation (3.18) to define botlx,
and as is justified by theassumptionthat “the air in the region of the windows”
(pertaining toas) “will be similar to that in the flame” (pertaingnto a;) as “the
velocity of hot gases out through the window arel ¥Rlocity of the wind (ambient
air) are [taken to be] similar’ [1]. While some gsoapproximations are made in
defining the convective heat transfer coefficiemtthe Law Model, most are made to
err conservatively, allow for a single coefficianit general applicability to be used
such as not to over-complicate the model. The sagmte of these assumptions is
further discussed in Section 3.4. Both these paensmideature in heat balance
Equations (3.2) and (3.3).

3.2.2.2. Through or Forced Draught (TOFD)

For Through or Forced Draughtonditions, where there is an extra supply oflzrijt
through openings on opposite walls or via an adtieve supply of air fed into the
compartmenti(e. a fan inlet), the calculation procedure is simitathat described in

Section 3.2.2.1 however several equations aretbligtodified.

3.2.2.2.1. The Internal Fire (ToFD)

Contrary toNo Through Draughtunder theThrough or Forced Draughscenario
only free-burning, fuel-controlled conditions prévas it is assumed there is always

sufficient ventilation. Hence the burning ratelis?6,46]:

) L
m= — (3.19)

where the variables are the same as those desanilkgguiation (3.6) above. Law and

O’Brien assume this to be appropriate for “mosetypf furniture found in buildings”
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[1] (N.B. Building contents have changed considerably sitiie work was
undertaken). The fire temperature however appearset@nly dependent on the

compartment scenario parametgrand the ambient temperatufg,

T, = 12000-e%% ) + T, (3.20)

where all temperatures are described in degreedrKé). The fire temperature is
one of the variables required in order to condine heat balance described in
Equations (3.2) and (3.3).

3.2.2.2.2. The External Flame Shape and Temperature Distribution
(ToFD)

Analogous to théNo Through Draughscenario external flame conditions under the
Through or Forced Draughscenario are defined using ‘notional flame shapes!
the flame temperature is defined as varying onbnglthe flame axis. At any point
along the axis, the axis temperature defines aotmitemperature through the cross-
section of the flame, normal to the axis. FiguekiBustrates the notional flame shape
used to represent external flaming un@lerough or Forced Draughtonditions. The
key dimensions labelled are described below andfltmee axis is indicated by a

dotted line.
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Figure 3.4.External flame geometry und&hrough or Forced Draughtonditions: (a) a plan view of
the flame projecting from the facade showing then widening with distance from facade, and (b) an
elevation of the jet-like flame seen to project gfram the facade. Key characteristic dimensioms ar
labelled, withX (m) indicating the flame axis length. These imaggee been extracted from Law and
O'Brien [1].
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The flame heightz (m) is again defined from the opening soffit (&l vertically to
where the flame temperature has decreased to 813540 °C), however under
Through or Forced Draughtonditions the flame is more jet-like and the et$eof
buoyancy and turbulent mixing are not as significdn57] so the flame shape is

slightly different. Under such conditions, the flaimeightz is defined as:

z = (23.9[1}043[ mD - h (3.21)
LA

whereu (m/s) is the draught velocity, taken to be the esas the general wind

velocity. Since the Law Model is intended for desig wind velocity of 6 m/s is
suggested and justified by Law and O’Brien [1], leoer other values can be used if
deemed more appropriate for a specific scenarialé/the total opening ared, is
identical to that defined in Section 3.2.1 and #p=tin Section 3.2.2.1 for either
single or multiple openings, und&hrough or Forced Draughtonditions the flames
are assumed to only project from “half” of the womes [1]. It is assumed the draught
is drawn in through the openings on one wall amanés emerge only out of the
opening on the opposing wall, occupying the whaberong area. Although Law
specifically designates the flames as projectiognffhalf” the number of windows, it
is thought they will project out of all windows ame of the walls regardless of
whether the openings are equally distributed thinougjthe compartment walls. Since
the wind direction is unknown in a design scenatie,calculation should be repeated
for all main wind directions necessary, dependinghow many walls have openings
with structural steel members on the outside. dusth be noted that Equation (3.21) is
empirical hence the coefficient 23.9 has units*{&1°%kg?) in order that the

correlation is dimensionally correct.

The jet-like properties of the emerging flames, eausy the draught flow, mean the
flames always project outward from the facade speetive of whether there is a wall
above the window and other opening conditions #ftgcted the flame projection
under No Through Draughtconditions. The projectionx (m) hence becomes a

function of the draught velocity, and is defined as [1,26]:
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2 022
X = 0.605(%) (z+h) (3.22)

where it is measured horizontally from the facaméhe flame tip. The definitions of

flame height and flame protrusion relative to dt#ugelocity mean an increased wind
velocity will result in a decrease in flame heidtt an increase in flame projection
and vice-versa. It should again be noted thatighaé empirical correlation therefore
the coefficient 0.605 must have units {A’*) to enable adequate dimensional

consistency.

Under theselhrough or Forced Draughtonditions, the flame width is assumed to
occupy the width of the window as it exits the camment, however experimental
observation has shown it to widen as it gets furtihem the opening [57]. The
widening is found to bear no correlation to anycHpe parameter, so the average
angle of widening observed 157] is used, by relating the width of the outesn
flame face to the flame projectior,[26]. This flame shape widening effect can be
seen in Figure 3.4 (a), in plan view. At its widesttthe flame face furthest from the
facade, the flame widthy, (m) is [1]:

w, = w + 04x (3.23)
The main dimensions of the notional flame shapenaftar calculation of the flame
axis length X (m) by means of simple trigopnometry, such thatftame temperature
distribution can then be specified. As is the césethe No Through Draught
scenario, the external flame temperature is defiagda distribution between two
known temperatures, one at the flame base in platethe window,T, (K) and the
other the temperature at the flame fip(K), defined as 813 K (~54{C). Hence, in
order to determine the temperature at the baseeoflame, the flame axis length and

the flame tip temperature are used as a benchriprk [

813-T
T, = 2 + T (3.24)

O [1— 0.019 A‘“(Eﬂ a
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where all temperatures are in degrees Kelvin @) represents the total area of the
openings and all parameters have been previoudipede This is an empirical
correlation and the coefficients have units to aotdor the dimensional disparity
between the parameters specified. It is expectadl tthe temperature just at the
window, T, is found to be smaller than the fire temperatliyelue to the excess of air
inside the compartment and the subsequent frearguoonditions expected. In turn,
the flame temperaturd@; (K) can be defined at any distant€m) from the window

pane along its axis, as [1]:

T, :ql— 0.019A§(r'—_nﬂ [T, —Ta]j + T, (3.25)

where again all temperatures are in degrees Ké)imnd all parameters are defined
in this section, above. This flame temperaturess ahe of the parameters required to
conduct the heat balance described in Equation} £8®(3.3).

Although the general flame shape differs unddmough or Forced Draught
conditions to that undédo Through Draughtonditions, the presence of an external
obstruction above the opening soffit may also hasggnificant effect. As specified
for the No Through Draughtscenario in Section 3.2.2.1.2, an awning or bajcon
projecting from the facade just above the windowldaleflect the flame, provided
the obstruction is fire-resistant. The flame trajegtwould be altered just as described
in Section 3.2.2.1.2, however beyond the obstracti® flame would tilt back to its
original angle of projection. Similarly, the dimémss of the flame height and flame
projection would change accordingly but the lengttihe flame axis would remain
constant [1]. Furthermore should the obstructioraba distance above the window
soffit, simple trigonometry must be employed toedetine whether it would still

intersect the flame trajectory and hence deflect it

3.2.2.2.3. Flame Emissivity (TOFD)

The emissivity of the external flame remains undaédcby the draught conditions.
Therefore Equation (3.17) and the definition desctilbeSection 3.2.2.1.3 also apply
underThrough or Forced Draughtonditions.
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3.2.2.2.4. The Convective Heat Transfer Coefficient (ToFD)

The convective heat transfer coefficient, on theepttand, is affected by tférough
or Forceddraught velocity,u. Although its derivation and application is simit®
that described in Section 3.2.2.1.4, un@lkrough or Forced Draughtonditions the

convective heat transfer coefficient(kw/m?.K) is defined as [1,26]:

N(m u)”

where the rate of burningh (kg/s) is defined above and draught veloaditym/s) is
taken as the draught or wind velocity, which Lavd &iBrien recommend be taken
as 6 m/s for design purposes [1], but can in facspecified for any given scenario.
While the parameters featuring in Equation (3.26peap to present dimensional
inconsistency, it should be noted that, as befibris,is an empirical correlation and
the denominator 1.6 has units®g™) as does the coefficient 0.0098<3kg%°s®em’
%3 The definition of the characteristic length scaleliscussed at length in Section
3.2.2.1.4, should also be referred to forTineough or Forced Draughtondition.

As is the case for thido Through Draughsection, this approach applies both to steel
elements engulfed in flamez, and those not directly engulfed in flamm, and the
assumptions made throughout the steps outlinedeaa@/more thoroughly discussed
in Section 3.4 below.

3.2.2.3. The Effect of Wind

The potential effects of ‘through’ wind have alredsBen considered in théhrough
or Forced Draughtsection, however ‘lateral’ wind may also have geptal affect on
the flame shape. Since Law and O’Brien [1] assumdraught velocity in the
‘through’ direction for a case where there are apgson two opposite walls, the
effects of a ‘lateral’ wind are only considered andNo Through Draughtonditions.
Since it is difficult to quantify the general efteof ‘lateral’ wind on an external
flame, particularly for design conditions, a maximmsideways deflection of the flame
by 45 is assumed due to the effect of wind [1]. Heneeldhsic flame shape is taken
from the notional flame shape defined in SectioR.231.2 and then modified by

tilting it sideways by 4%using simple trigonometry as shown in Figure 2bt.
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Figure 3.5.Plan view of the external flame geometry tiltedesidys by ‘lateral’ wind. This image has

been extracted from Law and O’Brien [1].

In design, it is prudent to allow for a worst-casmnario however the worst-case
conditions for structural steel heat exposure nmay depending on the location of the
member relative to the compartment openings. Thesalculation should always be
carried out for botlstill conditions and the effects wfind such that the worst-case
can be identified and designed for [1]. Under wirdyditions, the side to which the
flame tilts should be taken as that which bringsftame closer to the steel member.
The effects of gusting are not accounted for ashtat balance described in Section
3.2 describes steady-state conditions which reqttiree for equilibrium to be

established” [1]. In any case, over a period oktigusting should average out.

3.2.3 Heat Transfer to the Structure

The heat transfer from the internal fire and exteflame to a structural steel element
can be determined once the fire and flames have teeoughly described. Section
3.2.2 provides all the parameters required forhbat balance Equations (3.2) and
(3.3) for steel members both engulfed and not deduby flame, respectively, with
the exception of the configuration factgp,and the resultant steel temperaturg,
Therefore, once the configuration factor is definbe, heat balance equations can be

rearranged to determine the resultant steel tempera
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3.2.3.1. The Configuration Factor

The configuration factor is a ‘view’ factor that auidies the portion of radiant energy
leaving an emitting surface that arrives at a ngrepoint at a certain distance and
orientation away. Therefore the configuration factan vary from zero to unity, with

potential for having a significant effect on thediegion components of the heat

transfer equation.

In the Law Model simplified notional flame shape® aised and only rectangular
openings are allowed such that all radiating sedaare rectangular in shape. The
window shape is taken as the surface emitter ®irtternal fire while the flame faces
‘seen’ by the different faces of the steel membertaken as the surface emitters for
the external flames [1]. A poin® is chosen on the steel element surface as the
receiver so the heat transfer calculation can beenta that point. If the point is on a
surface that is parallel to the emitting surfabe, ¢onfiguration factor is described as
[1,90,91]:

1 a a b b a a
= — -t - — —_— (3.27)
P (()1 e {()}

wherea = h'/S andb = w'/S, whereh’ (m) is the effective height of the radiating
surface,w’ (m) the effective width of the radiating surfaged&s’ (m) the distance
between the point and its perpendicular projectbonthe emitting surfaceR’ as
shown in Figure 3.6 (a). The effective height andtlv measurements define the
radiating surface and one of its corners mustni¢ghe effective projection of the steel
point, P’. Should the radiating surface location not makes directly, the surface can
be divided into component rectangular radiant seda all of which have a corner
centred on pointP’, as shown in the lower half of Figure 3.6 (a). idlal
configuration factors are then calculated for eaomponent panel and they are
simply added together to determine the overall igométion factor for that specific
arrangement. Should the projected pdéthtall entirely outwith the radiating surface,
a similar composition of component panels centreadP6 can be made and the
individual component configuration factors can dded or subtracted as necessary to

represent the overall configuration factor for thaengement [1,91].
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Similarly, should the emitting surface and the acefthe point receiver is on be at an
angle @ (rad) to each other, the following equation is dus® describe the

configuration factor [1,90,91]:

@ = 2i tan'(a) + [ (bcoss) -1 ]tanl{ a J

L+ b2 - 2b cosd) [+ b2 - 2b cosa)

a cosd 4| b-cosg a cosd
| t . t . (3.28)
(a2 +sin? HF { o [[a2 +sin? 0]5] o [[a2 + sin? HF ]]

where agaira = h/S" andb = w'/S, whereh’ (m), w’ (m) andS' (m) are shown in
Figure 3.6 (b) and (c). The angl&, (rad) is taken as the angle between the planes
where the emitter and receiver lie. Again, an eifecpoint,P’ is taken at a distance,

S' along the plane on which the receiver péiiites, at the point where the two planes
intersect. If the radiating panel does not havemer that lies directly on poilR’,
component rectangular surfaces are again used terndee the component
configuration factors, that are then a added otraated as appropriate, to find the
overall configuration factor. The key dimensione &belled in examples illustrated

in Figure 3.6, where the case of a receiver pelpatat to the emitter (b) is a specific

example of the general case (c), in which the ahgteveen the two planest®# rad

(90°).

The location of the point on the steel member isallg taken where the heat exposure
it expected to be at its greatest. Experiments Bhegvn that this is often the point on
the steel member nearest the opening soffit arsdgrhe point recommended by Law
and O’Brien [1] for most scenarios described. Hoevethis may vary and the user
may decide to conduct the heat balance at a fef@rdift points in order to identify

the worst-case scenario. In most cases, Law ttmmm@ends the configuration factor
be calculated for central points on each face ste@l element at a certain cross-
sectional level and a combined use of these cordigun factors weighted over the

length of each face is employed to obtain an awetagperature for the section [1].
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Figure 3.6.Example configurations of radiative emitter surf§oimk) and receiver poirR on steel
surface, with key dimensions labelled accordinglgere: (a) emitter and receiver surfaces are mdyall
(b) emitter and receiver surfaces are perpendicalaubset of the general case; (c) emitter areiverc

are at an anglégwhich is the general case. These images haveyrwesth extracted from Law and

O’Brien [1] with some slight alterations.
3.2.3.2. Steel Temperature

The heat balance equations for steel elements fedg(@f. Equation (3.2)) and not
engulfed ¢f. Equation (3.3)) in flame can be rearranged suahttie unknown steel
temperature terms are shown to equate to a conmnaitterms with parameters that
are defined in Sections 3.2.2 and 3.2.3.1 aboveatians (3.29) and (3.30) show the
total heat flux incident on the steel - from radiatfrom the fire and external flame

and convective heat transfer from either the flafihelement is engulfed, or from the
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surroundings if it is not engulfed in flame — eqogtto the total heat loss from the
steel by both radiation and convection as steaalg stonditions are assumed. If the

steel is engulfed in flame, the heat balance car&e@anged to show:

£0T! + (-&)poT! + aT, = T, + aT, (3.29)

and if the steel element is not engulfed in flame:

EQoT! + @oT! + aT, = 0T} + aT, (3.30)

where in both caseg is the configuration factor for the fire with resp to a point on

the steel surface and in the case of steel notliengun flame @ is the configuration

factor for the flame with respect to that pointl pdrameters are known except for the
resultant steel temperature at steady-stat€K), which can be solved for using an
iterative process. Although for most cases Law &@iBrien state the model is

“insufficiently sensitive” to render separate cddétions for the temperature on each
face of a steel member, the case of a deep spameket provides an exception [1].
Since its orientation is usually horizontal, thenperature variation between the
beam’s upper and lower flanges can be significéhis temperature difference may
be considerable as the height of the beam web opagte to a significant temperature
change along the flame axis and the upper flangheobeam will also not receive a

radiation component from the compartment fire adiie ‘view’ factor would be zero.

In the Law Model the steel temperature reachedeaidy-state is the parameter used
to evaluate whether a structural element will failperform under fire conditions.
Law takes the average steel temperature of’65Mence ~823 K in the model) as the
average failure criteria [92-94] in tests standasistance tests carried out according
to BS476: Part 8 [95], however a different valuae & taken if it is justified, for
example by the use of different grades of steetd]l,Should the resultant steel
temperature be higher than that specified in tilaréacriteria, the scenario has to be
adjusted by either shielding the steel member, loying it or by rearranging the
dimensions and location of the compartment openiAgy new arrangement should

be rechecked using the Law Model before any extstnactural steel is left bare [1].
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The suitability of defining a single temperaturetlas failure criteria for a structural
steel element — under stress from loading and teatye gradients and with the
potential for different types of support conditiozasd end restraints at the structural
connections — can be questioned [21,65] however ithioutwith the scope of the

present research.
3.2.3.3. Total Incident Heat Flux

Although the Law Model has been developed to cateuthe temperature of external
structural steel elements resultant from insulirfr@ compartment fire and consequent
external flaming, the theory expressed in Secti@has wider applications. The total
incident heat flux described by the left-hand-sididequations (3.29) and (3.30) can
be applied to other external elements. While urislear whether the Law Model was
devised to allow for structural members partialimbedded in the facade or even
encased in the facade flush with its surface, tbeehat no point specifically states
that it is inappropriate for such calculations.hsiigh example cases are given for
spandrel beams and external columns, the membevwsnsire external to the building
facade, at most with one single face flush withfégade, but generally at a distance
from it. Nevertheless there is no reason to assilm@enodel could not be similarly
applied to a member that is encased in the facaitheonly one of its faces exposed,
externally flush with the fagade. Such a case weulable calculation of heat flux to a
point on the facade, which could in turn be appted ‘receiver’ material, be it the
external cladding or the glass from the window he tompartment above. Further
discussion of the application of the model to elets®n the plane of the facade can
be found in Chapter 5 where the model is analysetkiail.

3.3 The Experiments used to validate the Law Model

The overall model methodology described in SecBdh has been justified by its
authors through comparison of calculated modellt®snd a variety of test programs
carried out in the years prior to its developmé&]] Since many of the correlations
in the model were derived empirically from modedlscexperiments, as described in
Chapter 2, it is vital to appreciate the charast&s of the large-scale tests against
which the model was then validated by Law [26].
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Moreover many of the correlations used in the Lawdet derive from tests devised to
investigatefundamentalcorrelations between the several parameters idsohtifit
appears many of these correlations, although ecapin nature, were not particularly
developed with the concept of their application émsignin mind. Hence, most
correlations derive from a line of ‘best-fit’ thrgln data points rather than taking a
‘conservative’ fit that ensureall data are accounted for by an over-estimate. This,
unavoidably, has the potential to carry through s&m-conservative’ trends in to the
Law Model which is mostly geared toward consenatdesign. It is therefore of
particular interest to analyse the discrepancy betwthe large-scale data obtained
from the tests listed in Table 3.1 and the Law Maderelations.

3.3.1 The large-scale experiments used for model validation

The Law Model is intended for use in ‘full-scale@drapartment design therefore in
analysing the model it is important to consider sitale and characteristics of the
large-scale experiments used for model validati@able 3.1 contains a summary of
the main characteristics of the large-scale expantsiLaw [26] used to conduct circa
50 experiments, the data of which was then compagainst the correlations

developed for the Law Model.

The large-scale experiments summarised in Tablec8vkr a significant range of
compartment sizes, comparable to those for whiehLtéov Model may currently be
employed in design. The largest experimental cotnpart against which the Law
Model was validated is 12.6 m by 6.6 m by 2.7 mhhagd the average compartment
size used is 6 m by 6 m (and 2.6 m high), withl#rgest number of compartments
measuring about 3.6 m by ~4 m (and ~2.5m high).|&\thiese are all fairly standard
compartment sizes, they do not cover large openespge compartments that often
feature in modern building design.

On the other hand, the opening sizes used in th@spartments mean the range of
reciprocal opening factors investigated was oniwvben 5.4 nt’? (3 %4 and 40.8
m? (22.5 ft'/3). Furthermore, 23 out of the 50 tests fall in $4-14 m"? range, 21
tests in the 14-18 ¥ range and only 6 out of 50 tests fall in the lart@-40.8 N>
range ¢f. Figure 3.7). Hence, the adequacy of the Law Matetrelations for
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compartments with reciprocal opening factors ov@mi? has not been thoroughly
explored and for compartments with reciprocal opgriactors over 40.8 #f it is not
known at all. Nevertheless Law assumes the colwekatgenerally apply, justifying
the value of the model by stating that if “a desapproach is adopted, it not only
obviates the need for thead hoctests, but also extends to sizes of fire well Inelyo

the limits of size of practical fire tests” [26].

Test Depth(m) Width (m) Height (m) Type of Fire Load

Yokoi 1 [52] 9.7 13.4 35 Timber

Yokoi 2 [52] 35 4.3 2.5 Timber

Yokoi 3 [52] 2.5 5.0 1.7 Timber

Yokoi 4 [52] 2.5 5.0 1.7 Timber, plywood linings on
walls and ceiling

Trenton [96] 7.3 17.1 2.7 Wood cribs of sticks 38mm
thick

Disney World [60] 8.5 4.3 2.6 Wood cribs of sticks 88.9mm
thick @ 24.5 mm spacing

Borehamwood 3.7 7.6 3.0 Wood cribs of sticks 45mm

[58,61] thick @ 45 mm spacing; Fire

insulating board on walls

and ceiling Test S

Tranas | [63] 12.6 6.6 2.6 Mixed Furniture

Tranas Il [63] 12.6 6.6 2.7 Mixed Furniture

Carteret [59] 3.7 3.0 2.4 Wood cribs

Kordina [64] 5.1 3.6 2.7 Office Furniture

Websteret al [55] 24 2.4 2.4 Wood cribs of sticks 24.5mm
thick

Underwriters [62] 3.7 3.0 3.0 Wood cribs of sticks 38.1mm
thick

Metz [89,97] 3.7 3.4 3.0 Wood cribs of sticks 70mm
by 45mm thick @ 45mm
spacing

Table 3.1.Information detailing the main compartment dimensiand types of fuel used to conduct

several large-scale fire tests which were then tsedlidate most of the Law Model correlations][26

One thing that stands out from the collection ofiéascale tests listed in Table 3.1 is
that most involved only wood cribs as fuel. Althbugome data are available for

experiments using office furniture as fire loadylLstates that “strictly speaking, the
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information derived is only applicable to fires atving mainly wood fuel” [26].
Hence, the Law Model is ongssumedo “give reasonable correlation with domestic,
office, and similar types of fire load” [26]. Thests covered a significant range of fire
load densitiescf. Figure 3.7) with the Borehamwood tests alone casimy load
densitiesL” of 7.5 kg/nf, 15 kg/nf, 30 kg/nt and 60 kg/rfi[58], which covers the
range expected in regular building occupancies. flieé distribution however was
mostly homogenous throughout the compartments.offh in some cases the fire
load was varied from one single large crib to salvemaller, equally spaced cribs, the

fuel distribution was always fairly even throughthe compartment floor.

In terms of ambient conditions, most tests weredacted undeNo Through Draught
conditions. Only the Underwriters’ Laboratories [&2] test were conducted under
Forced Draughtconditions and some of Webster’s tests [55] ufideough Draught
conditions, although it is unclear which testsanfy, where conducted unde&nrough
Draught conditions generated by the presence of openimgspposite walls. The
relative positioning of the openings with respectlistance from the ceiling was also
not specifically investigated. Although it is notaied to be of great importance,
none of the tests were conducted under particutagi ambient temperatures, such

as those expected in warmer climes.

3.3.2 Validation of the Internal Compartment Fire Correlations

The model correlations for rate of burning, and internal fire temperaturé; under
No Through Draughtonditions were derived from a large sample of rmsdale
experiments coordinated by the Conseil Internatiaha Batiment (CIB) [47], as
discussed in Chapter 2. The reciprocal openingofaet (cf. Equation (3.4)) was
identified as a parameter found to influence bdtasé properties of the internal
compartment fire. In defining the correlation foetmeasured burning raté, against
the reciprocal opening factan, a best-fit line was plotted through the data avéd
from the model-scale tests, resulting in a datateicaf circa £ 15% [26]. A few
samples of large-scale tests data plotted on tine ggaph are in good agreement with
the correlation and appear to fall within the saen®r bound at that of the model-

scale data such that the discrepancy is still cir&&% [26].
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The plot obtained from fire temperatufie against the reciprocal opening factgrfor

CIB test data [47], shown in Figure 7.3, is morelidkerown and the trendline is
sometimes referred to as the “Thomas curve” [26]s loften used to define the
reciprocal opening factor range which equates tmaimum compartment fire
temperature for a given scenario undi&r Through Draughtonditions and also to

define the limit of a fuel-controlled fires.a ventilation-controlled regime [21].
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Figure 3.7.The ‘Thomas curve’ developed as a best-fit throtinghmodel-scale CIB test data is plotted
as a dashed line, showing average compartment tatape rise against compartment reciprocal
opening factor foNo Through Draughtonditions. Data from several large-scale testpéotted for
comparison and an adjusted curve (solid line) seemvelope most of the data is proposed by Law
[26]. This image has been extracted from Law [R&]te the units are Imperial — for a similar version

of this graph showing the model-scale CIB test thatain S.I. units, refer to Drysdale [21].

Figure 3.7 illustrates the large-scale data obthinem several of the tests listed in
Table 3.1, where the average rise in compartmeattémperatured; (i.e. Ts — Tp) is
plotted against the reciprocal opening factor valioe each scenario. The data shows
a considerably large scatter compared to the etnvdhomas curve, which is a
trendline of best-fit through the CIB test datadfued line). Law instead provides a
modified trendline, as shown in Figure 3.7 (solite), which assumes there is an
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“upper limit” to the compartment fire temperaturiser [26] and conservatively
accounts for most of the large-scale data showmeitleeless the average temperature
rise is found to be a function of the fire load sign L"” so the correlation is further
modified by Law [26] to include the compartmentrsmgo parametely (cf. Equation
(3.5)). The compartment fire temperatdieis thus defined in the form of Equation
(3.8) above, reducing the error between the cdroelaand the measured data to
+10%, -30%. Similar correlations were made withadadbm the large-scale tests
conducted at Underwriters’ Laboratories [62] undémwough or Forced Draught
conditions and the error between the data and latiors is again found to fall
aroundz+ 20 %[26].

Thus, the correlations used by Law to describegpirameters that define the internal
compartment fire conditions have in several casgsed from best-fit lines through
test data. While the discrepancy between the aiioel and the test data that falls
beneath is only important in terms of the cost t@ild be saved by reducing this
over-estimate if the model were employed for theigte of such a scenario, it is the
test cases for which the data falls above the [atioas that are of concern for life-
safety. While the data from experiments conductecklg has a degree of error
associated with the measurements taken, the tresdlised by Law could potentially
not always be conservative for every design scendhis decision to often take best-
fit lines instead of conservative trendlines thatedopeall the experimental data is of
particularly importance as the correlations are iepnglly-based and further
parameters that may affect the internal compartnfiemtconditions might not be
accounted for in the Law Model.

3.3.3 Validation of the External Flame Correlations

As described in Chapter 2, Yokoi pioneered the aeseinto the properties of the
external plume. The correlations Yokoi developednt a series of model-scale tests,
for temperature and velocity distribution in thetezral plume showed reasonable
agreement with data collected from four furthegéascale, wood-fuelled tests Yokoi
conducted [52].
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Thereafter, Thomas and Law developed correlationthe dimensions and projection
of external flames under thBlo Through Draughtscenario, mainly based on
experiments carried out by Yokoi [52], Seigel [@fjd Websteet al [53-55] (f.
Chapter 2). While the scatter of these data has tescribed as “large” [21], Thomas
is said to have obtained “reasonable agreementdsat the data collected by Yokoi
and Websteet al when correlated using dimensional analysis [BExternal flame
height data obtained from some of the large-sedts fisted in Table 3.1 were plotted
against the correlations obtained from the modalestests. The scatter of the large-
scale test data was significant, which can pert&psxplained by the fact that “most
large-scale experiments specifically designed tamystflame projection” have been
described by Law asatl ho¢ [26]. The large-scale test flame height scatterged
between + 10% to - 90% from the model-scale-bas®delation [26], thus Law
deems the correlation to generally overestimatdlémee height. The correlation was
adjusted to provide a ‘best-fit’ through the laggsle data, rendering a scatter of circa

+ 50% [26]. It should be noted, however, that many & tlame heights within the

lower range were obtained from some of the Undéeva’i LaboratoriedNo Through
Draught tests [62] where the flame height was only visuaétimated. Therefore,
while this correlation is used to define the flahm#ght used in the Law Modetf(
Equation (3.9)), its derivation does not appeandwe followed a very ‘conservative’
approach. Similarly, other correlations for the rela#eristics of the external flame,
plotted against large-scale experimental data bw LI[26], are seen to have a

comparable range of error.

For Through or Forced Draughtonditions, the external flame correlations were
derived by Seigel from large-scale tests carrietl aiuUnderwriters’ Laboratories
[62], under the assumption that a forced draughtlevincrease the rate of burning of
an other-wise ventilation controlled fire to ‘freewning’ conditions [57]. Law
however found that “the effect on ‘free-burning’els was insignificant for the range
of forced ventilation used”, which had a mean a€a@il m/s [26]. Nevertheless the
forced draught was observed to have an effect eretherging external flames and
therefore “for a given rate of burning, a wind malgo affect the flame size and
direction” [26]. On conducting dimensional analysis the large-scale test flame

height data, similar to the analysis conductedhendata pertaining to tests undéo
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Through Draughtonditions, Law used data regression to introduéeoude number
(i.e. U’/gh) into Seigel's correlation. The correlation disey Law, described in

Equation (3.21), results in & 35 %catter of the measured data [26], although it

should be noted that during these tests, the eatélame height was only visually
recorded. Similar data regression leading to taead projection correlation suggested
by Law (cf. Equation (3.22)) results in a + 50%, -40% scaifehe data [26].

Law [98] independently compares the Law Model agjalarge-scale test data from
fire experiments conducted at Lehrte by Kordind 978 [64]. The fuel types used in
these tests vary from wood cribs to domestic afideofurniture, thus potentially not
solely wood-based fuel. The results show a readpngdod agreement with the
correlation developed for the external flame terapee distribution however data for
flame height was again found to have “consideraolatter” and the external steel
column temperatures measured had a few under-pimdicand interestingly, a
couple of very high over-predictions [98]. This apancy indicates that there are
potentially other parameters of influence on théemal fire conditions that have
perhaps not been taken into account in the Law Madeh as the fuel type and fire
load distribution which was not completely unifodue to the use of furniture as fire

loading.

In terms of the measurements taken for radiatioon(ffire and flame) to a point on
an external column, the Law Model calculations seéencompare fairly well, with
graphs plotted by Law [26] showing the calculatiorerr slightly on the conservative
side. Conversely, comparison of Law Model calcolai with external steel
temperatures measured in a number of the large-sesis often features an under-
prediction of the temperature by the model [26].isTdiscrepancy is however
dismissed as “of little interest” as it occurs nipst measuredteel temperatures over
550°C (1020F), which equates to the temperature taken by Lawtha failure
criterion for design [26]. Yetcrucially what fails to be addressed is that in
consequence of this under-prediction, it is at ehesry measuredemperatures that
the Law Model would predict a value deemed to bepfapriate” for the design of
bare steel, which in the case of such a fire woakllt in the failure of the steel

member, according to the failure criteria defined.
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3.4 Law Model Assumptions and Limitations

In the Law Model [1], several assumptions are tyesmmmarised at the start so the

user can gauge if the model is applicable to tegign scenario. These assumptions
are discussed below, together with other more sudsumptions that are inferred

both in the design manual and in the supportingepathat describe the derivation of

the model in more detail. These assumptions halevedl Law to develop a

simplified tool however some of them limit the appbility of the model.

3.4.1 General assumptions

The Law Model was intended as a general methodédsign hence the assumptions
“must always be made to err on the side of safflt}’Law and O’Brien state “it is
likely that with some combinations of conservatimesumptions, unrealistic fire
conditions may be found, with excessively large mmg flames, for example” and
that it may be reasonable in some cases to vasethssumptions, provided this is

done with caution as correlations are very clogaigr-linked [1].

In the design manual, some values are suggestgfameters that may otherwise be
known for specific scenarios or for which bettetiraates may be available. Examples
include the fire durationy where a value of 20 min is suggested for desiga, t
ambient temperaturd, with 20 °C built into simplifications of several correlat®n
(such simplifications were excluded from the modescription in Section 3.2) and
wind velocity,u for which a value of 6 m/s is suggested [1]. Altgb the values of
these parameters are assumed for design, theaapute varied from that suggested,
should a better estimate be available. Direct igmgumptions such as these can
easily be made to ‘err on the conservative sidelydver as discussed in Section 3.3
above, it is questionable whether some of the aogpicorrelations themselves are in

fact ‘conservative’.

The general approach to the model is that the thaasfer occurs under steady-state
conditions. This affects the assumptions made &indions of the internal fire, the
external flame properties and the structural hemtsfer. Although Equation (3.1)

contains a transient term for the heating of theelstnd Law states that under
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“transient conditions [...Jls can then be calculated by iterative methods”, ropiaets
of the model affected by the steady-state assumpémain. It is the assumption of
steady-state that allows for a clear definitiormdfether the scenario falls und€op
Through Draughtor Through or Forced Draughtonditions and whether particular
elements are engulfed in flame or not, whereaseality the scenario may vary

throughout the course of the fire.

The distinction between two main scenarios dependendraught conditions may
render it difficult to classify a scenario, in sogeses. For the case of a compartment
with openings on opposite walls — normally classifas arhrough Draughtscenario

in the Law Model — if there is little or no windhd scenario could potentially be
closer toNo Through Draughtonditions. Similarly, for the case of a compantine
with openings on two adjacent walls, a strong wipdtentially at 45 to these
openings, could render the scenario closer to deatribed forrhrough or Forced
Draught conditions. In fact, Law and O’Brien clearly stateat “fire behaviour is
influenced by the amount of air that can be reached take part in the fire” [1].
Hence it is rather unclear why the distinction iad® between windows on opposite
walls and adjacent walls for the potential presesfca Through Draughtother than
that wind in the ‘through’ direction of windows @pposite sets of walls is likely to
cause a worst-case scenario flame projection.Nldv@ hrough Draughscenario also
emulates somewhat artificial conditions as the gy effects of a fire would also
induce air flow and hence create a natural ‘throdgaught. Nevertheless the values
of a buoyancy induced natural draught are likelyp¢oconsiderably lower than those
present under wind conditions. Furthermore, theicaties of the definition and
distinction between detailed scenarios are notifsignt for design conditions.
Designing for the worst of two extreme case scesafplus the possible effects of
wind) should result in a conservative design fdr cases that lie somewhere in
between these two bounds. Although this might hotgs be the case, it is the best

possible assumption without over-complicating tinepsified method considerably.
For No Through Draughtonditions it is assumed the scenario can burremuetdher

of two regimes used to define the burning rate. @imaing ratem is specified as the

lower of thefuel-controlledregime burning ratemeye — characteristic of a free-

73



Chapter 3 The Analytical Law Model

burning fire — and th&entilation-controlledregime burning ratethyen: as described
in Section 3.2.2.1.1. Although these two distinatriing regimes are known to be
characteristic of the internal compartment fireyotthe latter regime tends to be
associated with external flaming. Huel-controlled fires the air supply to the
compartment is sufficient to allow for free-burningf the fuel hence even if
compartment openings are breached, the importanitee @xchange of gaseous fluid
at the openings tends to be much lower than thateased under theentilation-
controlledregime. The hot gases and potential flames that enzerge from duel-
controlledfire are not likely to be realistically describadging the same correlations
as those fowentilation-controlledexternal flames, nevertheless implementingye

in these correlations is likely to provide a ratltenservative steel temperature for
design compared to the actual external heat imeslilting from a free-burning fire.
Under theventilation-controlledregime the partially-combusted fuel that typically
emerges from the openings results in increasedratteombustion and hence more
elevated flame temperatures which would make bothradiative and convective heat
transfer from the flame to the surrounding morenisicant than that under thieel-
controlled regime. In theory this discrepancy could potehtible more accurately
accounted for using an excess fuel factor. Nevkstisat appears that Law describes a
fuel-controlledregime of burningmrye Not specifically to describe the threat posed
to external structures from a free-burning compartniire, but more so to provide an
upper limit to the rate of burning. This is necegsas Myen: Is empirically defined
and could other-wise describe a burning rate highan that described by ‘free-

burning’ conditions, which is not realistic.

3.4.2 Assumptions Concerning the Scenario

The main implicit limitations of the Law Model atieat it is only applicable to simple
right-angle cuboid-shaped compartments and anyiogemust be rectangular and
only on the vertical walls [1,21,26,50]. The modklalso only applicable for fire
safety design of external structural steel undesulin from a single internal
compartment fire. Insult from any potential firedexnal to the building, or heat flux
to the structure resulting from ignition of extdrbailding materialsi(e. cladding) is
not considered. Similarly, the model does not antdar the insult from flames

emerging from fires on multiple floors.
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While the specification of the main compartmentrgetry is straight-forward, several
assumptions have been made with regard to the mg®niThroughout the Law
Model, openings are regularly referred to only wntlows” [1], so it is not evident

whether a door would classify as an opening for ghigposes of the model. The

importance of openings and the related ventilatipaning parameteANh% was first

identified by Fujita with reference to “usually thv@ndow” [26,44], however no
distinct definition of ‘window’ is given and the apes and sizes of windows can vary
significantly. In the extensive CIB experiments doated at model-scale [47], from
which many of the Law Model correlations derives thpenings extended “from floor
to ceiling” and hence perhaps resemble the usuahgties of doors more than those
of windows. For the purposes of quantifying the tilation parameters in this
research, openings were defined as potentially dothis and windows, depending on
whether the doors lead to small finite volumes. (small, closed compartments) or
open spaces, with infinite ventilatione a compartment with another opening). If
doors lead to small closed compartments, the mampartment geometry can be
adjusted to describe this space, thus accountinthéovolume of air readily available
in the compartment beyond the door, but the doouldvanot be considered as an
opening. Should a door lead to a compartment that dn open window or to a
compartment that is large relative to the main carmpent of concerni.e. an
atrium), the door is taken as an opening as it icaeffect, provide an endless supply

of air.

In the Law Model the ventilation parameters for rmo@s with more than one
opening are adjusted as described in Figure 3thoAgh Law states that “in practise,
the correlations can be used for a variety of wmdes on one or more walls” [26]
and Figure 3.1 (ii), extracted from the Law Mod®listrates such a case, the validity
of the adjusted opening dimensiofg,, Wme Awmo (Cf. Figure 3.1 (ii)) has been
disputed. Later work has in fact shown that “thesunlikely to apply to unusual
ventilation conditions” [21], such as the case ®@fesal small openings positioned at
varying heights [50]. Nevertheless, since thisaes® comprises a detailed analysis of
the model, the modified definitions &k, Wmo and Ay mo are used throughout, as

specified in Figure 3.1 for scenarios with multiplexdows.
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When there are multiple-sized windows, particulaflyhey are at different heights
from the ceiling and undé¥o Through Draughtonditions, the area of the opening
from which external flames emerge and through wiaictbient air enters may differ
significantly and this is why the window heights adjusted to a weight-averaged
window height. Since the width of the windows algoaadded, the openings are in
effect represented by one single large openingroédsionshme by Wi This allows
for the calculation of an emerging flame of averagmensions, which may differ
significantly from the local flame dimensions atclkeavindow. This is particularly
significant if the openings are of different dimems, as the distinction between the
calculations of flame projection for a ‘wide’ and‘marrow’ opening will not be
accounted for. In some such cases there is alsmiptfor the external heat flux to
structural members to be under-predicted by emptpg general definition of flame
height. Nevertheless, even if all openings arehatdame level from the floor, it is
likely there will be some discrepancy between dctaeal flame dimensions and
those represented by the average flame dimensidosiever, this equivalent-
opening-dimensions assumption allows for the mealéle simplified and any attempt
to reproduce the flame dimensions more locally &ach opening would be
impractical. Not only would it complicate the modblt it would also be likely to
make little improvement on the accuracy of the espntation as there has been no
extensive experimental study to show the effectanoltiple-shaped openings at
different heights from the ceiling and from the Iflbed. What should however be
noted is that the Law Model will thus provide ordycrude estimate of local flame
dimensions in scenarios with multiple openings,deeerror bars involved in the heat
transfer calculation can be considerable, compaditgethose carried through from

the correlations as described in Section 3.3.

Although the case of multiple openings at differbaights is an extreme illustration
of the level of sensitivity of the model, it is ary realistic scenario commonly
encountered in cases with both windows and doogs.e¥en for the case of multiple
openings with identical geometry and at the samghhdrom the ceiling, such as
those depicted in Figure 3.1 (iii) some discrepabeyween the calculated flame
dimensions and the local dimensions is expecteedngall the assumptions made. In
fact, the level of sensitivity the model is assuni@dave to opening dimensions is

further illustrated by the assumptions Law makes umdertaking crude

76



Chapter 3 The Analytical Law Model

simplifications. This is exemplified in the defimb of flame height undeNo
Through Draughtconditions which is simplified from the correlatiatefined by
Equation (3.10) to that described by Equation (B.This simplification assumes that
even in a case with multiple openings the moditiening areaA, mo can be split
into the product ohn, andwme, Which for opening of different dimensions is likéo

be incongruous. The larger the difference betwdwenshape of the openings, the
greater the discrepancy between the produbf,@dndwq,, and the definition oAy, mo
given in Figure 3.1 as the sum of all #hetual opening areas. The dimension of this
discrepancy gives an indication of the level ofumacy involved in the model, which

is likely to then be further reduced by other agstioms and simplifications.

Another inconsistency in the model arises in the aflswindow width,w in the case
of multiple-opening scenarios. A modified definiti@f window, wmo is given ¢f.
Figure 3.1 (ii)), representing the openings as lange equivalent opening, rendering
it unclear when the specific window widtw, or the modified widthwy,, should be
used in the equations described. While the modpli@®w,, should be used, it then
provides an illustration of the individual openinggh individual flames [1], the local
dimensions of which are used to calculate the flainiekness for flame emissivity,
particularly when a steel member lies in betweendews. Hence alternate uses of
the window width definition are used throughout.rtRarmore, although different
ventilation geometry cases are given in Figure &4 attributed distinct, modified
definitions of the main opening parameters, itnslaar what the definition of these
parameters would be for combinations of the cakewns, such a compartment with

multiple windows of different sizes on more thare avall.

3.4.3 Assumptions Concerning the Fire and External Flame

3.4.3.1. Internal fire

The description of the internal fire is greatly pirfied. A single uniform burning
rate, m is assumed throughout the duration of the firal unirnout [1,26]. This
assumption allows for the use of steady-state ¢iomdi for the heat transfer
calculation and derives from experimental obseovatf a relatively constant period

of burning (usually post-flashover) between the38% mass loss of fuel in the
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experiments undertaken, as discussed in Chaptérhia. definition may appear
conservative as during the initial burning periofira tends to have a lower burning
rate as it grows, external flaming most commonlguss only post-flashover and the
burning rate again tends to be lower during theagegeriod of a fire, close to
burnout. Nevertheless, other components of thigniieh may not render the

assumption as particularly conservative.

The Law Model is based on the assumption thatldéiael is homogenous throughout
the compartment and that it all burns uniformlyotighout the duration of a fire.
Therefore the fuel is defined in terms of fire ladehsity,L” as a measure of uniform
fire load,L per unit floor arealr of the entire compartment. Furthermore, the model
correlations are based mostly on tests conducté&tg usooden cribs uniformly
distributed throughout the compartmeaot Chapter 2) and hence “strictly speaking,
the information derived is only applicable to fiiesolving mainly wood fuel” [26].
The model is onlyassumedo apply to other typical furnishings. Since theuals
contents of buildings can differ considerably fraruniform distribution of wood-
base fuel, the fire load is instead expressed imgeof “total amount of wood-
equivalent” that “would evolve the same amount eathwhen burnt” [1]. Law and
O’Brien admit this is only an approximate repreaéinh of the fire load but state that
“it has been found by comparative experiments toabeeptable for the types of
furnishings and contents normally found in buildififll]. Nevertheless, more recent

experiments show this might in fact not be the ¢@9e81] as discussed in Chapter 2.

Conversely Thomas and Law [46] also found thainfam-cellulosic fuels, particularly
those with a low value of latent heat of evaporgtithhe Law Model correlations for
external flame length and flame projection breakvioIn addition, hydrocarbon
polymers have “a much higher air requirement [thegl]ulosic fuels” rendering it
almost inevitable that for such materials the “exé¢ flaming will be more
significant, all other things being equal” [21].rEhermore, fuel beds with a very large
surface area tend to yield a higher rate of burnivapn that described by Equations
(3.6), (3.7) and (3.19), in turn also resultindanger external flames. Thermoplastics
are one such example as they “tend to burn as’pesslting in larger surface areas,
however combustible wall linings can also have $lane effect [21]. Hence, as

material science has evolved considerably sincentbdel was developed and the
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contents and furnishings of buildings have chamgigdificantly, the assumption of a
uniformly distributed cellulosic fire load is pegw no longer deemed to be
‘conservative’. In fact, some of the issues relatedifferent types of fuel have been
investigated as discussed in Chapter 2 and sontheofesearch findings, such as
those by Bullen and Thomas [67], found the exteflaahe size is further linked to an

excess fuel factofey

It is also worthy of note that the potential effeot highly localised concentrations of
furniture items have not been considered. Whileatbgumption of a homogenous fire
might sound appropriate for design purposes — sincannot be known where a fire
might start and as it appears to be a good reptasam of post-flashover conditions
when most fuel is alight — it is not necessarilpresentative of a ‘worst-case’
scenario and hence not necessarily a ‘conservatisgimption for design. The heat
insult to external structural elements from a foad that burns in different localised
areas may potentially be more severe than homogetmmpartment fire conditions,
depending on the local concentrations of fuel agldtive position of ventilation
openings. The fuel distribution likely to be foumdmodern buildings renders it likely
that a fire scenario would result in conditionghie compartment that fall somewhere
between homogenous burning and localised areasterise burning throughout the
fire. Hence it would perhaps be more ‘conservatteeconsider both the effect of fire
load concentration in smaller areas and that obitlismrm distribution over the entire
floor area. Nevertheless, this would require extensxperimental investigation and
could potentially render the model significantly maonvoluted. Therefore, due to
such unknown factors, it would be advisable toliseits of known-applicability of
the Law Model which at present suggests that ifgiegttion “extends to sizes of fire

well beyond the limits of size of practical firests” [26].

For the analysis of the Law Model herein the d&bni of fire load density has been
maintained, however the value of 25 k§/af wood equivalent suggested for design
can be varied, provided it is justified by the sm@ém In fact, the contents of common
dwellings and regular office buildings has changeghificantly over the last three
decades, particularly with the digital computer &aking over paper and magazine
records, replacing mainly cellulosic-based fuelshwinore plastic-based materials.

There is now also a higher incidence of synthetatemals in furnishings and
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upholstery, hence the recommendation of 25 kgfton design is again, no longer
likely to be a ‘conservative’ assumption. Neveréssl, this can easily be adjusted as it

is an input parameter in the Law Model.

Apart from the burning rate, the internal comparinire is also defined by a fire

temperatureT; which significantly contributes to the externabhéux as it forms a

key part of the fire radiation componeril T;'). In keeping with the steady-state

assumption and that of a uniform rate of burningingle fire temperature is used to
represent the fire. This temperature is definedtlas maximum compartment
temperature as it is expected to affect the maximaxternal steel temperature
attained. Although realistically the compartmente fiundergoes a temperature
evolution, varying both in time and in space, tssumption is justified as “the fire
[...] could easily reach the maximum temperature magtimum radiant energy at the
window” where it would have most relevant effectetternal members “even if other
parts of the compartment are less hot” [1]. Thisuagption is regarded as a
‘conservative’ one for design, provided the temparmdefined is not exceeded for a

given period of time during an actual fire.

The temperature of the ambient surroundifigsis defined by Law and O’Brien [1]
as 20°C, to be used for design. Contrary to several dttigal parameters, the value
of 20°C is actually built into the simplified form of sentorrelation rather than being
left as an input variable at the discrepancy of uker. Although its use within the
correlations in the Law Model is indicated, themadty allowing for a different

ambient temperature to be defined, in the Eurocahdg the simplified version of
equations with an embedded ambient temperaturé SC2feature, even though,

appears as a variable elsewhere in these expresgnNevertheless Law and
O’Brien specifically state that another choice afilbgent temperature “will have a

negligible effect within the normal ranges” [1].

3.4.3.2. External Flame Shape, Temperature distribution and Wind

effects

The external flame shape is assumed to have disioundaries allowing for flame

dimensions to be defined for a reasonably simpliieometry. These notional flame
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shapes are in keeping with the steady-state asgmgotd enable calculation of other
parameters using simple trigonometry. The flameptature distribution is assumed
to be constant across the width and through théhdefpthe flame, with temperature
variation mainly in height, along the flame’s cahtaxis [1,26]. Although there is
some temperature variation across the width anaugir the depth of the flame, the
variation is more pronounced with height and assgma constant temperature
through the cross-section of the flame, taken at ftame axis where it is at a
maximum, is a conservative assumption [1]. Nevéedwe Law states that this
conservative assumption is “slightly offset by thssumption that the flame has
distinct boundaries beyond which there is no cotivedeat transfer” [26]i(. the

notional flame shapes). This approximation is thated in Figure 3.8 and again

exemplifies the level of approximations taken mgiifying the model.
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Figure 3.8.Normal distribution of actual flame temperature eésed across the flame section with the
step-function approximation used to describe tlotice temperature distribution in the notional flam

shape flames used in the Law Model. This imagebleas extracted from Law [26].

UnderNo Through Draughtonditions the flame depth is defined by the degthot
gases emerging from the compartment at the windtamep Since the flame is
assumed to occupy the top two-thirds of the windmea (with ambient air assumed
to be drawn in through the bottom third), the fladepth is defined as two-thirds of
the window height (&3), unless there are several windows, in whiche ciasis
defined as two-thirds of the weight-averaged he{g8ht,/3) [1]. This assumption has
been derived mostly from experimental observatiat lBaw and O’Brien state “such
evidence as is available suggests that [this agsompvill be a conservative one”
[1]. For the case ofhrough or Forced Draughtthe assumption that flames emerge

from all of the opening area on half of the commpeamt, renders the flame depth the
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same as the height of the openings, or the weigtriaged height if these vary in size.

Again this assumption is an approximation derivednf experimental observation.

While the flame width is simply assumed to be tbathe opening width, varying
only slightly for Through or Forced Draughtonditions as per Equation (3.23), the
flame height boundary is specified by a temperatuagv and O’Brien justify this by
stating that a slight widening of the flame undertain conditions is compensated for
by the assumption of a constant temperature thimuigthe specified width [1]. The
flame height is taken at the point along the flaames where the temperature reaches
813 K (~540°C), which has been observed to roughly corresporttié temperature
at which the flame “loses its luminous charactet’;5[]. The buoyancy term
associated with the flame is then defined usinggag properties at the flame tip,
since all other temperatures along the flame cay wath the scenario. Hence a
density of 0.45 kg/rhis assumed, corresponding to a 8@0temperature [1,26]. The
assumption is justified for general purposes gittest the gas density within the
plume is unlikely to vary significantly. The flanemperature variation along its axis,
T, is then based on a known distribution relativéhi® initial temperature at the base
of the flame, T, and that at the tip of the flam®&, also defined from experimental
measurements. Since the flame temperature vaweg ahe length of the flame, an
effective flame temperature must be estimated ler heat balance equation. The
point along the flame axis$,(m) at which the flame temperature is taken cary va
depending on the scenario. For columns not enginf@dme, opposite a window, the
point is usually taken opposite the window soffihexe the steel is expected to
experience its maximum temperature. Yet when a neolus engulfed, it is
recommended that a few different scenarios be d&tkek different heights along the
column before the worst-case heating conditionsideatified [1], as described in
Section 3.2.3.1. The choice of location from whibk flame temperature is taken is
further discussed in Chapter 5, Section 5.4.

When defining the flame projection under the Through Draughscenario, isolated
narrow windows are found to have significant flaprejection even when there is a
wall above the openings. ‘Isolation’ is definedlaw and O’Brien as the “distance to
any other window exceeding [four times the] widfhralividual window,w” [1]. For

the purposes of this research “any other windowhisrpreted to mean ‘the closest
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window is more than ... away’ rather than ‘any windowre than ... away, even if
other windows are closer’. This is justified as gulymes in the vicinity of the
window would draw in air and the projection is adtion of the amount of air that

can get behind the plume.

Other assumptions regarding the flame projectiomlired deflection of the flame
trajectory caused by external obstructions sucla &alcony or an awning. These
assumptions have been defined in Section 3.2.2rid2are regarded as a simplified
approximation of deflected flame trajectory, basmud model-scale experimental
observation by Yokoi [52]. However, in principlehese assumptions have been
confirmed in large-scale tests [99-101]. Nevertbgl®ne main assumption which is
not stated in the Law Model is that the model iBdvanly for cases where a single
compartment is on fire and no fire exists in angnpartment in the vicinity below. It
has been found that if there is a fire on the floelow the flames emerging from the
compartment lengthen due to oxygen depletion (lsingi combustion products).
Furthermore, flames emerging from lower floor fifesve been observed to merge
with flames emerging from floors above, as was olexkin Sao Paulo, Brazil, in
both the Andraus Building fire in 1972 [37] and theelma fire 1974 [31]. Both these
phenomena render the correlations given in the Mmalel invalid for calculation of
external heat insult to the structure, under suetditions.

The external flame shape can also be affecteddbgrdl’ or cross-wind. This has been
taken into account in the Law Model by calculattng extreme scenarios. The first
involves the notional flame shape, undeflected lrydwand the second, the notional
flame shapes deflected by an angle of #6m the perpendicular to the fagade, in
keeping with the steady-state assumption. No memsienade of the deflection of the
flame varying with height (defined by a verticalgé), so the whole flame geometry
is merely deflected by an angle 0°46 the horizontal plane, such that the flame face
on the plane of the facade remains unaffected mdwind the front furthest away
from the facade is most displaced. Although theafbf wind is more thoroughly
discussed in Section 3.2.2.3, the assumption thatdistinct cases can provide a
‘conservative’ representation of external fire exyp@ has the potential to under-

predict external heat exposure because the waosstftame location varies for each
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distinct location of the structural member. In sooases a flame deflection of 20
could provide heat exposure to a column that isensavere than that from both the
undeflected flame and that of the flame deflectéedd®. Nevertheless, for the
purposes of design, since it can not be known hoong the wind will be in the event
of a fire, and by how much it will deflect the flamassuming a 45leflection is the
simplest solution for emulating a potential worase€ condition for scenarios in
general. Additionally, when considering the effeaftsvind on external flames, “a rule
of thumb that is commonly used is that a 2 m/s wiiltibend the flame byd = 45”
[21] and this may not differ greatly under the segfgd 6 m/s wind to be used for
design. It has also been suggested that wind mayceethe length of the flame
[46,88], however maintaining the longer flame dgdmn in this case is a

conservative assumption.

3.4.3.3. Emissivity and Convective Heat Transfer Coefficient

The emissivity of the internal compartment fireassumed to be “high” and hence is
“taken as unity” [1]. While the environment in agpdlashover fire compartment is
usually very sooty and hence highly emissive, istil not a perfect black body
radiator, particularly when emitting outside whéseperatures are potentially lower.
The emissivity will also vary throughout the duoatiof the fire and throughout the
compartment as it is temperature dependent. Nealegd, the overall average
emissivity of the compartment post-flashover weél tigh and taking the emissivity as
unity is a reasonable assumption, erring slightlytioe conservative side. Similarly
the emissivity of the external steel surface isuas=d to be constant throughout the
fire. It is assumed to be high, “of the order d"0and hence is once again taken as
unity as a conservative approximation [1]. Whilelean, polished steel surface will
typically have a much lower emissivity, the typek steel utilized in structural
steelwork have rougher surfaces and the surfads tenoxidise over time, increasing
its emissivity. Also, once the steelwork is heatsdsurface oxidises and exposure to
fire can form a dark sooty surface layer, all agdio an increase in emissivity.
Hence, it is reasonable to expect high emissivify steel under steady-state
conditions, particularly when the member is englifeflame.
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The emissivity of the external flame is assumedbéo a function of the flame
thickness, which is assumed to be close to constardny given face of the flame
due to the notional flame shapes. Figure 3.2 and Figure 3.4) adopted by Law. A
single emission coefficient is assumed, regardigsthe excess fuel factor [67], of
possible variation in flame shape, such as thoggesied by Oleszkiewicz [70,71], or
whether the emerging flames are luminous or higblyty. Therefore no distinction is
made betweemNo Through Draughtand Through or Forced Draughtlames [26].
This assumption, together with the configuratioctda representation of the ‘face’ of
the flame the member ‘sees’, allows for the whaldybof the flame to be accounted
for in the flame radiation calculation. For casekeve the structural member of
interest is a column at a distance away from thedeav, the flame face the member
‘sees’ is taken as the furthermost face of the élafrom the window for the
configuration factor calculation whereas the flathekness is taken as its depth.
Should a member be flush with the facade, to te sf a flame, it ‘sees’ the face of
the flame facing the column and its thickness isemaas the flame width (or
combination of flame widths if there are sever&lestflames emerging from windows
beyond the main window of consideration). For esecagh a spandrel beam running
above an opening external to the facade, the f&teelof interest ‘sees’ the flame face
it is facing and the flame thickness is definedhresdimension of the portion of flame
perpendicular to that steel face. Hence, simpoihometry can be used to calculate
the flame thickness for these example cases, apataers, by employing the same

definition of flame face and flame thickness.

The convective heat transfer coefficient betweéaeelling fluid and a solid object is
often difficult to determine as it is a function thfe boundary layer conditions [88].
These can be mainly expressed as the mass fludidocity, its temperature, the
angle of the flow relative to the solid surface &inel shape of the solid, particularly in
the vicinity of the ‘receiver’ point [1,26,88]. Hee, in the Law Model the definition
of the convective heat transfer coefficient is ghpssimplified and generalised to
prevent over-complication of the tool. As such,iagke convective heat transfer
coefficient is calculated for each Law Model scemarhe mass flow of hot gases per
unit area of a structural member is assumed torbgoptional to the quotient of the

rate of burning and the area of openinggA,, (or m/A, mo for the case of multiple
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windows), together with the draught flow velocity, under Through or Forced
Draught conditions. The shape of the steel member is repted by a characteristic
length scale taken as the average of the two mmergsions of the member’s cross-
section ¢f. Figure 3.3). The proportionalities and the relatenstants linking these
factors to the convective heat transfer coefficiardre found by regression of
experimental data. The orientation of the solictieé to the gas flow is assumed to
be perpendicular to the member’'s cross-sectionutirout the fire as this yields a
maximum value for the coefficient, rendering theuwasption ‘conservative’. Hence
the assumptions inherent in the definition of tlwawective heat transfer blur the
nuances of the heat transfer at edges with snaimacteristic length scales, such as
around the flange edges of a steel section, asasethose of reduced heat transfer
when gas flow is parallel the solid surface. Howewlis definition provides a
reasonable estimate given the level of accuracyl®meg elsewhere in the model

assumptions.

The definition of the convective heat transfer @ogfnt mainly applies to heat
transfer between the hot gases in flames enguéfisfuctural member, as it is based
on the flow rate of the hot gases emerging fromcttrapartment windows. However
for the purpose of simplicity, the velocity of arabt air in the vicinity of the
openings is deemed to match that of the flow of ibe gases emerging from the
compartment. This allows for the convective heagfer coefficient for members not
engulfed in flame to be assumed as equal to thogelfed in flame, as discussed in
Sections 3.2.2.1.4 and 3.2.2.2.4. Hence, it is meduthat the flame transfers
convective heat to steel members engulfed in flantle the same coefficient, as the
steel members transfer convective heat to the arhbigroundings when they are not
engulfed in flame. A distinction is nevertheless dmain the definition of the
coefficient undeMNo Through Draughtonditions andrhrough or Forced Draught
conditions to account for the added velocity of fleev induced by the draught
velocity. The case of a steel member only partiafigulfed in flame is not addressed
however a steel element engulfed in flame will alsvauffer a larger heat insult than
an element surrounded by gases at ambient temperatbere the heat losses from

the steel to its surroundings is more prominent.
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For the case of a receiver element in plane wighfalgade, such as a spandrel beam or
perimeter column embedded in the facade with only face exposed, or the facade
cladding or upper compartment window pane, thendefn of the characteristic
length scale for the convective heat transfer aoefit is not evident. The definition

of the length scale for such a case is furtherudised in Chapter 5, Section 5.4.1.

3.4.4 Assumptions Concerning the Structural Heat Transfer

The Law Model is designed to be applied to extestraictural steelwork. Most steel
section shapes can be used as a rectangular apptteon is taken, as illustrated in
Figure 3.3. The steel member used for the heasfearcalculation in the model is
determined by enveloping the perimeter of the dcseation with a rectangular-
shaped sectiorc{, Figure 3.3). The heat transfer calculation isitheade relative to
points on the mid-point of each of the four facéshe steel section’s cross-section.
These values are used to determine an average regomee SO a single resultant
temperature is assumed for the steel sectionsrilgn@ny potential temperature
gradients. This is enabled by the use of a sutiageint definition of the
configuration factors for radiatiorefi Section 3.2.3.1). As the heat flux to a structural
element may vary along its length, particularly ¥ertically aligned members, taking
a single point for heat transfer enables a ‘woastecheat flux’ to be determined,
resulting in a maximum steel temperature. Additignas steady-state conditions are
assumed, there is no time-based pre-heating afldment. The latter is a reasonable
assumption as during the less uniform fire growghqa the fire tends to be restricted
to within the fire compartment and usually only dokes the openings and emerges
from the windows post-flashover, when conditionadt¢o be more uniform and

closer to steady-state.

Nevertheless, the main heat balance equatich€uation (3.1) for the ‘engulfed’

example) include a transient term. For cases inngla fairly massive section, where
the cross-sectional area is large relative to thiéase area, heat loss by conduction
becomes more significant and steady-state condgitnay not be reached. Steady-
state may also not be achieved if the durationashing is short. In such cases the
temperature gradient in the vicinity of the heatimmht warrant use of the transient

calculation instead. Under transient conditionkptder fire and flame parameters are
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assumed as per steady-state conditions but thieteteperature evolves in time and
can be obtained from the main heat balance eqatising an iterative process.
Although the steady-state assumption is more jadtifor the case of a steel element
engulfed in flame, due to a negligible temperatgradient in the steel section, for
simplicity this assumption is also conservativelgda for sections not engulfed in
flame where the temperature gradient (and hencedumion) might be more
pronounced [1]. For the case of heat transfer telament on the facade plane, heat
loss by conduction could potentially be more siigaifit [21] however this depends on
the properties of the material the steel sectiopant of interest is embedded in or
attached to and the boundary conditions surrounttiagelement. Hence an incident
heat flux is useful as it can be applied to angnrang surface with the resultant heat
losses and solid temperature being separately latdcufor individual materials and
boundary conditions. In any case, while it is ackigalged that steady-state may not
be attained, this assumption allows for the cateutaof a maximum resultant
temperature for each element (an upper bound) lamsl tesults in a conservative
solution [1,26].

The assumptions made allow for a single result@l $emperature to be calculated
and evaluated against the failure temperaturericniteA temperature of 55, taken

as the failure criterion for structural steel eletseis deemed to cause an element to
either fail to carry its design load or to undemga@essive deformation due to loss of
material strength [1,65]. The value of 5%D is taken because under standard fire
furnace testingife. BS476: Part 8: 1972 [95]) of a single structutaheent, this is the
average temperature at which failure is observedop, however Law and O’Brien
state that it is “possible to use any other lingtiemperature...if it is judged that the
grade of steel being used or the structural condiion involved justifies the use of a

different value” [1].

Conversely, it is not evident whether a temperaba®ed failure criterion is a
conservative solution. Recent research has shoffereafitial heating of structural
steel elements (only a portion of the section msté@ as opposed to the quasi-uniform
heating conditions in a test furnace) can induoectiral stresses and cause thermal
expansion [102,103]. These induced stresses cait nesstructural deformation and

potentially lead to failure of load-bearing strueumembersi(e. by buckling,etc) at
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temperatures lower than those specified by the BSdmace test [102,103]. The
occurrence of such structural stresses under thgmadients is also highly dependent
on the element’s end-restraints and support camditi103]. Steel members with
different end-connections and different ratios legihderness can behave differently
under thermal-induced stress and hence may alse thavpotential of failing before
the specified failure temperature, under certainddmns. Both these particulars are
thus highly dependent on the temperature gradieititén the steel members, thus the
step-function definition of flame temperature dmition (cf. Figure 3.8) could
potentially disguise further nuances of the temfoeea induced in the steel.
Nevertheless these particulars involve conditidmest tan not easily be replicated
within a furnace test scenario as there are sepetahtial variations and it is difficult
to account for all of them. As such, the currentvlidodel failure criteria is deemed
an appropriate approximation, in keeping with thmpdifications made for other
assumptions, however the designer of such elenséotsld be aware of the potential

issues involved in specifying certain types of aartion,etc

3.4.5 Numerical Limitations and Realistic Parameter Bounds

Apart from the model limitations imposed by the muious assumptions, some of the
experimentally-derived empirical correlations inetihaw Model have numerical
limitations. These include both singularities (gaih discontinuity) and correlations
that can potentially yield unrealistic values fqesific parameters. Some of these
numerical limitations have previously been discddsg Welch and Lennon [103] in a
commentary to a draft version of part of the Eudm{2] implementation of the Law

Model, before it was published.

The definitions given for temperature at the opgmlane,T, in Equations (3.16) and
(3.24) and for flame temperatur&; in Equations (3.15) and (3.25), both undi&r
Through DraughtandThrough or Forced Draughtonditions, all include components
involving a ‘(1 —variableg’ term, where thesariablesterm is composed of slightly
different parameters and coefficients in each cAsesuch for both th&lo Through
Draught and Through or Forced Draughscenario these equations can be expressed

as:
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T -T
T, =|———2—|+T 3.31
° (1—variables} : (53D

where the temperature at the flame Tiphas been defined as 813 K (~540), and
T, = ([1- variable$[T, - T,]) + T, (3.32)

For the case of the temperature at the plane obpeming, T, underNo Through
Draughtconditions ¢f. Equation (3.16)) theariablesterm,Vyp 1o1S:

Xw
VND,TO = 0027(7) (3.33)

As the (L - Vnp, 1o) term is the denominator of Equation (3.31), wNgpto— 0, To —

Tx. This makes sense ¥g{p 10 IS a function of the length of the flame axsso that as
the flame tends to be shorter, the flame tip tetiodse closer to the window plane,
howeverVyp 1o is unlikely to ever realistically reach zero faryascenario of interest.
On the other hand, a4,p 1o — 1, To — o, yielding non-physical temperatures due to
the singularity. WheWnp 10> 1, T, becomes negative and such values are unrealistic.
Hence, a¥/np 10 grows the expression becomes an unrealistic repratson ofT, and

it is prudent to define a maximum value ¥ 1o While thevariablesterm forT,
underThrough or Forced Draughtonditions ¢f. Equation (3.24)) is slightly different
to that underNo Through Draught conditionghe same limitations apply and a
maximum value for itssariablesterm should also be defined in order to limit the
output of unrealistic values. Rearranging Equaf®ai) allows for a maximum value

of the variables term to be defined:

T -T
variables=1 - | =*—-2 3.34
(TO -TJ a3

whereTy is the temperature at the flame tip, &1.8-540°C) and a conservative value

of 1573K (~1300°C) is assumed as the maximum realistic valu&,dbr any given
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scenario. Taking an ambient temperature range-®0 °C<T,<60°C as a

conservative representation of the range expededry given scenario, Equation
(3.34) yields values of 0.56 and 0.61, respectivélgnce, an upper limit of the
variablesterms in Equations (3.16) and (3.24) should bese0.6.

For the case of the flame temperatdigcf. Equation(3.32)), the multiplier term is in
the numerator hence amriables— 0, T, — T, which again is expected, as the
temperatures at the window plane and the flamwilidbe increasingly similar as the
flame shortens. Asariables— 1, T, — T, which is unrealistic since the external
flame is defined by a minimum temperature of 813~540 °C) in the model.
Therefore it is also prudent to set an upper litmithe variablesterms in Equation
(3.15) and (3.25) to avoid unrealistically low veduof T,. Again assuming a
conservative value of 15K3(~1300°C) and the same range of ambient temperatures
as above, the same limits of 0.56 and 0.61lvéoiablesterm is obtained. Therefore,
under bothNo Through Draughtand Through or Forced Draughtonditions the
variablesterm in the flame temperature definition shouldgbesn an upper limit of
~0.6, particularly as it appears such values ofvHreablesterm can occur with fairly

common combinations of parameters under ordinaggagos [103].

The rate of burningm is, in all four cases described above, the denatoinn the
variablesterm. The Law Model [1] suggests a value of 25 Kgafnwood-equivalent
be used for design, but specifies no lower limithe fire load density for which the
model is applicable. Although the Eurocode impletagon of the Law Model
specifies that the method is only applicable te ionditions in compartments with a
fire load density “higher than 200 MJ¥M{2], this equates roughly to 11 kgnof
wood-equivalent, given 18.4 kJ/g heat of combustbrwood [21]. Therefore it is
still possible in fairly regular scenarios for thariables term in the flame
temperature], and opening plane temperatuig,parameters to exceed 0.6. In such
cases, the correlations cannot be used for edtaiisan external structural steel
temperature. This is a limitation of the Law Modeie to the empirical nature of the
correlations used rather than a limitation of tbensrio itself.
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The correlations describing the flame heiglgeen in Equations (3.9) and (3.21) can
also yield a negative value which is not realisti@a fire scenario. This results from
the empirical nature of the correlations, the mdunction of which was
experimentally correlated to & *+ h' term, both undemMNo Through Draught&nd
Through or Forced Draughtonditions [26,46]. If the component parameterdhan
right-hand-side of Equation (3.9) render (Equat{8®) + h) < h, then the flame
height,z will be negative. The same applies to Equatio@1(B.While the Law Model
[1] defined no limit for this term, the EurocodesHanited this unrealistic outcome by

defining the flame height fddo Through Draughtonditions as [2]:

Z = min/ 0 ; 16h{ } - h (3.35)

N

A, p(gh)

and that foiThrough or Forced Draughtonditions as [2]:

043
Z = min/ 0 ; !23.9[%) { R}]— h (3.36)
A,

Due to the high degree of interactivity between paeameters described in the Law

Model, this adjusted definition of the flame heiglarameterz imposes limitations on
several other parameters that are a functiore dfiat could otherwise result in

unrealistic or even non-physical valueg Were calculated to be negative.

While it is possible that other physical parameteay also need upper or lower limits
that prevent non-physical or unrealistic valuesrfrarising when these correlations
are implemented, these limits can not be direattgimined without further extensive

experimental investigation beyond the tests theseckations have been based on.
Other assumptions and limitation pertaining to peeters that comprise a

combination of basic physical parameters, suclh@sdciprocal opening factoy,are

further discussed in Chapter 5, Section 5.4.
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3.4.6 Relevance of the Assumptions and Limitations

Any model based on empirical data obtained fronaraay of experiments is likely to
be based on several assumptions, often inheremhetoexperimental setup since
realistically only a number of parameters can wrdughly varied, particularly with
regards to large-scale experiments, most relevargal-case scenarios. Nevertheless,
in order to fully understand the application ofoali it is necessary to clearly define
its limitations. Therefore the assumptions and titmns described in this chapter
have been taken into account during the detailedlsis of the Law Model conducted

as part of this research and described in Chapter 5

For the scenarios in which some parameters are ¢tosr beyond the limits of their
application, or involve a numerical limitation, $uthat they result in unrealistic
values, Law and O’'Brien [1] advise that certainuaggtions be relaxed. Nevertheless
Law and O’Brien recommend this be exercised wittiegme caution as the model is
highly “interactive” and varying an assumption maijfect other parts of the
calculation and other assumptions, together witn \hlidity of certain empirical
equations [1]. Hence while the manual lays out ecigc method that has a limited,
scenario-specific applicability due to the assuoimimade to allow for aimplified
model, the model can also be modified to allow dpplication to a wider range of
scenarios. This aspect of the model, together insthumerous inherent assumptions,
alter the notion of a potentially ‘simple model' posing it as a somewhat intricate
tool that is reliant on several levels of interukparameters, empirical correlations

and assumptions once a more general applicatitmeahodel is considered.

3.5 Application of the Law Model

While the Law Model is geared towards the safe giesif external structural
steelwork under threat from a compartment fires tieisearch is primarily concerned
with heat insult to any element on the plane of fdgade, above the compartment
openings. In both the Law Model design manual amdEurocode implementation, it
is not immediately clear whether the model is aggtile to facade structural elements,

hence in order to determine the level of applicabbthe model to different scenarios
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it is essential that the assumptions behind thfereéifit components of the model are

clearly understood.

Many of the experiments the Law Model correlati@me based on were primarily
conducted to determine the parameters and cooesatjoverning the behaviour of
fire in the internal compartment and that of angute@ant external flames. Although
the structural heat transfer process detailed enLidmwv Model is particularly geared
towards obtaining a resultant temperature of aeraat steel element outlying at a
distance from the facade, the component of maierést is that of the heat flux
incident on the element, such that the insult pdsethe fire can be applied to other
‘receivers’. Hence, it is assumed the calculatitmsletermine the heat flux incident
on the outlying structural elements can be appleelements on the fagcade provided
any necessary assumptions are adjusted and thepaijape configuration factors are

used.

For the case of an element embedded in the fa¢amleean opening, with only one
face flush with the facade plane and exposed & fie main incident heat insult
arises from radiation from the flame, convectioonirthe flame and both radiative
and convective heat losses from the element. Thieallg no radiation from the
internal compartment fire arrives at the elementhasplane of the facade does not
‘see’ the internal fire, hence this component iwigd. This heat flux falls incident on
all elements in the plane of the facade, dependimgheir location relative to the
compartment window, and provides a measure ofrtbeltia given fire will inflict on
these elements. Hence, it can be applied not oalysttuctural load-bearing
components such as spandrel beams and perimetenmes)l but also to the facade
cladding and to the glass panes of the windowsppleu compartments. While the
effects this incident heat flux has on the varielesnents of the fagcade are dependent
on the individual properties of each element, sthdbkese properties be known, the
corresponding heat losses can be calculated tortascea resultant element

temperature or temperature evolution under transigmditions.

Compared to the outlying structural steel membeesiun the Law Model examples,
conductive heat loses from elements flush-mountethinv the facade can be

significant depending on the material thicknesg, thaterial conductivity and the
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boundary conditions. However conducting a heatstexnanalysis under steady-state
conditions (negligible conduction losses) will detene a worst-case resultant
element temperature. This is justified for manyesagarticularly with regards to a
point on the fagade that is engulfed in flame, \wh@e temperature gradients to parts
of the element outwith the engulfing flame are d$pthle also to low material thermal
conductivity properties. Hence, assuming steadystaonditions, for any case,
provides a conservative approach for design as sanHitions should result in the
highest possible temperature for a particular eteme

In any case, the primary concern of this reseadhe total heat fluincidenton the
facade plane, such that it can be applied to aspeht of interest. For these purposes
it is assumed the Law Model correlations can becatly employed, assuming the
emissivity of any facade element can also be apmabed to unity due to soot and
oxidation from exposure to external flaming. Nekietess, if these assumed
properties differ greatly for a specific materialfraction of the emissivity can be
used. The intricacies of any further assumptiomshsas the characteristic length
scale for the convective heat transfer coeffici¢ghg point along the flame axis at
which the flame temperature is taken and the dedmiof the opening heights the
modified opening height are discussed in Chaptehére the potential effect of the
assumptions made is considered during a numemedysis of the model.

Prior to conducting a detailed analysis of the Ushwdel in order to evaluate the
sensitivity of the model to each of its constitupatameters, it is valuable to identify
a benchmark scenario against which the effect ofing individual parameters is
compared. It is of essence therefore that suclemasio falls within the assumptions
and limitations imposed by the Law Model. In thase the benchmark scenario was
based on Dalmarnock Fire Test One, the detailshotware discussed in Chapter 4.
The test compartment, a reasonably rectilinear mwahoame with rectangular
openings, is of standard size and measurements taleea for most of the physical

parameters described in the Law Model.
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Ideally an evaluation of the applicability of thew Model in the design of real,
modern-day buildings would be assessed againstrdberuof fire tests conducted in
different compartments, representative of realisgscenarios. Unfortunately,
conducting a multitude of full-scale tests is siynpbt feasible. An analysis of the
model can however be undertaken by assessing theMaalel against a thorough set
of data for a realistic scenario that can then $eduas a benchmark for a parameter
sensitivity study. This enables the analysis ofithportance of different Law Model

parameters under different scenarios.

The Dalmarnock Fire Tests provide detailed measemtsnof a realistic modern-day
fire scenario, allowing for a global assessmenthefcurrent application of the Law
Model as a measure of external exposure to heahferparticular scenario. These
full-scale tests not only provide a thorough setdafa against which to assess the
various components of the model, but in serving #&nchmark scenario, they form
the basis of the detailed analysis of the Law Madgch enables the identification of
the relative influence of individual parameters.larnock Fire Test One is of
particular relevance as it was allowed to freelyalep to post-flashover conditions
and measurements of external flaming and heat tiluxhe fagcade were obtained
throughout the duration of the fire. This chaptsr mostly concerned with the
characterisation of Dalmarnock Fire Test One singt it can be employed in the

analysis of the Law Model.

4.1 Introduction to the Experiments

The Dalmarnock Fire Tests were conducted by thevésgity of Edinburgh in July
2006, during the course of this research. The tgste undertakem situin a high-
rise building with a non-combustible facade. Prilgadevised to demonstrate the
feasibility of the FireGrid Project [24,25], thests involved a high density of data-
gathering sensors. In Test One the fire was alloteedevelop to post-flashover
conditions and through most of the fully-develoged stage hence the opportunity
arose to conduct thorough measurements of the goest external flaming. Test

Two was conducted in a compartment with identiedrgetry and near-identical fuel
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distribution to that of Test One, and both fireglemvent a similar ignition process.
Although Test Two was extinguished soon after ftash, its close correspondence to
Test One allowed for an evaluation of the experi@lerepeatability of the tests while
the slight variation between them highlighted tlmteptial range of variability. This
enables an error analysis to be conducted for #gretbmarking and validation of
some of the key characteristics of the fire [10A].third test (Test Three) was
conducted in a stairwell as part of a smoke manageémxercise hence it is outwith
the scope of this research. Therefore any referémdbe Dalmarnock Fire Tests
henceforth refers mainly to the compartment fireSest One and Test Two.

4.1.1 Context of the Dalmarnock Fire Tests

The fire tests were conducted in a 23-storey retaftd concrete building, constructed
in 1964, in the Dalmarnock area of Glasgow, U.KeThulti-storey building was
scheduled for demolition so sponsorship and awghtian were obtained to conduct
fire tests within the unoccupied building. In camgtion with the FireGrid Project
[25], the tests formed part of a BBC Horizon docuataey on fire-fighting in high-rise
buildings [13]. Although the tests were funded layious different organisations they
were mainly designed and executed at the discraifothe BRE Centre for Fire

Safety Engineering, at the University of Edinburgh.

4.1.2  Setup of the Experiments

Test One and Test Two were held in identical cotnpamts within two-bedroom
single family flats. In both cases, the commonniyviarea was set up as the main
experimental compartment. Test One (DFT1) was beldhe 4 floor and the fire
was allowed to grow ‘uncontrolled’ to fully-develeg conditions. Test Two (DFT2)
was held in a compartment directly two floors belawd involved a more ‘controlled’
fire as the ventilation to the compartment was leid remotely and the fire was not
allowed to develop much past flashover. In both esasthe experimental
compartments were identically furnished with typicausehold furniture for a room
serving the dual purpose of living room and offiwerk area. Both compartments
were comprehensively instrumented with a varietfirekmonitoring sensors however

Test One included a further set of sensors monigothe evolution of the external
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flaming and internal structural-monitoring senstwsmeasure the behaviour of the

structure under insult from a large post-flashdirer

The experimental setup and fuel layout were designgh the aim of creating a
realistic scenario with a reasonable propensitypaorepeatable. The main variant
between both tests were the ventilation conditiddkile the ventilation in Test One
was set to provide the conditions required forHtager, in Test Two all the main
openings to the compartment were operated remstetiie doors and windows could
be opened and closed throughout the course ofirdheThe remote operation of the
openings was based on live information fed fromekygerimental monitoring sensors
and aimed at exercising some control over thecimeditions within the compartment
by controlling the smoke evacuation and air supplgnce the ‘uncontrolled’ fire of
Test One was allowed to burn freely until it begarnave noticeably adverse affects
on the structure, at which point the fire brigadteivened to extinguish the fire. On
the other hand the Test Two fire was extinguishdg:rwremote operation of the
ventilation conditions could no longer adverselyeetf the fire growth. Other
discrepancies between the setup of the two testelvied mainly a series of
independent demonstrations implemented in Test Whese demonstrations were
undertaken as isolated studies of individual itamder exposure to post-flashover
compartment fire conditions [105] and hence weré dicectly associated to the

development of the fire so are outwith the scopthisfresearch.

4.1.3  General Application of the Experiments

These fire tests represent a typical fire scenatitio realistic fire loading therefore the
data recorded with the dense network of sensoms taseonitor the evolution of the
fire can be used to provide a thorough represemadf the characteristics of a
modern-day fire. This data can have immediate ss&emonstrated by the live-
stream to a remote command and control centre winiatie use of the interpreted
data to make informed decisions in real-time, aif@nxfor positive remote interaction
with the fire as it evolved [106]. This interactidemonstrated the potential of sensor-
assisted fire-fighting [24] and confirmed the fédlgly of FireGrid [25]. The
Dalmarnock Fire Tests also demonstrate the usssuaftural health monitoring, both
during a fire scenario and more generally overilding’s lifetime.
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In the long-term, this vast array of relevant fil@&a, compounded by the availability
of two sets of comparable test data that allowaforassessment of the error involved
in the repeatability of the fire scenario, provide®enchmark fire test setup against
which models and correlations can be validatech@lgh the Dalmarnock Fire Tests’
data are refined to a much smaller level of detah is required to evaluate output
from the Law Model, this data can easily be analyse provide the best
representation of each parameter. In fact, the flata the Dalmarnock fires is far
more thorough than the measurements taken in athedaxperiments the Law Model
is based oncf. Chapter 2 and Chapter 3). Hence, these datakatg to provide a
better representation of the parameters theorbtichntified by Law as contributing

to the resultant external heat exposure.

The resolution of many of the Dalmarnock Fire Testasurements also renders the
data exceptionally useful for validation of CFD retslas the level of detail available
is comparable to the grid-size dimensions used omputational models. An
international ‘blind’ round-robin fire-modelling wdly of Test One was conductad
priori to the tests in order to evaluate the state-ofathi@f current CFD modelling in
practice [18]. The results of tleepriori study have lead to the need for an intenaive
posteriori study in an attempt to further understand therdsancies between the

current implementation of available CFD models #redTest One data [19].

4.2 The Design of the Experiments

4.2.1 Layout of the Flat

The flats used were located on the north-west carhthe building, facing westward.
They comprised a central flat hallway off which aatwo bedrooms, a bathroom and
a common living area with a small kitchen off t® side, as shown in Figure 4.1. The
characteristic dimensions of the main experimectatpartment in both tests were an
average widthW of 3.60 m, a deptH) of 4.75 m and a heighH of 2.45 m. Both
compartments had identical openings — a window no@def two glass panes and two
doors to other compartments — the characteristitedsions of which are listed in
Table 4.1. The location of the openings can be seéigure 4.1 where the window

panes throughout the flat are shown in blue anditiwes in red. Further details of the
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compartment dimensions can be found in Appendixh4 @entilation conditions are
detailed in Section 4.2.4.

Front Door _.-~~

r, ."I-|';\\
athroom i \\/’_,- e -

Cupboard

Flat Corridor

; Bedroom-2

Balcony

Living Room
(Experimental

Compartment) Bedroom-1

e

N

Figure 4.1.General layout of the flats in which Test One aedtTTwo were conducted. Key
dimensions for the main experimental compartmesagaren in metres. The outline of the main data
acquisition compartment is shown to the East, adfjam the flat kitchen, together with the outlofe

the main flat access corridor leading to the fidwur.

Opening Reference Width, w (m) Height, h (m)

Window (yin) 2.35 1.18
Door 1 §1) — to hallway 0.85 1.98
Door 2 (2) — to kitchen 0.9 2

Table 4.1.Key dimensions of the openings in the experimectgalpartments.

4.2.2 The Fire Load Distribution

The fire load constituted a mixture of living rocamd office furniture, including

several non-cellulosic, synthetic materials. Theesghnental compartments were
stripped of their existing finishes and the flatsrevemptied of any existing contents.
Identical carpeting was laid on the experimentahpartment floors and all other

compartments were left bare and unfurnished.
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In the experimental compartments new, identicatifure was arranged to represent a
realistic living room and study area, typicallyafegular dwelling. A large portion of
the fuel was concentrated towards the back of tmpartment, in the NE corner
away from the window, with a fairly even fire loddstribution throughout the rest of
the compartment. Figure 4.2 shows several photbgréaken from different angle in
the Test One fire compartment showing the experatesetup with the furniture
layout used in both tests — labels indicate thennit@ms of furniture. Figure 4.3
shows a scale outline of the experimental furnitara plan view of the compartment

where fire-monitoring sensors are also indicated.

Tall Lamp

East Wall
Large Smaller Bookcases  pjastic North Wall
Workstation Workstation : Tall Lamp
Desk Desk Cabinet Bookcase

Plastic Wide central Waste-paper Sofa Tall Lamp
Magazine coffee tabhle hasket
Boxes

Figure 4.2.Photographs of the experimental setup in Test @ken from several angles across the

compartment, in the respective directions of: (& Kom Door 1; (b) E along the North wall from the

NW corner; (¢) NE from the SW corner; and (d) Engldhe South wall from the SW corner. Labels
indicate the main items of furniture.
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N SENSORKEY
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514w L 1Y S — S _ _
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50 Bedroom 1 Door 1 wii  Waste-paper Basket

Figure 4.3.Plan view of the general experimental compartmetipsshowing furniture layout (in
green), to scalec@. 1:67). Fire-monitoring sensor locatioré.B. some sensors were exclusive to Test
One) are also indicated. A section S1-S1 runnirg-Béest through the compartment is shown.
Sections S2-S2 and S3-S3 represent elevationffertedit angles through the external sensors. The
shaded region indicates the area of the ceilingesponding to heat flux data. The global coordinate

system origin is also shown (at floor level) in B/ corner.

While the main source of fuel was a two-seat safasisting of mainly flexible,
combustion modified polyurethane foam upholstereth Viire-retardant fabric, the
compartments also contained: two office work de&kswork table and a tiered
computer desk) with desktop computers, each wstlown foam-padded office chair;
three tall wooden bookcases; a short plastic cgbtheee wooden coffee tables; a
range of paper items and two tall plastic lampse bhokcases were fully-laden with
books, video tapes, paper-filled cardboard files| several other plastic items, as was
the small cabinet. The bookcase closest to the alsfa had two plastic containers
holding thin cardboard boxes full of polystyrendigts. Beneath the central computer
work table there were two plastic boxes filled witewspapers and magazines. The
location of most of these items is shown in Figdr8. Further details of the

dimensions and mass of furniture can be found ipehplix B.
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Other minor living room and office items were indda to give the impression of a
realistic compartment ‘in use’. In both cases, aspt waste-paper basket filled with
crumpled newspaper and 300-500 ml of heptane we as the ignition source. The
basket was placed in between the sofa and a boofdagigure 4.3, Furniture item
vii), directly beneath a blanket that was drapeérdkie sofa arm as seen in Figure 4.2
(b). Although slightly different amounts of accelet were used in both tests and the
time delays between pouring the accelerant andingnthe fire also varied, this
difference was not significant to the general bé&havover the timescale of the fires.
The accelerant contributed only to the momentamtimn of each fire and was fully
consumed within seconds, but the slightly differignition protocol was sufficient to
establish the robustness of the ignition conditimnghis fire scenario, by comparison

of the characteristics of both tests during th8ahfire growth stage [106].

4.2.3 Instrumentation and Data Acquisition

4.2.3.1. Internal Compartment Fire—Monitoring Sensors

In both Test One and Test Two a variety of sens@e set up to monitor the fire.
Twenty thermocouple trees held 12 thermocouplesyfie- extension) each. These
trees were distributed throughout the compartmenskeown in Figure 4.3, with a
further five small thermocouple trees placed altimg window sill. Nine thin-skin

calorimeters were used to measure the heat fludent on the compartment ceiling,
the locations of which are also shown in Figure A3urther set of these heat flux
gauges were mounted on the partition wall shared thie kitchen (20 in Test One, 9
in Test Two). Eight lasers used to measure smolseuhtion were set in emitter-
receiver pairs, such that five were horizontalljgraéd and three were vertically
aligned. Three bi-directional air velocity probegclusive to Test One, were placed in
both the doorway leading to the flat corridor (Ddgrand in the doorway to the
kitchen (Door 2) and a further eight probes weracetl outside the compartment
window. The specific location of each sensor canfdaend in Appendix C. Both

Figure 4.3 and Figure 4.4 show the layout of sofmbese fire sensors relative to the

furniture distribution.

106



Chapter 4 The Dalmarnock Fire Tests

PMMA FRP  wehCams Smoke L25rS

Heat Flux Detectors
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b Window Thermocouple g =20
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CCTY Erg‘;::iusu ple Racks Powenwall

Figure 4.4.Photographs of the experimental setup in Test @ken from different angles around the
compartment, in the respective directions of: Jdjom the East wall; (b) NW from Door 1; (c) E
along the North wall from the NW corner; (d) NErdrdhe SW corner; and E along the South wall
from the SW corner. The red labels indicate thennygies of sensors and the black labels indicate

independent demonstrations included in Test One

All sensors were connected to a set of central mjgers recording at an average
frequency of 0.5 Hz. These were housed in a sep#edt adjacent to the kitchenf(
Figure 4.1) and protected from the fire by a breardctural wall. Several network-
type cameras were also used to monitor the firevirand all data collected was time
stamped, both camera and data logger clocks hawamn synchronised prior to
ignition. This data was streamed live to a remotarimand and control’ room setup
outside the building. Similarly, several early wam fire alarm systems and
additional CCTV cameras were installed in all roamthe flat and their performance

was also monitored live in the remote ‘command @mtrol’ centre.
4.2.3.2. External Fire—Monitoring Sensors

Test One was planned to reach post-flashover dondithence additional fire-
monitoring sensors were installed outside the mexperimental compartment
window, running along the west non-combustible fecarhese sensors included: a
set of 19 thermocouple trees holding 8 thermocaufetype extension) each; 20

thin-skin calorimeters to measure heat flux inctdem the external facade above the
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window; 3 network cameras mounted &t-%" floor level, filming the external
flaming from different angles and 3 meter ruler&liviOOmm markings) were placed

perpendicular to the facade to aid measuremefhieokey external flame dimensions.

The external sensors were rather more evenly spaddatian those within the internal
compartment. The external thermocouple trees weranged to measure 3-D
temperature distribution of the external flamesestpd to emerge from the post-
flashover fire compartment. The trees were aligmeda grid providing regular
measurements across the window width at approxiyn@té m spacings in the row
closest to the facade (7 trees) and in otherse@sjrat 1 m spacing, outwards away
from the window in five rows spaced at 0.25 m amfieight with varied spacing. The
plan layout of the regularly aligned external thecouple trees can be seen in Figure
4.3. In height, the thermocouples were alignedravigde a higher density of sensors
close to the window such that the spacing betwéenntocouples increases with
height, ranging from about 0.3 m below the windaffisto about 0.3m below the
soffit of the &' floor window one floor above. A photograph of testward facade
shows the general arrangement of the external theouple trees in Figure 4.5 where
the layout of the other external sensors can atseelen. Detailed sensor coordinates

can be found in Appendix C.

The external heat flux gauges were mounted on testward facade above th& 4
floor compartment window. A main vertical strip B2 gauges ran centrally from just
above the soffit of the main compartment window thep facade, to near the soffit of
the 8" floor window above. Two additional horizontallyiemted heat gauge strips
allowed for a measure of the heat flux distributammoss the width of the windows.
One strip of 5 gauges was aligned just across dpeof the compartment window
soffit, with its central gauge shared with the bottgauge of the vertical strip. The
other horizontal strip of 5 gauges ran across théldor window, again sharing its
central gauge with the vertical strip. The gaugesenmounted into 10 mm thick
plasterboard, which in places was itself mounted arfurther 10 mm thick
plasterboard sheet, then fixed to the facade, tesless for the purposes of data
analysis, in terms of scale they can be considerédve been flush-mounted with the

facade. In Figure 4.5 these location of these gmugeboxed in red, with the
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respective sensor labels illustrated on the leffie Tetailed coordinates of the heat
flux gauge locations can also be found in Apperglix

N «—1+ : 7" Floor

HF12 |
HF11
HF17 HF18 HF10
HF9
HF8
HF7
HF6
HF5
HF4
HF3
HF2 .
HF13 HF14 HF1 HF15 HF16’/”/ |

5" Floor

\ 7 4" Floor

111 J I | \ ) N
] ! itz
NW Window Pant SwW Windo Pan

Experimental

Compartment

3 Floor

Figure 4.5.Photograph of the elevation of the westward fagadmaving the layout of the Test One
external instrumentation relative to the experirmkobmpartment’'s wooden-framed window. The area
covered by the external heat flux gauges (clogkisthi-mounted with the facade) is boxed in red with
corresponding gauge labels tabulated on the Ieffttlae camera at%floor level (oriented upwards) is
circled in blue. Markings help identify the differtefloor levels and the window panes are labelled a

‘NW Window Pane’ and ‘SW Window Pane’.
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4.2.3.3. Structural-Monitoring Sensors

The post-flashover conditions expected in Test @ragle it of interest to include
sensors monitoring the structural response. Ther fkdab above the experimental
compartment was heavily instrumented with sensocduding 24 thermocouples
embedded in the concrete at four different deptid i@ six different locations,
together with 22 strain gauges and nine defle@umges placed across the top of the
slab. Three deflection gauges were also placedenird@m-1 to monitor deflections
along the height of the partition wall shared wiitle experimental compartment. In
Test One the partition wall shared with the kitcheas also replaced by a lightweight
steel frame wall (designed by Powerwall Systems)Lladl identical geometry. This
wall was rigged with thermocouples and strain gaugpe addition to the gauges
measuring heat flux incident on its surface, allgyvifor a detailed study of its
performance. A set of six different arrangementsitwe reinforced polymer (FRP)
strips embedded in the ceiling was also monitorgdthermocouples and strain
gauges. Although these same FRP strips were mounteeé ceiling of Test Two, no
measurements were taken as they were used fortajivai investigation of their
behaviour in fire. Further details of the structurenitoring sensors can be found in
studies that analyse the affect of Test One oméae-field structure [107-110].

4.2.4 Ventilation

The ventilation parameters are of paramount impedaas they were not identical in
the two tests. In Test One, the initial ventilatioonditions were set to favour fire
growth to post-flashover conditions, with the wimdpanes in the main compartment
left closed but its doors both left open. It isrthg of note that the existing double-
glazed window was replaced by a makeshift singtegdl window for the test, the
wooden frame of which was unfortunately not welled and certainly not air-tight.
The kitchen window (=1 m wide by 1 m high) was lgtrtially open, those of
Bedroom-2 (a set of window panes with the same dgias as those in the
experimental compartment and a ~0.9 m by 2 m haghr)dvere left completely open
and those in Bedroom-1 (same dimensions as tha$e iexperimental compartment)
were left closed. While the doors to both bedroeraee left fully open, the front door
was only left ajar and the bathroom compartment aaas left closed. The bathroom
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door was also insulated to seal off the bathroompartment which housed some of
the bi-directional velocity probe pressure transusic Any changes in ventilation
conditions during Test One were naturally fire-inéd apart from the north-west
window pane in the main experimental compartmenickwiwas broken at a pre-
specified time.

Conversely, the ventilation conditions in Test Twere purposefully designed to
allow for remote control over the main compartmagodrs and both window panes as
well as the main flat door. These windows and deordd be opened and closed via
the remote ‘command and control’ centre allowingtfee ventilation conditions to be
altered throughout the experiment with the intemtad influencing the fire growth.
Initially, the main compartment window and its taloors were left closed, as was the
flat's front door. All other windows in the flat dnthe two doors to the bedrooms
were left open, with the bathroom door left closed sealed off as for Test One. The
front door was also initially left closed. Additialty, a large hole, approximately 1 m
wide by 0.5 m high, at about 1 m from the floor,swaored into the wall separating
the main fire compartment from Bedroom-1 as parttted BBC Horizon team
requirements. Subsequent changes to the ventilatere remotely controlled from
the ‘command and control’ centre to allow for evatton of smoke in a bid to reduce
the build up of a re-radiating smoke layer, pothtireducing or slowing the fire

growth but also in a bid to prolong tenability cdrahs in the compartment [106].

4.2.5 Data Processing

The sensor data collected during the experimempsined some processing before it
could be employed in the thorough characterisatibthe fires. The data loggers
measured only voltage but had in built conversithrag allowed for specification of

several types of sensors, therefore some of theubdtata had sensor-relevant units.

Hence some of the initial data processing was d@omematically.
4.2.5.1. Gas-Phase Temperature

The thermocouple data has been corrected for radiatccording to the method
described by Welclet al. [111], implemented in MatLab® (MatLab R2006, The
Mathworks™, MA, U.S.A.). All the internal compartmethermocouple readings are
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corrected to ‘gas-phase’ values with the exceptibthe uppermost thermocouple in
each of the 20 trees (since these were in contétt tve ceiling) and all other
thermocouples employed in solid-phase temperatigasarement. The temperature
correction reveals radiation errors to be overafiligible in this case, as the average
maximum temperature correction is of the order P& Some localised corrections
are of greater significance, with the maximum octicen of 80°C occurring during
the period of greatest temperature stratificatiparticularly when the hot layer
initially developed. It is of note that most temgieire corrections of similar
magnitude coincide in time and correspond to thewouples in the vicinity of the
sofa and the central coffee table, as expectedegswere among the first items to be
alight. Nevertheless the overall corrections dueradiation are significantly low
relative to average compartment temperaturesolilghoe noted that any error arising
from the calculation of the average smoke layeinekbn coefficient may also
contribute towards errors as it was used in theseections. Corrected gas-phase
temperatures are however used throughout the amalgd this process allowed for
the identification of a few damaged thermocouplaswhich substitute values are
spatially interpolated from neighbouring thermodeugadings.

4.2.5.2. Properties of the Smoke Layer

The smoke layer evolution in time was characteriseterms of its height and the
extinction coefficient. Thermocouple measuremergsawised to determine the height
of the smoke layer over time under the assumptiahthe hot-cold layer interface is
located near the 100°C isotherm (averaged heiglouginout compartment). This

smoke layer height was verified against cameraafypmt

Laboratory calibration of the laser smoke obscaraiensors allowed for conversion
of the raw voltage data into the form of relativewmer and, as such, percentage
obscuration. Together with details of the smokeiayight, this enabled calculation
of the equivalent extinction coefficient evoluti@f the smoke layer over time,
following the classical methodology based on therBeambert Law [21,105,112].
Nevertheless only data from the horizontally-aligjteser smoke obscuration sensors
are used for the characterisation of the smoker l@yéinction coefficient as the

vertically-aligned sensors measurements (in DFTdreviound to be unreliable [113].
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Additionally, footage from a network camera staéidrat 730 mm from the floor on
the north wall opposite the horizontal laser smokscuration sensors is used for
simple verification of the extinction coefficienglculations. Jin has stated that once a
certain object is visually judged to bgust no longer visible” due to smoke
obscuration, the extinction coefficient of the smddkyer at that time is the quotient of
three over the distance to that object [112,114e Tistance to referenced light-
reflecting objects in the horizontal line of sigiftthe footage can be estimated from
the scale plan drawings of the furnished compartr@nFigure 4.3).

4.2.5.3. Incident Heat Flux

The thin-skin calorimeter heat flux gauges usedufhout the experiments consist of
copper discs embedded in plasterboard which hage balibrated using a radiative
panel and a calibrated heat flux meter, in accareamith the theory described by
Ingason and Wickstrom [115] and the methods defindtie ASTM standard [116].
All raw heat flux gauge data has been correspotygipgst-processed into net
incident heat flux values before use in analysigttier details on the heat flux
calibration process highlight the limitations oétgauges employed [105,107].

4.2.5.4. Bi-directional Flow Velocity

The bi-directional velocity probe sensors wereduhlto pressure transducers which in
turn were connected to the data loggers. Converdidine raw bi-directional velocity
probe data has been performed as per literatuadidgtthe calibration of such probes
in a wind tunnel at BRE [111,117].

4.2.5.5. Video footage

The video footage obtained throughout the Dalmé&nbite Tests was streamed
directly to the remote ‘command and control’ centi@ a local hub, by passing the
data loggers. Hence, no processing is requiredhfootage to be viewed however
image analysis, such as that detailed by Cowlaid@][1lcan yield a more accurate
measurement of flame lengtletc (smoke obscuration permitting) than simple visual

estimates.
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4.3 Characterisation of Dalmarnock Fire Test One (DFT1)

4.3.1 Major Events Observed

At 12:23:00 a blow torch was used to ignite thetents of the waste-paper basket
shown in Figure 4.2 and Figure 4.3 and the fire alésved to grow unconstrained.
Observations indicate the blanket dangling over wiaste-paper basket caught fire
almost immediately, in turn igniting several custsowith fire spreading swiftly to
engulf the polyurethane sofa. Four and a half nesutf sofa burning led to ignition
of contents of the bookcase adjacent to the safatlas waste-paper basket, near the
NE corner of the room. Fire progressed up the basi&dollowed by a flashover
period about 5 min after ignition, when ceilingrflas projected into the flat corridor
and visibility in the main floor access corridor sveuddenly reduced. Simultaneous
ignition of paper items in several locations throogt the compartment was also

indicative of the flashover period. At this poitiie smoke layer quickly descended.

Post flashover the visibility in the compartmentswdrastically reduced, so camera
footage provides little information about the suhsmnt progression of the fire.
Nevertheless the fire burnt steadily for the nagheminutes and black smoke was
observed to seep out around the compartment windbigh was not completely
sealed or made air tight. About seven minutes #fieronset of flashover the kitchen
window shattered, even though it had been leftigdgrtopen, but the experimental
compartment window remained intact. The north-westdow pane was manually
broken at 12:36:21 (over 13 min after ignition)r Bovhile mostly smoke was seen to
billow out with sustained external flaming develugpifour and a half minutes later,
moments after which the second window pane shdttened fell away, providing full
ventilation. The fire was allowed to burn freely fa total of 19 min before the fire
brigade intervened to extinguish the fire. A sumynaf the time to key events is
provided in

Table 4.2.

Inspection of the aftermath showed mostly only metanponents were left intact. A
few samples of partially burned books and othetlpaombusted items were found,

but most of the fuel was consumed in the fire, @s lbe seen in Figure 4.6 which
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juxtaposes two images of the east side of the campat both before and after the
fire. All thermocouple trees were found to still imeplace hence thermocouple data

recorded is assumed to relate back to originalapaiordinates registered.

Major events observed Time (h:m:s) Time from ignition (s)
Growth period
Ignition 12:23:00 0
Cushions ignite 12:23:09 9
Smoke visible in main corridor 12:26:06 186
Bookcase ignites 12:27:35 275
Flashover period
Fire engulfs bookcase 12:28:00 300
Flames project to flat corridor ceiling, low
visibility in main corridor 12:28:15 315
Ignition of paper lamp and table papers 12:28:23 323
Post-flashover period
Kitchen Window breakage 12:35:00 720
NW window pane forced breakage 12:36:21 801
Sustained external flaming 12:41:00 1080
SW window pane breakage 12:41:31 1111
Firemen in, begin to extinguish fire 12:42:00 Q14
Mostly Smouldering 12:45:00 1320

Table 4.2.List of major events observed via camera footagh®fTest One fire. Respective clock

time and time elapsed from ignition is given.

Ignition Source I,_nstrumenta}d Lightweight

Steel Frame Wall

Figure 4.6.Photographs of the half of the Test One compartr{iesst side) showing the ignition
source, bookcases, sofa and other items bothefajeéthe fire; and (b) after the fire.
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4.3.2 The Internal Compartment Fire (DFT1)

4.3.2.1. Compartment Gas-Phase Temperature (DFTI)

The compartment average gas-phase temperaturectinme, presented in Figure 4.7,
shows the general behaviour to match the sequdmajor events observed. In order
to fully characterise the spatial evolution of fiire, six key time steps have been
chosen for comparison of the spatial temperatwsildution at consecutive points in
time. These time steps and the stages of thehfay tepresent are described in Table
4.3. The last time step represents the period dk paverage compartment
temperatures once the first window pane broke ansuibsequent time steps are taken
as the fire was not allowed to further develop @onkout, having instead soon been

extinguished by fire-brigade intervention.
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Figure 4.7.Evolution of the average compartment gas-phaspédeature. The shaded region indicates
the standard deviation of temperature throughaaicttmpartment. Vertical dashed lines indicate Time

Steps used for analysis and dotted lines repréiseatof some major events, as labelled.

Time Step  Time from Ignition (S) Fire Development Stage
1 201 Localised sofa fire
2 251 Fire growth significant
3 351 Just after flashover
4 420 Post-flashover steady-state
5 661 Slow temp. rise post-flashover
6 901 Peak temp. after window pane breaks

Table 4.3.Discrete time steps for the comparison of compantrtemperature spatial distribution at

different stages of the Test One fire.
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The spatial gas-phase temperature distributiorutiirout the compartment has been
represented, at each of the time steps identifietable 4.3, by contour plots created
using SigmaPlot® (SigmaPlot 10.0, Systat Software,|San Jose, CA). Several
vertical sections have been taken through the campat running both North-South

and East-West and contour plots were also madadozontal sections through the
compartment at the 11 different thermocouple hsigkigure 4.8 shows a set of
vertical contours taken at different time stepotigh section S1-S1 (includes data
from thermocouple Trees 1, 5, 7, 10, 13 and 1@,ldkeation of which is shown in

Figure 4.3. Further temperature contours throudterént sections can be found in

Appendix D.

For the vertical sections through the compartmbkatdontour planes comprise data
from best-fit lines through the trees such thatree falls outwith 0.3 m of the section
plane, as the thermocouple trees were not arramgeatthogonal lines. Eleven

thermocouples between the heights of 0.45-2.40 en umed as the uppermost

thermocouple in each tree was in contact with gkeng and thus is excluded.

Apart from highlighting the spatial temperature iggon throughout the
compartment, the evolution of the fire can alsarferred from Figure 4.8. Section
S1-S1 cuts right through the initial seat of the {cf. Figure 4.3) and Figure 4.8 (a)
and (b) clearly show the temperature rise has laehnigradient locally between Time
Steps 1 and 2, suggesting that during this pehedfite is still fuel-controlled. The
transition to flashover is then evident between digieps 2 and f Figure 4.8 (b)
and (c)) as there is a distinct general rise inpemrature, multiple pockets of intensive
burning develop and the smoke layer (2G0sotherm) descends. While at Time Step
3 the bookcases and a computer station seem torttebeiting significantly towards
the temperature increase there is a shift towarester temperature homogeneity seen
in Time Step 4df. Figure 4.8 (d)). This becomes increasingly eviggrnrime Step 5
(cf. Figure 4.8 (e)), as expected due to the reducaadatd deviation evident in
Figure 4.7 between Time Steps 4 and 5. FinallyeTtatep 6 ¢f. Figure 4.8 (f))
highlights yet another marked increase in geneyalpartment temperature as the air

supply is somewhat renewed and partially-combufstels consumed.
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Figure 4.8.Test One gas-phase temperature contd@ysdt a vertical section S1-S1 running East-

West through the experimental compartmehtKigure 4.3). Axes values read distances from the

global origin €f. Figure 4.3). The sections were taken at diffetiame steps (time from ignition): (a)
Time Step 1 (2015s); (b) Time Step 2 (251s); (c)&Btep 3 (351s); (d) Time Step 4 (420s); (e) Time
Step 5 (661s); and (f) Time Step 6 (9015s).

4.3.2.2. Extinction Coefficient of the Smoke Layer

4.3.2.2.1.

Smoke Layer Height

Thermocouple temperature measurements were usddteéomine the height of the

smoke layer over time. ‘Height’ in this case indésathe vertical distance from the
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floor to the base of the smoke layer, assumed tatkee uniform level. Hence the
height evolution was taken as an average of thé@@8otherm height at any point in
time until the smoke layer descended past the lowst thermocouples, located at a
height of 0.45 m from the floor. The variation betsmoke layer height derived from
the 100°C isotherm is shown in Figure 4.9. As the thermpbesi were only located
at discrete heights, the data were interpolatgatdoide a more detailed evolution of

the isotherm.
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Figure 4.9.Height of the smoke layer boundary within the ekpental compartment for Test One,

derived from a combination of thermocouple datadadal estimates from camera footage.

Visual estimates from camera footage were useetibyvhe overall evolution of the
smoke layer. The smoke layer height was identifigden a visible sustained
boundary layer reached the top of objects of knbeight. While these provide only
crude estimates they were found to follow the isothdata trend, as seen in Figure
4.9, establishing the 10 isotherm as a reasonable criterion for smoke thanyn
layer identification. Although there is some dig@aecy between the data due both to
the nature of visual estimates and the turbuledy éldws that often create a slightly
indistinct boundary layer between the evidently keablled and non smoke-filled
areas, these estimates provided the best avaitaddsure once the smoke layer grew
beyond the lowermost thermocouple height. Henceteeall evolution of the smoke
layer height shown in Figure 4.9 is derived fromoanbination of both sources and
the smoke layer appears to have filled the compartrsoon after flashover.
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4.3.2.2.2.  Extinction coefficient

Processed data from the horizontally aligned lasswke obscuration sensors gives a
measure of the extinction coefficient evolutiontledé gas-phase at each of the sensor
heights, regardless of whether the sensors weralfedgin smoke or outwith the

smoke layer. These extinction coefficient evolusi@me shown in Figure 4.10.
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Figure 4.10.Test One evolution of the extinction coefficienttloé gas-phase at several different

heights.

The various measurements of the extinction coefficshown in Figure 4.10, together
with the evolution of the smoke layer height shomnFigure 4.9, enabled the
calculation of a characteristic pre-flashover estion coefficient of the smoke layer.
At any point in time, the extinction coefficient tife smoke layer was established by
averaging the data from only the obscuration sensobmerged in the smoke layer.
Hence, an evolution of the extinction coefficiesitabtained by averaging data from
an increased number of sensors as the smoke lageemded over time. This shows a
steady rate of increase in the extinction coeffitieom 0 m* to 5 m* for 300 s from
ignition. After the onset of flashover the lasescolration data are seen to fluctuate
erratically, most likely due to heat damage, aretdfore are only considered reliable

up to this point.

Camera footage was used also used to estimatatiheton coefficient as detailed in

Section 4.2.5.2. Although this provides only a eudstimate, the extinction
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coefficients derived by employing visual estimadé®bstruction of objects at known
distances are plotted against the sensor datagurd-4.10. These optically estimated
extinction coefficients show good agreement witle taser-obtained extinction
coefficients, inclusive of a data point within the&shover period. In particular the data
appears to match that of the lowest set of horaddaser obscuration sensors (Laser

1), which was located at a similar height as thevagk camera used.

The optically estimated extinction coefficient isaseen to verify the steep increase
in extinction coefficient around the onset of flagér, allowing for the trend to be
extrapolated post-flashover as the smoke layem®n~k to have descended to the
floor shortly after 300 s into the fire. In additiothe lowest laser obscuration sensor
(Laser 1) output some data around 440-470 s thatldee seen to fit such a trend
post-flashover. Although its location is thoughthave allowed this sensor to last
longer than the others the reliability of this imfation is uncertain, particularly
because high extinction coefficients equate to ey Vew voltage reading in the
sensor, so any error become a larger percentatiee afieaker signal. Therefore this
data set has been used to define a range of bdondbe extinction coefficient
beyond flashover. Post-flashover it is assumed gkiinction coefficients remain
constant. The upper bound stabilisation value egéchis an extinction coefficient of
25 mi*, taking into account the last set of data outputhser 1. The lower bound
stabilisation value is taken at an extinction co@fht of 14 ni since this is the last
value output by several sensors before they wemeadad at flashover. These values
are assumed to be constant from 400 s onwardsnatite iabsence of adequate data
for a better estimate, the extinction coefficienassumed to grow linearly from 5'm
at 300 s to the upper or lower bound values at<lO8ence, an average extinction
coefficient of the smoke layer can be taken aseali growth from 0-5 thbetween 0-
300 s, followed by another period of linear grovitm 5-20 m' between 300-400 s
where the value is seen to stabilise at roughlynZ@hroughout the rest of the fire.

While it is appreciated that the laser sensors wahg measuring smoke obscuration
in one planar location and that the density isljyike have been spatially varied,
particularly since the measurements were taken toeatwall (boundary layer), it is

also deemed unlikely to have varied significantlyeg the dimensions of the
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compartment and its ventilation conditions. Thereféthroughout the compartment, it

is assumed that the extinction coefficient has amertical variation.
4.3.2.3. Heat Release Rate

Analysis of velocity probe data allows for an apgnoate quantification of the fire
size in terms of the overall heat release rate (HHRRis provides the essential

parameter characterising the fire source.

The evolution of the total heat release rate isvddrfrom bi-directional velocity
probe data using the principle of oxygen depletalorimetry described by Huggett
[119]. Since no calorimeter or gas sampling measards are available, the
calculation has been based on the assumption thatymen (23% air, by mass) is
consumed within the compartment, giving an uppeunbo estimate of HRR.
Therefore this means the calculation of the HRBniy possible for the period when

fire flows becomes significantly dominant over aentiiflows.

For the majority of the post-flashover period otitg six probes located in the two
compartment doorways are used for calculation oRH& the compartment window
panes only broke towards the end of the observetHashover fire. The relative

location of these probes within the doorways arsdl putside the window is detailed
in Figure 4.11. Although the doorway velocity pratsa are very localised and were
seen to fluctuate considerably, a number of assongpallow for an estimate of the
magnitude of the characteristic HRR throughouffitiee

The compartment doorways, The compartment doorways, The compartment doorways, The compartment window,
ca. 0 to 300 sec. ca. 300 to 500 sec. ca. 500 to 900 sec. seen from outside
1
2—34 825 375
4T 800 s
77 8 A d
6 g A &g 7
7— o A @& A @ A &
IS5 N ® 3
8 0 A @ 3 @ - 2@ “6
9— A S =] o I
au
A - ~ ® 1
10— A
114 3 A 1200 1200
2 A
12— @ ® 8 Ao 3
@

Figure 4.11.Bi-directional velocity flow probes at the doorwagtsd window, labelled with the
assumed areas represented by each probe measufenuifierent periods of Test One.

Thermocouple tree heights are labelled to the fi@ftcomparison.
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The total gas mass inflow and outflow derived frthra velocity probe data, based on
the average areas each probe represents at difsgeges throughout the fire shown
in Figure 4.11, are found to be imbalanced, padity in the early post-flashover

period where a deficit of mass inflow is register&tiere are a variety of possible
reasons for this variation, namely the limited nembf probes and the location of
these probes. The lowermost probes were at 0.4&dn0at3 m from the floor in

Doors 1 and 2, respectively, and therefore mayhage accounted for the majority of

the inflow area once the smoke layer descendeavibis height post-flashover.

Further to the probe heights, the local temperavataes used to calculate the gas
density surrounding the probes in both doorwaystlaose singly measured by the
thermocouples in Tree 4, located in between botrgl@f. Figure 4.3). This tree is a
horizontal distance of 0.25 m away from the prabeoor 2 and 0.93 m from those
in Door 1, with a negligible vertical discrepanchhis means the same local gas
density is assumed for probes at similar heightbath doorways, when in reality
these were likely to be quite different due toidstt ventilation flows resulting from
the flat geometry and relative location of venidatopenings. Hence, an average of
both mass inflow and outflow is used to determime fire HRR, ensuring the mass
balance of both. Assuming complete combustion bbaygen, Huggett's formula
[119] can be applied to estimate the heat releatseplotted in Figure 4.12. For the
case of Test One, this method is only deemed tppbcable from around the time of
Time Step 2 when fire flows became dominant ovebiant flows hence the HRR for
the initial fire growth period — represented byated line in Figure 4.12 — is only
indicative of the approximate HRR expected.

Due to the number of assumptions involved in threessment of HRR, a check is
performed using estimated ventilation factors tonpate mass inflow rates for
different periods throughout the ventilation-coli#d, post-flashover fire.
Compartment ventilation factors were calculatedeach ventilation condition, in the
form of Vent Cases [120]. In Vent Case 1 it is assd that 30% of the kitchen
window area was open and that 50% equivalent (ighbeeduction) of the flat
hallway area was open to simulate the initial datitin conditions beyond Door 1.
Once the kitchen window shattered this was takeéo atcount in the ventilation

factor of Vent Case 2. Similarly, when the compamninNW window pane brokef
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Figure 4.5), this was integrated in the conditibmrsVent Case 3. Final Vent Case 4
includes ventilation from both compartment windoanps further to the kitchen
window and initial conditions. Again implementintget principle of oxygen depletion
calorimetry [119] and assuming complete combustibaxygen to obtain basic HRR
values, these cases are plotted against the petbedérived values in Figure 4.12
and indicate good agreement between both methads.hoc laboratory tests,
described in Section 4.4.4, were conducted usitayio®etry to determine the average
heat release rate of replica items of furnishingeduin Test One. Data from these
tests is also used to verify that the magnitudéhefglobal HRR values is within the

expected range.
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Figure 4.12.Heat release rate of the Test One fire as estimatieg the principle of oxygen depletion.
Alternative simplified estimates using ventilatifactors for the calculation of HRR are shown astVen
Cases (with error bars) corresponding to diffekemttilation change events. Timing of some major

events is represented by vertical dotted linetalzelled.

The overall heat release rate trend seen in Figut2 corresponds to that of the
average compartment temperature in Figure 4.7. HRR is seen to grow from a
quasi-steady-state 3MW fire to a larger ~5MW fireumd the time when the first
compartment window breaks, accountable also fordisénct increase in average
compartment temperatures between Time Steps 5 aeer6in Figure 4.7. Although
this is a relatively crude measurement of HRR dvpdes a good indication of the
order of magnitude of the fire size throughout Dalnock Fire Test One.
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4.3.2.4. Heat Flux to the Surroundings

Heat flux measurements have also been used tootbase the fire. Spatial variation
of heat flux can lead to varying severity of stuuraet exposure to fire, which will
influence the structural response, rendering heatdn important fire characteristic

for structural analysis.

Heat flux gauges located across the compartmelmgeind on the kitchen partition
wall were spaced in order to provide a represemaif the global distribution of heat
flux incident on those surfaces. Contour plots tfeeg net heat flux incident on the
compartment ceiling are shown in Figure 4.13 fazthekey time steps described in
Table 4.3, providing a comparison of the heat fawolution as the fire developed.
The approximate area of the ceiling representedhbyheat flux measurements is
shaded over a plan view of the compartment showgare 4.3.

Patterns of peak net heat flux incident on thargpibver time, shown in Figure 4.13,
correlate to the sharp rises in gas-phase temperaaen in Figure 4.7, particularly
the distinct ten fold rise in heat flux to the o®il between Time Steps 2 and@. (
Figure 4.13 (b) and (c)). Similarly, there is aalé increase in global heat flux
incident on the ceiling between Time Steps 5 an@f6Figure 4.13 (e) and (f)),
corresponding to an average compartment tempenasgrence ventilation conditions
change. The contour plots also demonstrate a tegden higher fluxes towards the
back of the compartment, over the sofa and heafulgi-loaded NE corner,
particularly as the flaming fire develops betweemd Steps 2 and &f{ Figure 4.13
(b)-(f)). This illustrates how regular compartménés can lead to a varying gradient
of insult to a single structural componemnte(beams, floor slabsetc). Similar
conclusions can be drawn from contour plots of Hkeat incident on the kitchen

partition wall in a study detailed by Amundarai®Tl.

The heat flux data have been used to assess th&dmester to the respective internal
structural components. Together with other thecsinal-monitoring sensors, this
enabled analysis of the behaviour of the strucumeer the insult of the Test One fire
[107-110].
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Figure 4.13.Contour plots of heat flux (kW/fpincident on the experimental compartment ceiling
region corresponding to the shaded area showrgur&i4.3. Axes values read distances from the
global origin €f. Figure 4.3). The contours were taken at diffetené steps (time from ignition): (a)
Time Step 1 (2015s); (b) Time Step 2 (251s); (c)&tep 3 (351s); (d) Time Step 4 (420s); (e) Time
Step 5 (661s); and (f) Time Step 6 (9015s).
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4.3.3 The External Flaming and Resultant Heat Flux

Post-flashover some external flaming was observezk dhe compartment window
panes shattered. Although some smoke was seendrgerfrom the vicinity of the

window early on, this exhaust seeped mostly throggps in the poorly sealed
window frame while the window panes were still citaSmoke emerging from the
openings in Bedroom-2 was also blown in the dicectf the window by wind. The

data associated with this early period of smoksgat considered to form part of the
characteristic ‘external flaming’ that ensues dgrthe fully-developed period of a

fire, once the compartment window panes break.
4.3.3.1. Major Events Observed

External flaming, constituting both visible flamirend a dense smoke plume of
combustion products, occurred only towards ther lstages of the fire (after Time
Step 5) hence a different time frame of analysisetpuired than that used for the
characterisation of the internal fire. Externalrthecouple and heat flux data are most
significant within the final 5-6 min period of tHge, from about 800 s onwardsf(
Table 4.3). This coincides with the (forced) bregkeof the compartment NW
window pane at 801 s (13 min 21s from ignition)prsly before a large plume of
dense combustion and partial-combustion products iatermittent visible flame
emerge from the opening. A south wind is seenlttthee flame and plume northward,
wrapping the smoke plume around the NW corner efathilding. For the subsequent
four and a half minutes both smoke and flame veffiteoh the compartment with
varying intensities and often the visible flame wmagstly obscured from view as it
was surrounded by copious amounts of dense smdkeujh the general tilt of the
flame was northward, there were occasions wheiotted wind direction appeared to
die down and gusting saw the plume tilt southwarrcor@e point, however these
variations were not sustained. The intermittency Emgth of the visible flame also
varied considerably during this period. Combustainthe wooden window frame
meant localised flames were observed, however teseot considered as part of the

external flaming.

About four and a half minutes after the NW windoanp was broken, the visible

external flaming became more prominent. The flareetld and flame projection
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increased and although part was still intermitemd considerably turbulent a larger
portion of persistent flaming was observed. This wastained for about 30 s before
the SW window pane broke (fire-induced), leadinght® most pronounced period of
external flaming. Flames were seen to emerge frbe whole width of the
compartment window with a clear area of persistlmhing giving a more distinct
outline of the flame shape. Although the brighteyaaof the flame appeared to have a
flame projection of about 0.4-0.5 m (from facaddlame axis), this was surrounded
by fainter areas of flame and hot combustion gaseh that the flame was not
distinctly projecting away from the fagade. Thianfling was sustained for a further

30 s before the fire brigade intervened to extislyuhe fire.

Analysis of some of the external data pre-exteflaahing allows for an evaluation of
the significance of the initial smoke seepage wethards to external heat flux to the
facade, compared to that imposed by the latterrexitdlaming. However it is the
latter 5-6 min of the fire (13 min 20 s — 19 miorfr ignition) that are associated with
external flaming, only the last minute of which eeles a sustained period of
steady-state external flaming.

4.3.3.2. External Gas-Phase Temperature

External thermocouple trees were arranged suchiehgierature contour plots can be
used to map the evolution of the three-dimensioaahtion of the external flaming.
Unlike the internal compartment gas-phase thermpleoudata, the external
thermocouple temperature measurements have notdoeeatted for radiation errors
as application of the correction methodology ineexaél flows requires a good
knowledge of the local velocity fields [111]. Detspithe deployment of velocity
probes in the main window opening there are sewahadr external influences on the
local flows which are difficult to quantify. The g&welocity of the flame was then
affected by considerable swirling of the highlydulent plume as it vented away from
the opening. The velocity of the gases surroundiregthermocouples was further
affected by the external environmental conditiond Ecal air entrainment. Although
the overall affect of the south wind saw the flatittenostly to northward, there were
periods of varied wind velocity and gusting thatcahkffected local velocities. The

significance of these external influences is evideom the effect they have on the
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plume geometry, exemplified in the two images o fflume (seen from below)
shown in Figure 4.14, taken 12 s apart. Henceldhel of accuracy involved in
estimating the evolution of local flow renders thieermocouple temperature
corrections unjustified. In any case, the thermpb®uadiation error is not expected
to be large. Therefore external thermocouple measents have been assumed to

correspond to gas-phase temperatures for the pasdgthis analysis.

(@) (b)

Figure 4.14.Two plan view images of the flames emerging fromTiest One experimental

compartment window, 12 s apart. The images weraindd from camera footage taken at 3rd floor
level looking up at the external flamingf.(Figure 4.5). The extent of change in local vélesiis
highlight with: (a) a distinct south wind (1116geafignition at 12:41:36); and (b) flow velocities
dominant over lighter wind (1128s after ignition1&41:48).

During the initial growth stage of the fire the extal temperatures remained mostly
at ambient, with the exception of localised temperrise in the vicinity of the
window soffit, close to the gaps through which s@neke and hot gases seeped. At
flashover a temperature rise is noted in all exetemperature measurements with
post-flashover temperatures ranging from just @rabient to about 248C prior to
the breakage of the NW window pane. Again, the éigamperatures were registered
in the vicinity of the window soffit where smoke svaeen to emerge. Following
breakage of the first window pane most thermocaupte the NW half of the
arrangement registered a further significant ireeean temperature, such that
temperatures at up to 1 m above the window soffitiged from 300-750C.
Nevertheless temperatures in the SW half of thangement remained relatively

unaffected until the SW window pane shattered antgperatures quickly soared, with
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those close to the window soffit peaking at 860 The temperature evolution at soffit
level outside the centre of the NW window paneselto the facade, is plotted in
Figure 4.15, together with other temperature mesmsants from the thermocouples in
external Tree 5cf. Figure 4.3), the heights of which are given ia Key relative to
the window soffit. Similar temperature evolutions grovided in Figure 4.16 for
measurements from thermocouples vertically alignstioutside the centre of the SW

window pane for comparison.

The temperature measurements obtained allow feDa&presentation of the plume
evolution throughout the duration of the fire, howee for the purposes of
characterisation of the external flame, the peraddsustained external flaming
towards the end of the fire is of greatest inter8sice the stage of the fire yielding
the highest external temperatures was only alloteedurn for 30 s (after the SW
window pane broke), this period is assumed as #s¢ fepresentation of the steady-
state external flaming associated with the gredtteat flux insult to the surroundings.
Although examination of the combustible contentmaming after the fire was
extinguished shows the fire could not have burntach longer than a few minutes,
the temperature and heat flux trends suggest ms sifimminent decay. Hence had
the fire been allowed to develop to burn out, iikely the conditions seen in the last
30 s of the fire would have been sustained forva menutes longer. Figure 4.17
shows a set of 2-D temperature contours througtiosscof the external plume taken
instantaneously at 1135s (12:41:55) after igniteomd just prior to fire brigade
intervention. The frontal elevation shown in Figdt&7 (a) is taken through the set of
trees offset at 0.25 m away from the facade (E8)EI@e lateral elevation in Figure
4.17 (b) is taken perpendicular to the facade altwegcentreline of the window and
Figure 4.17 (c) shows a horizontal cross-sectiosautdh the plume at window soffit
level. These are assumed to provide a general sempaion of the main

characteristics of the steady-state external flame.
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Figure 4.15.Temperature evolution throughout the Test Onerfieasured by thermocouples in
external Tree 5 (EXf. Figure 4.3), aligned vertically outside the cemtf¢he NW window pane, close

to the facade.
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Figure 4.16.Temperature evolution throughout the Test Onerfieasured by thermocouples in
external Tree 3 (EXf. Figure 4.3), aligned vertically outside the cemtféhe SW window pane, close

to the facade.
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Figure 4.17.Temperature contour§Q®) of the external plume during Test One taken 14 afier
ignition (at 12:41:55). The sections represented @) S2-S2, a front elevation; (b) S3-S3, a &ter

elevation through the centre of the window; anda(bprizontal section at window soffit level. Refer

Figure 4.3 for an indication of the section locasigelative to a plan view of the compartment.
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For the purposes of characterising the flame widthis worthy of note that
temperatures measured by the two thermocouple lineated just over 0.3 m either
side of the window did not register temperaturéigh as those opposite the window,
as expected. In fact, temperatures along the hafgfitree 1, to the south of the
window remained very close to ambient temperatareughout the fire and only
once the SW window pane broke did the temperatagenbto rise, reaching only a
peak of 70°C before the fire was extinguished. Those in Trde #e north of the
window saw a higher range of temperatures as thel vilted the plume in its
direction. Nevertheless the temperature range seea the NW window pane broke
was 50-440°C, with the more elevated temperatures registesdiden 0.7-1.2 m

above the window soffit.
4.3.3.3. External Heat Flux to Facade

Pre-flashover external heat flux gauges all regestean average heat flux of 0.5-1
kW/m?. This low heat flux was likely due to a combinatiof exposure to radiation
from the sun, exposure to some heat transfer franimited quantities of smoke and
hot gases escaping from the experimental compattitieaugh gaps around the
window frame, and also due to experimental errovslved in the gauge calibration
process [105]. At flashover a surge in externalt Hieex is registered by the five
gauges aligned across top of the window soffithvaih average momentary peak of 7
kW/m?. Throughout the post-flashover period prior toaage of the NW window
pane, average heat flux measurements remain at &2 kw/nf for all gauges

other than those just above the soffit which orraye registered 3-4 kW/m

Once the NW window pane was breached the heatgluges closer to the window
soffit registered a steady increase in heat fluxictv became most pronounced in the
two gauges located just above the soffit alongNNé window pane, as expected.
Throughout the period of initial intermittent extal flaming the heat flux just above
the NW half of the soffit fluctuated considerablgaing momentarily at 24 kW/m
as seen in Figure 4.18. At the centre of the windonangement the heat flux peaked
at 8 kW/nf just above the soffit, decreasing both with heifgom the window and
towards the SW side of the window. Around 1000teragnition a general dip in heat

flux to the facade is noted to coincide with a dipexternal flaming temperatures
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shown in Figure 4.15, in turn corresponding to alsecords of short period of lesser
external exhaust. This is soon followed by a pewédgronounced flaming with a
greater portion of persistent flaming, in turn esponding to yet another increase in
external temperatures and heat flux to the facateoughout the last minute of
sustained flaming the overall heat flux to the tigaises considerably, momentarily
peaking at 62 kW/f; just above the centre of the soffit before the i extinguished.

Within the period assumed to be most representafigteady-state external flaming,
the heat flux was greatest along the centrelinealtite window with a peak heat flux
of 34 kWinf recorded at 0.85 m above the window and 11 k¥\4il.35 m above
the window. Notably the peak heat flux at 1.1 mabthe window centreline was
considerably lower than that at 1.35 m. This ccwdde been due to projection and
reattachment of the flame or a pocket of trappedhawever the gauge logged only
reasonably low values of heat flux throughout somay have been faulty.
Nevertheless the data indicate a higher heat flodlavbe expected at this portion of
the facade had the plume not been significantlfedefd by wind as both gauges on
the NW pane of the"floor window recorded peak heat fluxes of circal#3kW/nt.
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Figure 4.18. Evolution of the heat flux incident on the facadeaabetween the window soffit and the
bottom sill of the & floor window. This shows only the time period frgmst prior to the initial
window pane breakage to artificial extinction. RefeFigure 4.5 for relative location of the hdaixf

gauges. All data in red corresponds to the gaugasimg just above the window soffit.
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4.4 Characterisation of Dalmarnock Fire Test Two (DFT2)

4.4.1 Major Events Observed

Test Two was ignited in the same manner as Testt@n®llowing day at 11:54:00.

In this case the waste-paper basket contained ¢eahmewspaper soaked in 300ml of
heptane, slightly less accelerant that used in Tes¢. The time delay between
pouring the accelerant and igniting the fire alswviad, but this difference is not

significant to the general behaviour over the ticaés of the fire as the accelerant
only contributed to the momentary ignition of edale and was fully consumed

within seconds [106].

As in Test One, the fire quickly spread from tha o the blanket draped over the
side of the sofa and eventually on to sofa cushi@he technician who lit the fire
swiftly left the flat and the two doors to the mdire compartment and the front door
of the flat were closed via the remote ‘command aodtrol’ centre outside the
building. Since the aim of this test was to achisn®ke evacuation it is interesting to
note that the early-warning smoke detection systantvated 12 s post ignition.
Shortly thereafter, the both window panes were e@ddoy remote control allowing
smoke to vent out. About a minute and a half pgsition, the north end of the sofa
was alight. By this stage a clearly perceptiblghtigrey smoke layer, characteristic of
a localised fuel-controlled fire, had formed to apth below the top of the
compartment’s door frames. Thus, the door fromrtfan fire compartment to the
kitchen was opened to allow smoke to vent out veakitchen window. This resulted
in a visible reduction of the smoke layer withire timain compartment. Nevertheless
the sofa fire was slowly spreading and three mmytest ignition, all cushions
decorating the sofa were alight. The door linking fire compartment to the corridor
was thus opened to allow further smoke evacuatiosugh the rest of the flat, closely
followed by the remotely operated opening of tre’$l front door to allow further
ventilation to the main access corridor. This firateration of the ventilation

conditions occurred four minutes after the ignitafrihe waste-paper basket [106].

Similar to Test One, the fire spread from the swfahe bookcase closest to the

ignition source and later spread to engulf the wisalfa. Once the bookcase ignited,
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with rapid upward flame spread, the smoke layerahetp accumulate despite the
abundant ventilation. From then on, the growth wdtéhe fire noticeably increased,
with ceiling jet flames seen to travel across thmpartment in what appeared to be
the beginning of a transition to flashover, awaynira fuel-controlled fire [21]. A
thicker, darker smoke layer, more indicative ofemtdation-controlled fire was seen
to rapidly fill the compartment and the fire brigaohtervened to extinguish it, little
over five and a half minutes after ignition. Hencentrary to Test One, the fire was
not allowed to reach fully-developed conditionsidile of the precise timing of each
of these major events can be found in Table 4.4.

Major events observed Time (h:m:s) Time from ignition (s)
Ignition 11:54:09 0
Blanket ignites 11:54:10 1
Smoke detection systems activate 11:54:21 12
Technician leaves and front door closes 11:54:27 18
Fire compartment door to kitchen is closed 11:54:35 26

Fire compartment door to corridor is closed 11:64:3 27
Both compartment window panes open 11:54:37 28
Front door is fully closed 11:54:44 35
Both window panes are fully open 11:54:53 44
Sofa ignites 11:55:39 90
Smoke accumulation in main compartment 11:55:51 102
Fire compartment door to kitchen is opened 11:55:53 104
Substantial amount of smoke is evacuated 11:56:12 23 1
Sofa cushions fully burning 11:57:04 175
Fire compartment door to corridor opened 11:57:08 79 1
Front door is opened 11:58:12 243
Bookcase begins to burn 11:58:37 268
Sofa becomes fully involved in fire 11:59:25 316
First ceiling jet flame occurs 11:59:35 326
Fire Brigade intervention 11:59:41 332

Table 4.4.List of major events observed via camera footagh®fTest Two fire. Respective clock

time and time elapsed from ignition is given.
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Once the fire was fully extinguished the aftermaththe fire was clearly very
different to that of Test One. The sofa structuees still considerably intact although
a large portion of the polyurethane foam base aauk lhad been consumed. Most
items on the bookshelves were heavily singed butfally consumed, with all
bookcases still left standing. Towards the wes sidthe compartment, the tables and

desks also had several singed items but many wirendamaged.

4.4.2 The Internal Compartment Fire (DFTZ)

4.4.2.1. Compartment Gas-Phase Temperature (DFTZ)

As for Test One, Test Two had a large density efrtfocouples measuring gas-phase
temperature throughout the compartment. These emaBID evolution of the spatial
distribution allowing for detailed characterisatiasf the temperature gradients
throughout the course of the fire. Neverthelessttie purposes of comparison with
the general fire conditions in Test One, the aver@@mpartment temperature is used.
Gas-phase temperatures were employed by correttiinthermocouple temperatures
for radiation errors according to the method déscdi by Welchet al [111].
Nevertheless the overall corrections required weegligible, comparable to the
experimental errors inherent in the measuremeké&ntfl05,106].

The compartment average gas-phase temperatureetime, presented in Figure
4.19, shows the general behaviour to match theesmguof major events observed
(cf. Table 4.4). This is plotted against the standkindation which gives an indication
of the degree of temperature homogeneity througtiutompartment. The first 200s
of burning saw fairly low average compartment terapges associated with a low
standard deviation. This is indicative of the smiatlalised fire and the adequate
venting of smoke by remote control of the ventdatopenings, preventing a distinct
temperature rise throughout the compartment. ThHrougthe growth stage of the fire,
the doors and windows were opened when data stcebweeto the remote ‘command
and control’ centre indicated the temperatures vesginning to rise. Figure 4.19
shows that these prompt changes in ventilation itiond are in general immediately
followed by a slight decrease in rate of averagamartment temperature rise. Hence

while the fire is confined to a single major fuelisce the attempts to limit its growth
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through changes in ventilation conditions appearhtive a favourable effect.
Nevertheless, once the fire spreads to a seconor fuggl package — in this case the
bookcase — the fire experiences a period of rameviln and becomes unaffected by
changes in the environmental conditions. Corresipghyl the standard deviation
grows as more items in the NE corner become ergyuiflame, in turn leading to the
development of the smoke layer and resulting igdarinstantaneous temperature

gradients generated throughout the compartment.
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Figure 4.19.Evolution of the average compartment gas-phasedeatyre. The shaded region
indicates the standard deviation of temperatureufinout the compartment. Vertical dashed lines

indicate Time Steps used for analysis and dottegblrepresent time of some major events, as labelle

As the fire quickly spreads up the bookcase andctmlitions in the compartment
become increasingly untenable, the radiation from ftames and from the growing
and darkening smoke layer contribute towards thelpsis of materials which in turn
leads to a faster rate of fire spread. This is evidfrom the global increase in
compartment temperatures and in standard deviafisnthe average compartment
temperature begins to soar, the fire spreads toleting rest of the sofa and the onset
of flashover becomes inevitable. Five and a hatfutas into the fire, the fire brigade

intervened and temperatures are seen to drastaediease.
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4.4.2.2. Other Components of the Test Two Fire

Further to characterisation of the compartment waipre evolution, the data
collected during Test Two also allows for charastgion of the smoke layer height
and its associated extinction coefficient, andgfonapping of the evolution of the heat
flux to both the compartment ceiling and the kitchgartition wall. These further
components of the fire allow for a global assessnoénhe efficiency of the test in
demonstrating sensor-assisted smoke managemeittlighighg the potential for
sensor-assisted fire-fighting as envisioned by theeGrid project [24,25].
Nevertheless, for the purposes of this researclthheacterisation of Test Two is of
most interest for highlighting the repeatabilitydammbustness of the test setup. Since
Test Two was not allowed to grow to fully ventitaticontrolled conditions, no
measure of its heat release rate is available. efower the evolution of the
compartment temperatures provides the best repeggsnof the overall evolution of
the fire for the purposes of comparison against Tase. Details of the complete
characterisation of Test Two, including temperattwatour plots taken through the
same S1-S1 section of the compartment as thaeinhtaracterisation of Test One, are
provided by Cowlarett al [106].

4.4.3 Benchmarking the Dalmarnock Fire Tests

A common problem associated with large-scale (di-sfale) fire tests is the
repeatability of the results. Most large-scalestéehd to produce a set of results that
will depart from the results of a re-run of the satest. While simple pool fire
experiments [21] angtandardlarge-scale tests [121] are reasonably repeatataley
realistic fire tests do not follow the same trend. In maages, the variability of the
results is associated with ignition conditions ahdnges in ventilation, relative to the
distribution of fuel. Consequently, comparison betw deterministic numerical
model output (which will always give the same answee the same inpute.g. the
Law Model) with realistic fire scenarios is generally deemed an unreliable
comparison. In these tests repeatability was adddeby varying both the ignition
protocol and the ventilation conditions while maining the same scenario in terms
of fuel distribution. By varying the ignition sow@nd the environmental conditions
within reason, a measure of the robustness of ¢se getup can be established.
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Although Test One was a freely growing fire thatiaied post-flashover conditions
and Test Two was curtailed just at the onset ahiterer, the similarities in the setup
of the two tests render a comparison of the mayents during the initial growth
period of the two fires useful for assessing theatability and hence benchmarking
the scenario.

For the ignition protocol, the amount of accelerasg¢d and the time delay between
pouring the accelerant and ignition were varie@, thnge of ‘acceptable’ variation
having been defined from laboratory test resulB2[1The impact of this variation on
the main timeline of the fire is seen to be minsrtlde subsequent ignition of items
nearby occurs at a comparable time after ignitiobath tests. This was ensured by
initiating the fire with a well established wastaper basket fire (in the form of a
waste-paper basket with liquid fuel) placed adja¢era flammable item of furniture
which guaranteed a large initiation event regasllet the particular amounts of
accelerant. Additionally the main fuel items in theinity of the ignition point were
arranged in a configuration very similar to the 18m corner test [121] allowing
for entrainment to generally drive the flames ta¥gathe heavily fuel laden NE
corner. The lack of effect this variability in tignition protocol has on the subsequent

development of the fire demonstrates the procedwsignificantly robust.

The potential variability arising from ventilatiazonditions was addressed as one of
the major variables between the setup of Test Ouk Taeest Two as discussed in
Section 4.2.4. Comparison of the average compattteerperature evolution plotted
in Figure 4.20 shows the different ventilation ragiadopted in Test Two allowed for
average compartment temperatures to remain und€, 4thich were significantly
lower that the > 100°C average observed in Test @nehe first three minutes of the
fire. Together with inducing a reduction in thedéof smoke, strategic venting of the
early fire allowed for an increase in the duratmtenability of the compartment
compared to that of the Test One fire. Despite ehgifferences in environmental
conditions, the ignition of the bookcase in botktseoccurs within seconds of each
other, circa 270 s post ignition. This highlighte robustness of the test with regards
to variation in ventilation conditions (pre-flastesy. Furthermore, in both cases the

ignition of this second major fuel package leadsrdapid fire growth, with the
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transition to flashover occurring again within anquarable time scale in both tests, as
is evident from the peaks in Figure 4.20, desphie earlier lag in average

compartment temperatures in Test Two.
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Figure 4.20.Evolution of the average compartment gas-phasedsatyres for both Test One and Test
Two. In both cases the shaded region indicatesttredard deviation of temperature throughout the

compartment.

Although the two fires had the potential for sigrant variation, the correspondence
between the timing of major events in both tedissitates the scenario is robust
enough to guarantee a consistent timeline by phogidonditions that favour the
repeatability of the fire test. While the robuswes the ignition protocol was ensured
by initiating the fire with a well-established wagiaper basket fire set directly under
a flammable blanket draped over the sofa, the iposgiig of this same ignition source
adjacent to a fuel laden corner was also intend@shsure eventual secondary ignition
of the bookcases irrespective of the presencesofi@ke layer. This potential ignition

of secondary items is discussed in depth by Bakesd.23].
Hence, provision of a full-scale experimental settlat favours repeatability allows

for the benchmarking of iealistic fire fuelled by an arrangement of typical furnéur

rather than standard experimental wooden cribsoot fires. This provides a vital
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contribution to the global attempt to further ursland the conditions arising from
such regular household or office fires. However mimgportantly, the benchmarking
of this realistic scenario renders the comprehensive test dataydaated for model
validation. Note that the use of high-resolutiontadaneasurements should be
accompanied by the error bars associated with dperamental measurements as
derived in detail by Reszlket al [105]. These errors were found to be negligilole f
the purposes of benchmarking the scenario, compardbde variation in localised

corresponding data points between the two tests.

4.4.4 Additional Laboratory Tests

Further to the full-scale Dalmarnock Fire Testsneoadditional calorimetry tests
were conducted in the laboratory in order to deteenthe average HRR of specific
items of furniture. This enabled further charac@tion of the individual properties of
some fuel packages. Both large- and small-scateinstry tests were conducted for
individual replica furniture items and material gdes from major furnishings,
respectively. The large-scale calorimetry testseveenducted under an exhaust hood,
burning a replica of the sofa used in the expertadesompartments and a fully-laden
bookcase module. Conversely the material samplese wested in the cone
calorimeter to determine both their HRR and critiveat flux for the ignition. The
data retrieved from these tests is discussed aildit Steinhaus and Jahn [122].

The HHR measurements obtained in these additi@sé thave been used to verify
that the magnitude of the global HRR evolution,cdssed in Section 4.3.2.3, is
within the expected range. Together with the infation characterising the
Dalmarnock Fire Tests, this data set is invalu&tnehe use of these experiments as a
validation tool for computational models [18,19]iasules out the errors involved in

estimating the properties of individual materiads ihodel input.

4.4.5 Dalmarnock Fire Test Data Summary for Comparison with

Law Model Output

The benchmarked Dalmarnock Fire Test One providesideal scenario for
comparison against output from the Law Model. Theethsions of the Dalmarnock
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Test compartment are very similar to the approxématimensions of the
compartments most frequently used in the largeestesdts many of the Law Model
correlations were validated against, the detailsvich are discussed in Chapter 3,
Section 3.3.1. While the Dalmarnock compartmentsuess 3.6 m by 4.75 m by 2.45
m high, many of the Law Model correlations derifeain tests in compartments of
approximate dimensions ~3.6 m by ~4 m by ~2.5 nh.hidthough Test One did not
experience a prolonged period of sustained exteflaating, enough data were
collected to define quasi-steady-state flame pitogeand heat flux distribution on the
facade and internal fire properties measured camcdoepared against the various
parameters calculated by the Law Model. Additionatihe freely developing fire of
Test One is expected to have a had a similar durat that suggested for design in
the Law Model, had it been allowed to develop tonbout without fire brigade

intervention.

The main distinction between the experimental tdstsLaw Model correlations are
based on (and against which they have been valipatel Dalmarnock Fire Test One
is the fuel content and fuel distribution. Neveltiss the Law Model was developed
to be applied for design and forms the basis ofoEane standards [2,3], so the
realistic nature of the scenario setup, with furniture repnting a typical household
living room and study area, allows for an evaluaitd some of the assumptions in the
Law Model. The main assumptions challenged by coms@a with such a scenario
are the Law Model suppositions that a uniformlytrdisited, wood-equivalent
description of fuel provides an appropriate repnesteon of a typical scenario fire.
However the detailed resolution of the Dalmarnoatadalso allows for an evaluation
of several other more ‘localised’ assumptions sashthose associated with the
temperature distribution within the compartment Hrelexternal flame.

In order to compare the Dalmarnock Test One datautput from the Law Model,

some of the data have to be processed as they @ne nefined than the average
values used in the model. This data set is sumeathbslow. It is also not clear from
the assumptions stated in the Law Model whetheDilenarnock Test One scenario
falls into theNo Through Draughor theThrough Draughttase as Law refers only to

‘windows’ as openings. Elsewhere however, the theefers to openings as both
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windows and doors and since additional air is dedplo the compartment through
the doors which link to compartments with open wiwd, it seems reasonable to
assume the conditions should be those Tfimugh Draughtase. Nevertheless while
the door to the kitchen is opposite the window \italk not clear that the velocity of
the wind would be representative of the velocityaoly incoming draught, as the
kitchen was narrow and the window wall was perpemdr to that of the door.

Additionally, the wind was blowing from the Southdathe kitchen window was to

the North, so the effects of the wind on the induckaught are expected to be
complex. Since the Dalmarnock scenario appeart teomewhere between the two
draught scenarios, it is prudent to compare tha dghinst Law Model output for

both sets of conditions as these should identéwibrst-case bounds for design.
4.4.5.1. Geometrical Scenario and Fire Load Data

The main parameters describing the geometricalutagbthe Dalmarnock Test One
scenario are fixed. These are summarised in Talbde afd include the main
dimensions of the compartment and those of the evindnd doors, where door 1
(drl) denotes the door to the hallway and doorr2)(the door to the kitchen. Table
4.5 also includes the main parameter describingfiteeoad,L in the Dalmarnock

compartment scenario.

The compartment dimensions are as measured howleeecompartment width is
taken as an average width as there were some gligtrusions in the north wall to
accommodate structural columns. The fire lohdis estimated from the heat of
combustion values obtained for specific furnitutems during the additional
laboratory experiments, discussed in Section 4.4 other values for common
materials are obtained from literature. The masnadt of the large items used in the
tests are known and the mass of smaller itemsstiraated. This is then converted to
a wood-equivalent fire load (as required for inputhe Law Model). The detailed

calculation of the fire load can be found in Apper.
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Parameter Dimensior (m)

W 3.60
D 4.75
H 2.45
Wiin 2.35
Puwin 1.18
War1 0.85
Nar1 1.98
War2 0.90
Nerz 2.00
L (kg) 547

Table 4.5.List of the main parameters characteristic of tlednfiarnock Fire Test One scenario
including the geometrical dimensions of the compartt and ventilation openings and the fire load

(note different units). These are fixed scenarputrparameters.

Parameter 1 Opening 3 Openings

Ar () 17.1 17.1
Ar (m?) 72.3 68.9
A, (mP) 2.8 6.3
Pimo (M) 1.18 1.63
L" (kg/m) 32 32
n (m°%9) 24.0 8.6
W (kginf) 38.6 26.4

Table 4.6.List of Dalmarnock Test One intermediate parametetsare calculated as part of the Law
Model. The parameters are given for two scenatiad:with 1 opening corresponding to only the

window area considered as an opening and that3aahenings including the window and both doors.

Additional intermediate parameters, calculated fritra main parameters listed in
Table 4.5 according to the Law Model correlations given in Chapter 3, Sections
3.2.1 and 3.2.2, are listed in Table 4.6. Theshligigt the difference in the reciprocal
opening factor,7 and the modified height of openings;,, between taking the
Dalmarnock scenario as having one single opening (he window) and having
three openings by including the two doors too. Hetieh,,, value listed under the
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single opening scenario is identical to the windogight as it remains unchanged
from h. The fire load density,” is calculated simply by dividing the fire lodd,by
the total floor areaé: and the value has an approximate errot@f kg/mf. While
the fire load density of 32 kg/in the Dalmarnock tests is higher than the 25 kg/m
the Law Model suggests for design, it is still viitthe 20-40 kg/range used in the

CIB experiments which the Law Model correlations based on [47].
4.4.5.2. Internal Fire and External Flame Data Collected

For the properties of the internal fire and of éxternal flame, data recorded during
the Test One fire has in many cases been averadeath time and space to provide
values comparable to those calculated in the LawldWloorrelations. A summary of
these data is provided in Table 4.7. The fire donatz= is taken from ignition to

forced extinction as no better approximation isilaée for what would have been the
burn-out time, although from examination of the namts of the fire, it is not thought

to have had the fuel to burn for much longer.

Average parameter value Average parameter

Parameter throughout fully-developed value throughout the n

fire  or last minute of external = EfTor

throughout external flaming flaming

Ir (S) 1140 1140 +180
m(kg/s) 0.27 (5 MW) 0.38 (7 MW) significant
T.(°C) 23.5 23.5 0.1
T: (°C) 625 690 3.8
To (°C) 575 745 3.8
| (m)* 0.58 0.51 -
T.(°C)* 542 615 3.8
z(m) 0.3 0.7 0.1
X (m) 0.25 0.2 0.1
u (m/s) - - -
A(m)* 0.4 0.3 0.1

* The value ofT, is given for a point, along the ‘flame axis’ at z = 0.295 m.
* Flame thickness taken as average up the hefgheplume to the 54%C contour

Table 4.7.List of Dalmarnock Test One parameters describimogerties of the internal fire and
external flame averaged both over the entire dastbver period and over the period of sustain
external flaming only. The experimental measurensemtr associated with each value is given as

described by Reszlet al for the different instruments at a range of aéfg values [105].
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Properties of the fire that evolved over the cowfsthe fire have been averaged over
two specific periods. As the Law Model correlatiatescribe properties of a fully-
developed fire, select test data were averagedhtmperiod between flashover and
extinction (320 s — 1140 s). Within this periodpojperties pertaining to the external
flame were averaged only from the beginning ofakternal flaming period, when the
NW window pane broke, to extinction (801 s — 1146&)wever since there was only
sustained external flaming for the last minute g fire or so (1080 s — 1140s), a
second set of averaged data values are also prbeasleepresentative of this period,
in Table 4.7. This enables a more comprehensivefseata for comparison against
the Law Model output.

4.4.5.3. External Heat Flux to Facade Data

The external heat flux to the fagcade once the SWlow pane breaks is presented in
Table 4.8. This table shows only the variation eathflux vertically up the facade
along the centreline of the window as Law assumesifarm temperature across the
width of the flame, in turn resulting in a unifornorizontal heat flux to the facade
engulfed in flame and only very minor variationsiédo configuration factor) for the
facade in the near-field, not engulfed in flamethaAlgh Figure 4.18 shows there is
some variation in the horizontal distribution ofahélux just above the window soffit
in Test One, particularly when only one window pdmas broken, it also illustrates
the variation is most prominent in the vertical ediion, as noted in previous

experiments conducted by Bullen and Thomas [25@raothersf. Chapter 2).

Since the Law Model is based on the assumptionteHdy-state conditions (for a
worst-case scenario) the heat flux measured in @est provided for comparison is
taken as the average heat flux at each gauge docatier the period of sustained
external flaming where the heat flux was at itsatgst. Hence the averages range
from when the SW window pane broke to extinction the best possible
representation of the worst-case heat flux insulhe fagade. Although this is not a
very prolonged period and steady-state conditioag not have been achieved, it is
assumed these conditions would have been at leasttaimed for a few minutes
longer had the fire not been artificially extinguesl. In any case, an average is taken
over this period of maximum external flaming ane tmaximum and minimum

readings at each gauge height are also listed inleT4.8, together with the
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experimental measurement error as calculated bykdest al [105]. It should
however be noted that this vertical heat flux distiion is still an underestimate of
the potential heat flux to the facade under thenidahock fire scenario due to the
tilting of the plume northwards due to the wind,easdenced from Figure 4.21. The
heat flux gauges aligned horizontally along the Nahe of the 8 floor window
(HF17 and HF18) registered peak heat fluxes overtiines greatercf. Table 4.8)
than that at the same height along the centreliteeowindow arrangement as they

were in general closer to the plume.

Heat Dist. from Av. Heat Min. Heat Peak Heat

Flux Window Flux Flux Flux ZError

Gauge  Soffit (m) (kW/m?) (KW/m?) (KW/m?)
HF1 0.135 52.5 45.7 61.8 10
HF2 0.385 42.3 22.7 54.3 10
HF3 0.635 22.8 7.9 31.6 10
HF4 0.885 22.7 6.7 34.0 10
HF5* 1.135 1.7 0.6 2.7 large
HF6 1.385 6.4 16 110 large
HFE7* 1.59 7.5 2.0 125 large
HF8* 1.79 6.8 2.2 110 large
HE9* 1.99 5.7 1.6 9.6 large
HE10* 2.19 49 1.4 8.2 large
HE11* 2.39 5.2 1.7 9.1 large
HF12* 2.59 4.3 13 7.7 large
HF13 0.135 18.6 5.3 28.8 10
HF14 0.135 311 25.9 35.3 10
HF15 0.135 36.1 19.2 49.5 10
HF16 0.135 25.6 13.1 319 10
HF17* 2.19 6.2 2.1 13.9 large
HF18* 2.19 7.9 1.9 13.2 large
HF19* 2.19 51 1.3 9.1 large
HF20* 2.19 3.5 0.7 6.8 large

*This heat flux gauge appears to have been maliumnag.
* Heat flux gauges mounted on the upper storey aandwhich is located between 1.5 m and 2.7 m
from the fire compartment window soffit.

Table 4.8.Variation of incident heat flux vertically up tf@cade above the window centreline. Values
are averaged over the period of maximum sustairttral flaming for each gauge together with the
minimum and maximum instantaneous values recordedgithis period. The heat flux gauge

locations are illustrated in Figure 4.5 and disedss 4.2.3.2.
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Figure 4.21.Photograph of the external facade outside TestiDtie aftermath of the fire. A plume
smoke record on the facade highlights the genéfedteof the wind on the plume tilt and shows

evidence of a significant plume having emerged fthenkitchen window.

4.4.5.4. Discussion of Law Model Assumptions vs. Dalmarnock Data

The validity of several assumptions made in the Udadel can be assessed by
comparison with the Test One data. Namely, assumhmadire does not undergo any
fire-induced changes in ventilation, other thanepttlly at flashover, allows for the
simplification of the scenario and subsequent agsioms that properties such as the
rate of burning are constant throughout the dunatibthe fire. Nevertheless Figure
4.12 shows there is significant fluctuation in tiage of burning,m throughout the
fully-developed stage of Test One. Although the anifluctuations are likely to be
associated to experimental error due to the vglqmobe setupcf. Section 4.3.2.3)
there are distinct changes of the overall ratewhing when ventilation conditions
are altered. Although this is expected it showsasgumption of a single value for the

rate of burning might not always be a conservatisgumption.

Similarly, Law assumes a single compartment gasebamperaturel; can be used

to describe the fully-developed fire. Although tlesa common assumption, it is often
linked to experimental investigation involving ordyhandful of thermocouples that
most often refer only to the hot layer. Neverthelehe dense network of
thermocouples placed throughout the Test One cdmpat provide a much higher
resolution of temperature distribution througholkié tcompartment and even post-
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flashover when the smoke layer has descendeddol#éwel, there is evidence that the
internal compartment temperature is far from homogs. As for the burning rate,
the temperatures also vary in time throughout trst-flashover fire and this lack of a
single temperature representative of the compattnemvironment is evidently

summarised in Figure 4.7. Since the radiation campb of the fire contributing to

the external heat flux insult is proportional te tfourth power of the compartment
temperature, the choice of this single temperatarehave a significant effect on the

Law Model outcome.

The assumptions regarding the external flame ptigsesire also found to depart from
many of the characteristics observed during Ted. @ithough external flaming was
only observed for a fraction of the post-flashoperiod, preceded mostly by exhaust
that appeared to constitute mainly of dense smibieearea of the window throughout
which these emerged varied throughout the test.léAbmnly the NW window pane
was broken, the smoke and intermittent flaming apge: to emerge on average from
roughly less than the top two thirds of the openimgwever once the SW window
pane broke and sustained external flaming ensusal, neutral axis descended
considerably and was seen to fluctuate betweempper two thirds of the opening
and the whole window. This could have been due thange in the main ‘venting
direction’ of the fire, as there was also evideata significant smoke plume having
emerged from the kitchen windowf(Figure 4.21). Hence, it is unclear whether this
behaviour would be assumed to match that expectedao Through Draught
conditions or that offhrough Draughtconditions. Furthermore, the plume was not
seen to significantly project out from the facadensuld be assumed undEnrough
Draught conditions, even though neither the NW window ameaits own nor the
whole window area constitute ‘narrow’ openings.héligh this may have been due to
the wind, this effect is unaccounted for in the Uslwdel and the closer the flame is
to the facade the higher the heat flux insult. Tedmfirms that the Dalmarnock
scenario lies somewhere between both draught cefesed by Law. Hence it would
perhaps be prudent in design to suggest calculafitmthNo Through Draughand
Through Draughtconditions for each scenario (when both may bdicaige) such
that the worst-case can be implemented, since a@heironmental conditions can

affect the notional flame shapes further than assliny Law.
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Other external flame details, such as the assumptie flame bends upwards at’45
underNo Through Draughtonditions appears to be corroborated by camerade
evidence of visible flames during the period oftaumed external flaming. Hence the
flame thickness at window soffit level (perpendarulo the fagade) should equal the
depth of the flame as it emerges through the windcdiwChapter 3, Figure 3.2).
Nevertheless, assuming the flame edge to be dadithday the 54%C contour, the
flame depth inferred from the thermocouple datanshthe flame depth to be much
smaller than that observed. Using the ®t@&otherm to determine the average flame
dimensions is in fact conservative as Law and @Brssume the flame temperatures
to be uniform through their cross-section hencefldmae depth should be taken at the
axis temperature as the 5@0isotherm is used only to define decay at the dlaim in

the model [1]. Yet even with this conservative asgtion the average flame
dimensions have been found to be quite sncélllable 4.7). This could be due to the
high smoke concentrations in the external pluméfaeals which generate a lot of

smoke will give flames of lower temperature butrhegnissivity” [21].

With regards to the temperature distribution wikie tflame, the assumption of a
uniform temperature through the cross-section efftame axis was not verified by
the thermocouple measurements. While the temperalistribution along the width
of the flame barely varied for the width of therfia (as assumed for a flame the width
of the opening), the temperature varied signifisamtith flame depth, with higher
temperatures closer to the fagade front as sedheirhorizontal section shown in
Figure 4.17 (c). Hence, although the flame widtbuagption appears to match that
observed, the flame depth and flame height werfadh quite difficult to determine,
due to both the fluctuations in the flame and theklof a distinct flame axis of
reference. This complicates the identificationted variation in flame temperaturg,
however an average was taken from thermocoupletgpailgned with the centre of
the opening (first NW pane, the window centrelia€)~0.295 m from the window
soffit, up to about 0.25 m away from the fagcade chiappears be a good
approximation of the axis path. This flame temparais listed in Table 4.7 together
with the equivalent distance along the flame akis iat (according to Law Model

theory) such that it can easily be compared agasst Model output. The maximum
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external temperatures measured do however mosthgide with the window soffit,

as assumed by Law for the calculation of the teatpee at the windowT,.

In terms of the effect of lateral wind on the enmeggflame, Figure 4.14 (a) clearly
shows a lateral displacement of the flame facénéstt from the fagade, as the flame is
tited by a southerly wind, as assumed in the Laad®. The flame does however
also appear to tilt with height as can be inferiretn Figure 4.21 where the plume
appears to have left a smoke record on the facéey at an angle to the vertical. It
is unclear whether this behaviour is accountediriothe Law Model however this
could effect the heat flux to a structural memiosated to the side of a window, but
outwith the area described by the horizontal filthe flame prescribed by Law under
the effect of wind. Although several of the Law Mb@ssumptions are seen to depart
from the Dalmarnock observations and test datar denplifications are required in

order to provide an engineering tool of generaliappon.
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It has been several decades since Law and O’Btigfofmulated the Law Model and
evolution in material science has, since then, seany synthetic materials replace
the once mainly wood-based furniture and furniskinged to decorate our homes and
offices. Similarly, some traditional constructioratarials are now often replaced by
innovative materials that have better weight-tessth ratios, are more sustainable or
have improved aesthetics, among other propertiesabdihed with the advances in
architecture that have, over the last few decadegen buildings to much greater
heights and allowed for an array of irregular desjghis innovation redefines the
‘typical fire scenario’ and it is unknown whethérg shift has a large effect on the
applicability of some of the compartment-fire-baseddels developed to date. Hence
it is a good time to revisit the intricacies of thew Model and to perhaps re-evaluate

the concept and applications of the model as aavhol

5.1 The Objective of the Sensitivity Study

In order to assess the adequacy and general dppticaof the Law Model for
providing adequate design of external facade compisn{.e. cladding, window
configurations, perimeter structural elemerg$;) underreal fire scenarios it is
essential to pinpoint the key parameters that gottee external heat flux output by
the model. These parameters are identified by attitdpa sensitivity study in which
each parameter is individually varied, throughoutaage of values that may be
expected in standard design. The study is basedhdra benchmark scenario and the
effect of individual parameter variation is evakthby comparison of the distribution
of the heat flux incident on the facade above tmmgartment opening, as output by
the model. The benchmark scenario is taken asah&almarnock Fire Test One
(DFT1) as the compartment geometry and its openiags of fairly common
dimensions expected in standard design, as is ¢nergl fire loading used. The
Dalmarnock Fire Test One (DFT1) scenario is foumt¢ an ideal benchmark as the
characteristics of the compartment and the fireatiom correspond to those in large-
scale tests previously used to validate the Law @li@d. Chapter 3, Section 3.3.1), as
discussed in Chapter 4, Section 4.4.5. Furthermioweough measurements of the
characteristics of the internal fire, the exteritaiing and the external heat exposure

pertaining to the fully-developed fire are avaibdbr comparison with the Law
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Model. Nevertheless the characteristics of the lbaling — including fuel type and
fuel distribution throughout the compartment — ¢ate a significant difference from
previous tests used for Law Model validation. Tieisders Dalmarnock Fire Test One
more representative of a&ealistic scenario which enables evaluation of the

applicability of the Law Model in modern design.

The identification of the key governing parametershe Law Model may highlight

other parameters that make a relatively minor doution to the model outcome.
Given the many assumptions and generalisationsranhen the Law Model, as

discussed in detail in Chapter 3, Section 3.4, rtative level of accuracy of the
model may not justify the inclusion of such paraengt Hence the overall aim is to
devise a simplified analytical expression using kbg governing parameters for the
prediction of the external heat flux imposed bycsjpe scenarios. While it is possible
that, in simplifying the model, some of the inttealetail providing ‘resolution’ is

lost, this should not compromise the overall leeélaccuracy in the prediction
relative to that already inherent in the Law Modedl its related assumptions.

5.2 The Sensitivity Study Methodology

The number of parameters and elaborate paraméeed@pendencies constituting the
Law Model render it laborious to run through a $ngalculation i(e. to determine
the heat flux to a single point on the facade errésultant temperature on a point of
an external structural steel member) for a giveenado. Therefore, a computational
implementation of the Law ModédkirExHeaf was programmed in MatLab (MatLab
R2006, The Mathworks™, MA, U.S.A.) in order to figate the thorough parameter
sensitivity study processFirExHeat includes the assumptions and limitations
associated with the Law Model while allowing for rigéion of all the input
parameters, including those that are given nomwadlies for design in the Law
Model, such as ambient temperatufig, and draught or wind velocityy. It is
programmed to provide the resultant temperaturearfexternal structural steel
member — lying either away from the facade, flugfaiast it or even partially

embedded within it i(e. respective adjustments were made to the heat flux

* A copy of theFirExHeat the computational implementation of the Law Mogebgrammed in
MatLab, can be found in the CD accompanying thiskwo
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components falling incident in each of the memlaees) — or to determine the total
heat flux falling incident at any number of pois the facade above a compartment
opening. Although for this study, the heat fluxthe facade is of greatest interest for
the parameter sensitivity study, the capability FifExHeat to determine the
temperature of external steel elements was usetigore the model was adequately
programmed by comparison against the several exasganarios given in the Law
Model [1].

The Dalmarnock Fire Test One (DFT1) benchmark seena first modelled using
the known input variables described in Chapter He Teat flux is modelled to the
same points on the external facade as the locafithe gauges measuring external
heat flux during the test. Comparison of the maakland measured heat flux
provides an evaluation of the application of thevl/dodel correlations to eealistic
scenario, exemplary of a scenario for which the ehoday typically be used in
design. The Dalmarnock scenario is then used advdbes for parameter variation.
Each of the main input parameters identified isviadially varied as a multiple of its
value for the DFT1 scenario, over a given rangel as effect on the output is
compared against that of the benchmark. The paemm#tiat, when varied, result in
the greatest variation in heat flux to the facaedeemed to be of key importance,
particularly if there is a large distinction betwethe effect some parameters have

compared to the effect of others.

The study is based around the heat flux imposedhenfacade because it is of
particular interest, having further applicationsirththat incident on steelwork at a
distance from the facade — although heat flux whssteelwork could similarly have
been used. Nevertheless, many of the experimerdt ékentually led to the
development of the Law Model correlations wereiatliy devised to determine the
external heat exposure to the facade, due to sheatrposed to external fire spread, as
discussed in Chapter 2. This renders it particylgertinent that heat flux to the
facade be used for evaluation of the importancehefindividual parameters. Apart
from the application of the external heat flux be facade plane in determining the
heat insult to structural steelwork embedded infgade with an exposed surface —
such as a spandrel beam or a perimeter columganitlso be used to determine the

potential for fire spread beyond the compartmentrajin. Heat flux incident on the
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facade could ignite a combustible facade claddingréaches its critical heat flux for

ignition. Similarly, the heat flux incident on tipdane of the facade can be applied to
window panes in order to determine a safe intetegtavindow separation distance to
prevent glass breakage induced by external flamings can also be used as a
ballpark estimate to determine if typical itemstlie compartment a floor above the
experimental compartment will ignite, given theelik heat insult during a given

compartment fire once the upper level compartmentdew has broken. Hence, it

was of interest to set up an array of heat fluxggawn the facade of the Dalmarnock
Fire Test One compartment, as discussed in Chdpt&ection 4.2.3.2, such that
experimental data pertaining taealistic scenario would be available for comparison

with the model output.

5.3 Dalmarnock Fire Test One as Benchmark Scenario for

analysis of the Law Model

In attempting to model the Dalmarnock Fire Test Qoenario it became clear that it
is not always evident which Law Model specificasashould be used to describe a
particular scenario. In this case it is unclear thvbe the Dalmarnock scenario falls
into the category oNo Through Draughor Through Draughtsince the compartment
had openings on opposite walls (deemed by Law smltreén Through Draught
conditions), but there did not appear to be a thinodraught of significant velocity —
the kitchen window opening was at a right angléhtokitchen door and compartment
window and the wind direction was seen to vary seha throughout the test. It is
also unclear whether only the window (NW and SWesarshould be accounted for
as an opening or whether the doors should alsadleded as the Law Model makes
no direct mention to doors as openings. Althougththe purposes of this study it has
been assumed that an opening can be defined as aittoor or a window, depending
on the ventilation conditions of the compartmenydmel the door ¢f. Chapter 3,
Section 3.4.2), it is important to evaluate thengigance of such interpretations of the

Law Model.

Due to the uncertainties in the definition of theodwl scenario, all potential
combinations of cases are modelled and comparedsaighe Dalmarnock data set,

allowing for an evaluation of which combination sfenario definitions provide the
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best description. Therefore, the Dalmarnock FirstT@ne was initially modelled
under four different scenario conditions: (& Through Draughtvith only window

as opening (ND - 1 Opening); (BJo Through Draughwith the window and both
doors defined as openings (ND - 3 Openings)T{@ough or Forced Draughtvith

only window as opening (ToFD - 1 Opening); and, Tyough or Forced Draught
with the window and both doors defined as openifigé-D - 3 Openings). Although
the Dalmarnock scenario is clearly not uné@rced Draughtconditions, a model
scenario with only the compartment window as amopgunderThrough or Forced

Draughtconditions is included for the purposes of conguani

The input parameters used in the Law Model calmriatwere those pertaining to the
Dalmarnock scenario as listed in Table 4.5, togetugh the fire duration and

ambient temperature taken from the fire tests dgtan in Table 4.7. The wind

velocity used in the scenario withTairough or Forced Draughis taken as 6 m/s as
suggested by Law for design, since no better etirmfithe wind conditions during

the DFT1 tests is available. The heat flux recep@nts on the facade to which the
model was applied correspond to the respectiveitota of the 20 heat flux gauges
installed in DFTL, illustrated in Chapter 4, Figu#e5. This enables a direct
comparison between the experimental data givenhap@r 4, Table 4.8 and the
output of the four potential Law Model cases far ftenario.

Figure 5.1 shows a comparison of the output fronfoair Law Model cases against
the Dalmarnock data for the average heat flux egpeed over the period of
maximum sustained external flaming (after the SWdweiw pane brokesf.

Table 4.2) at each external gauge location.

Heat flux gauges 1-12 were aligned vertically up fdcade along the centreline of the
window while gauges 13-14, 15-16 and 17-18, 19-20evhorizontally aligned, two
on either side of gauges 1 and 10, respectivelyGhapter 4, Figure 4.5). What is
most evident from

Figure 5.1 is that the modelled heat flux valueddgd are not only within the same
ballpark figure as those measured but also closdligw the rate of decay measured
with vertical distance from the window soffit. Waithis is a good match, the close
correspondence between many of the values is un®geas the Law Model

stipulates many of its assumptions are based oviding a conservative approach
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(significant overestimate) such that output is degéradequate for use in design. In
the horizontal direction however the variation eahflux measured is not reproduced
by the modelled heat flux output as the Law Modsluaned the flame temperature to
remain constant across the flame with, varying avith height. Therefore, it is only
outwith the flame height (or when facade is notufegl in flame) that some variation
is seen in the modelled distribution of horizontedat flux, due to the flame
configuration factor. Nevertheless, overall, theiatgon in measured heat flux is more

pronounced in the vertical direction.
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Figure 5.1.Average heat flux to the facade above the compattmmdow measured during the

period of maximum sustained external flaming duamarnock Fire Test One juxtaposed with
output from four Law Model computations for casethwa combination oNo Through Draughand
Through Draughtonditions and one (window) or three (window ardb®rs) openings defined. The
heat flux gauge numbers correspond to the gaugeidms illustrated in Chapter 4, Figure 4\bB.

HF5 appears to have been mal-functioning.

On a more detailed level, all Law Model cases appeainderestimate the average
heat flux at some point, particularly in the regimnhigher incident heat flux along
the window centreline, in the area just above tifitsIn this region, only theNo
Through Draughscenario with a single opening (ND - 1 Openinggasn to provide
a reasonable heat flux estimate, with all other Lkw@del cases providing a

significant underestimate. While even this modedecappears to underestimate the
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recorded heat flux ~0.4 m above the window soffit HF2), the 3-4 kW/m
underestimate is within the error bar associateth wie DFT1 heat flux gauge
measurements{, Table 4.8). The heat flux computed by this madede then seems
to decay fairly quickly such that further afieldh, the vicinity of the window of the
compartment above (HF10-20), it considerably unsterates the recorded heat flux.
Although the error in the measured data in thisoreds considerably large, the
Through or Forced Draughtase with 1 opening (ToFD — 1 opening) appeatseto
the only case that would provide for the heat ftagorded in this area, in a design
scenario. Hence none of the Law Model cases wauddvidually have provided a
safe estimate of the heat flux incident on the dacalong the centreline. Although
either side of the centreline the Law Model caseside better estimates, due to the
decay seen in the Dalmarnock data, this is only tfuthe near-field in the region just

above the fire compartment window.

Some of the individual intermediate parametersutated under each of the four Law
Model case scenarios are given in Table 5.1. Cosganf these values with those
measured during DFT1, listed in Table 4.7, providdsirther insight in to potential
limitations inherent in the empirical nature of thedel correlations. As it is the
overall ability of the Law Model to determine theah flux incident on the facade that
is of most interest to this study, it is not woddlving into a detailed comparison of
the individual computed and measured values ofethiesermediate parameters.
Nevertheless it is noteworthy that in several caes computed intermediate
parameters yield very different values to thosesuesd. This is particularly the case
in the range of fire and flame temperatures modede well as the flame dimensions
and projection, where the measured flame dimendianwe been obtained from the
540 °C temperature contour, as stipulated by Law [1,ZB). the other hand, the
burning rate of 0.27 kg/s modelled by the Through Draught.aw Model case with
a single opening (ND — 1 Opening) matches that oredsduring DFT1df. Table
4.7) and this case also provides the best estimiatee high values of heat flux
incident on the facade in the near-field to the ftcompartment window. Overall,
however all cases fare similarly in modelling thstribution of heat flux incident on

the external facade.
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Parameter ND — ND — ToFD — ToFD —
1 Opening 3 Openings 1 Opening 3 Openings

m(kg/s) 0.27 0.48 0.48 0.48
Tt (°C) 976 888 968 805

To (°C) 1217 1045 762 684
T.(°C)* 981 844 762 683

z(m) 1.85 1.55 2.01 0.49
x (M) 0.39 0.39 4.09 2.15
2 (m) 0.79 0.79 1.18 1.18

* The value ofT, is given for a point, along the ‘flame axis’ at z = 0.295 m.

Table 5.1.List of intermediate parameters describing propsrtif the internal fire and external flame,

calculated under the four different Law Model casenarios used to describe the DFT1 scenario.

While providing a good estimate of the incidenttifaa in the near field is important
for design of structural members and for selectipgropriate facade cladding such
that its ignition and consequent external facateedpread can be prevented, the heat
flux estimate for the region of the window on theof above a fire is important to
prevent the likelihood of inter-storey fire spretdshould be noted that during DFT1
the external plume was seen to tilt at a distinogle, away from the window
centreline, as noted from the smoke record depictedhapter 4, Figure 4.21. It is
therefore likely that, had the plume not been diltthe heat flux incident on the
window of the compartment above that of fire origiould have been significantly
higher than recorded. While heat flux gauges 17 &h¢f. Chapter 4, Figure 4.5 for
location) appear to have been in the region ofplbene at this level (accounting for
the higher average heat flux recorded by gauges/HBlcompared to that of HF10,
HF19-20), from Chapter 4, Figure 4.21 the plumes @xipears to have been further to
the north. Hence it is possible that with no wime theat flux impingent on this
window area could be in the region of 10-20 k\i/@hould this be the case, the risk
of development of secondary fires would be high'the approximate radiant heat
required for the piloted ignition of a second iterries from 10 to 20 kW/ffor
easily ignitable items such as thin curtains andséo newsprint to upholstered

furniture” [81]. Given the measured DFT1 heat flognstitutes both radiant and
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convective components, should the window be opeshould it crack due to the fire,
this range of would pose a significant risk. Evender the tilted plume the
temperatures in the vicinity of the upper window.5¢(2.7 m above the fire
compartment window soffitgf. Chapter 4, Figure 4.17) were well above the 50-10
°C range found to cause glass breakage [124]. Taefh incident on the window
was also within the 4-10 kW/mrange noted to break most single-pane window
arrangements [125] in other tests. Therefore fikisly the 5" floor window glass
would have cracked and broken out had it not beetegted by plasterboard and had
the period of maximum sustained external flamind been of relatively short-
duration. While this could have led to the ignitiminsecondary fires in the upper level
compartment, depending on the properties of itsishings, the Law Model does not
appear to provide conservative estimates of heet ith this region for adequate

design of the respective facade elemengs\indow arrangementsic.).

Overall the comparison of the Dalmarnock Fire Taeg and the Law Model output
for the different cases shows that the Law Modetsdmot appear to provide
conservatively for design, even though Law classifinost of the assumptions made
in the model as conservative in nature [1]. AltHotige experimental error associated
with heat flux gauges, particularly at lower hdakés (further away from the window
soffit), can be significantcf. Table 4.8), the Dalmarnock data shows a distiectd

in the heat flux measured at the different locatisnggesting the data set is robust. In
any case, even given the considerable error barl#w Model output would not
significantly overestimate the heat flux distrilmutiresultant from the DFT1 scenario.
Analysis of similar full-scale tests conducted blppovic and Turan [79-81] in the
late 1990s, where contemporary furniture was lilsewiised to represent a realistic
fire load, also finds measurements of heat fluxdest on an external facade are
greater than the heat flux described by the Law @llodhis discrepancy can
potentially be due to the extensive use of nondtmsic-based fuel in DFT1, which
did not feature in the tests used to develop thdahcorrelationsdf. Chapter 2) and
in most of the larger-scale tests later used fwdlidation ¢f. Chapter 3, Section
3.3.1). The Dalmarnock external plume was obseteele large yet to comprise a
very small external flame and hence to be very sniokature. This type of plume is
associated to a large excess fuel fadteuyhich Thomas and Bullen [67] identified as

being linked to lower flame temperatures and higlaeiant heat flux to the facade.
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The flames associated to high concentrations ofkemio the external plume, are
known to have higher emissivity [21]. This phenomeiis not accounted for by the
Law Model and could potentially also explain thgngiicant underestimate of the
steel temperatures of a column [26] used in sevefalhe initial Underwriters’

Laboratories tests [62] against which the Law Modetrelations were verified
[26,46].

Furthermore, it should be noted that the DFT1 cotnpent described by the Law
Model with a single opening (the windowge. ND — 1 Opening and ToFD — 1
Opening) has a corresponding reciprocal openinpifarf 24 m*? and that with the
three openings (window and 2 doors) has a recipropaning factor of 8.6 2.
While the cases with the smaller reciprocal operiaggor fall well within the range
pertaining to tests used to previously validate lthes Model €f. Chapter 3, Section
3.3), the cases with only the window as a singlenamg result in a reciprocal opening
factor that falls in a realm for which the validity the Law Model correlations has
not yet been thoroughly investigated. NevertheteesDFT1 experimental data and
the heat flux distribution described by the fouffetient Law Model cases are in the
same ballpark which shows that overall “importaatgmeters have been identified,
and a substantial data bank exists from which ipassible to show how these
parameters interact” [26] rendering the Law Modstful to establish which of these
parameters are of greatest importance. The disten@ation noted in the distribution
of heat flux vertically along the facade from th@eaing soffit compared to that in the
horizontal distribution, together with the applicas of the heat flux to these
different areas renders in design, also renderwéhtecal distribution most relevant

for use in comparing the effect of parameter vammathroughout the sensitivity study.

In the meantime, from a design perspective, iukhbe recommended that a given
scenario be modelled according to all potential IM@del cases that may apply, such
that the worst-case heat flux to a point of inteee be identified. The worst-case
modelled heat flux to a given point should therapplied for design, even if different
cases give rise to higher heat fluxes at diffepemtts of interest, as seen in
Figure 5.1 for the Dalmarnock Fire Test One scenari
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5.4 Variable Parameter Definitions

While implementing the computational version of tteev Model, FirExHeat for the

purposes of the sensitivity study, the effect oluanber of particulars in the definition
of some parameters was investigated. In a numbeasds, the definition of certain
parameters is ambiguous, and therefore it is pitudendetermine whether the
adoption of any of the potential definitions wouldve a significant effect on the

model outcome. The parameter definitions investig@tclude:

0 The characteristic length scatbused in the calculation of the convective heat
transfer coefficient, when pertaining to a pointaiger on the facade rather

than a steel section of discrete dimensions;

0 The use of the modified opening height, as opposed to the specific height
of a window opening, for determining the charast&iof the flame emerging

from the window, when there are several openingdiftdrent dimensions;

o The point along the flame at which the flame deptand flame temperature,
T, are taken for use in the calculation of the flammssivity and the radiative
and conductive components of the heat flux inciden& particular point on

the facade, when that point is not engulfed in #am

The effect of the different definitions of each tbkse parameters was individually
investigated, using the Dalmarnock Fire Test Orenago as a benchmark for the
evaluation of the effect had on the heat flux disition vertically up the facade along
the window centreline. The definitions found to éaw large effect on the outcome
heat flux distribution were then compared againstlalmarnock Fire Tests One data
to determine which definition led to more realistesults. Where in the variation in
parameter definition was found not to have a sigaift effect on the outcome heat
flux distribution, one of the definitions was chosand justified. These definitions
were incorporated into thEirExHeat model and used in the comparison drawn in

Section 5.3 as well as the rest of the parameteitsaty study.

165



Chapter 5 Detailed Analysis of the Law Model

5.4.1 Adjusting the Characteristic Length Scale, d

It is not evident how the definition of the chaeagdtic length scalej described in the
Law Model [1] and detailed in Chapter 3, SectioR.3.1.4 applies to a point on the
facade, since it is defined as the average ofwerhain dimensions of the cross-
section of the steel member of interest. Thereitoseimportant to revisit the function
of the characteristic length scale and its use iwithe heat transfer coefficient.
Effectively the convective heat transfer coeffitieha measure of the rate at which
heat is transferred convectively across the boynidser, per degree of temperature
difference, between the fluid gases of the plungetae solid point of interest. For the
case of flow parallel to a flat plate, the temparatand velocity within the boundary
layer vary with the boundary layer thickness, whisklf is a function of the length of
the solid surface. Similar relationships ariseMarious combinations of geometry and
surface orientation relative to the flow. Henceg tAngth of the solid surface over
which the fluid flows is an important component govng the convective heat

transfer coefficient. It is this length that defirthe characteristic length scale.

Consider the case of an external spandrel beangimgiirom the facade, at a height
above the window sill, such that it is in the stnéiae of plume flow, potentially
engulfed in flame. A boundary layer to a point oferest on the beam (mid-point)
will form from the leading edge of the beam relatte the flow. In a similar scenario,
but with the beam embedded in the facade at a halghve the window soffit, such
that only one of its surfaces remains exposed &mh fwith the facade, the first
surface the plume will encounter is the facaddfitsit exits past the window soffit.
Hence, a boundary layer would form over the faca the exposed surface of the
beam would likely be within this boundary layer.this case, the characteristic length
scale should be measured from the leading edgeedbaoundary layern.€. from the
window soffit to the point of interest on the beaorface). Similarly, should there be
an obstruction between the window soffit and thanbdace, that protrudes out from
the fagade further than the boundary layer thickresthat point, a new boundary
layer would form with its leading edge at the obstion, again changing the
characteristic length scale pertaining to the bearface. Therefore, theoretically, the
characteristic length scale for a point on the dacahould be taken as the vertical

distance between the opening soffit and the ptaetfi
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In the case of Dalmarnock Fire Test One, the eatdnpat flux gauges were near to
flush-mounted with the external facade. Nevertrseldsey were embedded in 5 by 5
cm pieces of plasterboard that were in places lthiok and in others 2 cm thick.
Hence, for the purposes of comparison betweendfirition given in the Law Model
and the theoretical definition of the characteridgéngth scale, the local average
dimension of 0.025 m to the point of interest wasdias the ‘Law Model definition’
whereas the vertical distance from the openingtdofeach point of interest was used
as the ‘Theoretical definition’. The DFT1 scenam@s modelled under botNo
Through Draught (1 opening) and Through or Forced Draught(3 openings)
conditions and the vertical heat flux distributi@sultant from both definitions of the
characteristic length scale were compared. Figi2esbows the outcome of the two
cases undefhrough or Forced Draughtonditions. The discrepancy in the heat flux
distribution described by the two different chaeaistic length scale definitions is
large, where the distribution described using thesIModel definition is, for the most
part, over twice that described using the theaamétdefinition. The radiative and
convective components constituting the total h&at incident on the fagcade under
both definition cases are also plotted. This ilatgs the magnitude of the convective
heat flux component in the case described usingLtve Model definition, which
employs the same, comparably small characteristigth scale throughout all points
on the facade. Comparison of both total inciderait fleix distribution curves with the
vertical distribution of average heat flux measudeding the period of maximum
sustained external flaming in DFT1 (HF1-9), shotws tmmeasured data to match both
the decay trend and the ballpark values descrilyeth® Theoretical definition far
more closely that described by the Law Model d&bni Similar trends are found

underNo Through Draughtonditions.

Therefore, for calculation of the heat flux to aman the fagade, the characteristic
length scaled is defined in thd=irExHeat computational implementation of the Law
Model using the theoretical definition — the veatidistance from the opening soffit
to the point of interest. This affects only the wective heat transfer coefficient and
hence the convective heat flux component of the teeat flux incident on the fagade.
It should however be noted that the characterstigth scale is in the denominator of
the Chapter 3, Equations (3.18) and (3.26) desugilthe convective heat transfer

coefficient,a hence asl — 0, a — . Therefore for a point of interest on the facade
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in the very close vicinity of the opening soffit erde the smaller the characteristic
length scale is very small, the convective heatsfier coefficient described will be

unrealistic and will lead to unrealistic values ldat flux to the facade, with a
singularity at the window soffit.
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Figure 5.2.Vertical distribution of heat flux incident on tf@cade resulting from modelling the DFT1
scenario with 3 openings under ToFD conditionsyaisivo different definitions of the characteristic
length scale. The respective convective and ragdidtéat flux components are shown for comparison.
The DFT1 data taken as an average over the pefiméiximum sustained external flaming are shown

with error bars accounting for maximum and minimimstantaneous values measurefd Table 4.8).

5.4.2 Defining the Opening Height to be used in the calculation

of Local Flame Conditions

When a scenario has more than one opening, theMaael takes the openings into
account in the form of a single equivalent opemmith modified dimensions, as
described in Chapter 3, Section 3.2.1 and discuss&kction 3.4.2. It is not clear
however, whether the modified opening values shéademployed in all equations
throughout the model. Therefore, it is of intefiestietermine the effect of using local
opening dimensions versus the modified equivalpenong dimensions to determine
the heat flux distribution above the given openiiige definition of the opening
height is of particular interest because in scesawhere the compartment openings
are of considerably different dimensions, as in DEoth a window and doors), the

difference in opening height may be significanteleging on the definition used.
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In order to evaluate the effect of the opening hedgfinition, the two different cases
were compared under bottlo Through Draughtand Through or Forced Draught
conditions, based around the DFT1 benchmark scenatth 3 openings. The window
opening height was defined as both the specifightedf the window and as the
modified height, defined as an area-weight-aveadgsl three openings (the window
and two doors), as described in Chapter 3, Se@i@rl. These definitions were

applied in all correlations within the Law Modebfering the opening height.

The vertical distribution of heat flux incident dhe facade undeNo Through
Draught conditions is shown in Figure 5.3, together wiltle trespective resultant
flame height,z for each definition of the opening height. Althbuthe modified
window height described a higher overall heat thlong the height of the facade, the
difference to that described using the specificdein height is negligible, even
though the difference between the heights speciiied considerable, given the
difference between the dimensions of the window #medtwo doors. The heat flux
distribution described by the case where the windpening is specified as the only
opening in the compartment is included for the pags of comparison and is seen to
result in a higher overall heat flux than eithesecavith three openings. The respective
flame heights are seen to vary accordingly, as&egde as the heat flux distribution is
highly dependent on the flame temperature distidytwhich in turn is based on the
flame height. The average heat flux measured dutireg period of maximum
sustained external flaming during DFT1, togethethvihe maximum and minimum
instantaneous values measured at each gauge lo¢eftidable 4.8), are also plotted

in Figure 5.3, providing a ballpark for comparison.

Similarly, Figure 5.4 shows the vertical distritmrtiof heat flux incident on the facade
underThrough or Forced Draughtonditions. In this case the specific window heigh
results in a higher overall heat flux distributithvan that described using the modified
opening height. Nevertheless, once again the giaoy is not significant and the

DFT1 scenario described with only the window asngls opening again results in a
higher overall heat flux distribution than both @tltases. Since the definition of the
opening height used does not appear to have disarieffect on the modelled heat
flux, the definition using the area-weight-averageddified opening height value is

maintained irFirExHeat, as per the Law Modetf, Chapter 3, Section 3.2.1).
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Figure 5.3.Vertical distribution of heat flux incident on tf@gade resulting from modelling the DFT1
scenario under ND conditions, using two differeefinitions of the opening height throughout. The
respective resultant flame heighegm) are indicated. The DFT1 data taken as an geevser the

period of maximum sustained external flaming a@shwith error bars accounting for the maximum
and minimum instantaneous values measured at eaatidn. The average flame height measured is

also indicated.
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Figure 5.4.Vertical distribution of heat flux incident on tf@gade resulting from modelling the DFT1
scenario under ToFD conditions, using two differ@efinitions of the opening height throughout. The
respective resultant flame heighegm) are indicated. The DFT1 data taken as an geevaer the
period of maximum sustained external flaming a@shwith error bars accounting for the maximum
and minimum instantaneous values measured at eaatidn. The average flame height measured is

also indicated.
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5.4.3 Defining the Flame Thickness and Flame Temperature for

a point on the fagade not engulfed in flame

When identifying the flame temperature to be usetthé Law Model calculations, the
point along the flame axis at which to take theniatemperaturel, and indeed the
flame thickness] may be apparent when considering a point on tbada engulfed
in flame. In this case, the flame temperature kenaas that at the flame axis point,
directly opposite the point of interest and itsckimess is that perpendicular to the
facade. Nevertheless, when the point on the faisadet engulfed in flame, the flame
temperature and thickness to be used is not evidenthis case, three potential
definitions are considered: the conditions describg the point along the flame axis
perpendicular to the opening soffit, defined in theev Model as a conservative
assumption [1]; the average conditions describedhbypoint along the flame axis
opposite the opening soffit and by the flame tipeve the temperature is taken as a
fourth root of the average of temperatures at bmthtions taken to the fourth power,
as described by Law in a paper describing the deweént of the Law Model [26];
and, the point along the flame axis where the exgerpendicular to the element of
interest on the facade, as would seem theoretiegdpropriate. Although the latter

involves a little more calculation, it is theoretily the most sound definition.

The effect on the external heat flux distributiomdhby each of the three potential
flame temperature and flame thickness definitiorss wtudied based on the DFT1
scenario undemhrough or Forced Draughtonditions, as the flame is expected to
project away from the facade, resulting in a factddd is not engulfed by flame.
Figure 5.5 shows the heat flux distribution desadibusing each of the flame
temperature and flame thickness definitions anddikgnction between each is very
small. Although taking the flame characteristicgt@aing to the height of the
window soffit, deemed to be a conservative approlghLaw and O’Brien [1],
provides the highest heat flux distribution, themparison shows none of the
definitions make a significant difference to the dalled outcome. Since the
conservative definition is that least likely to &pp a point on the fagade that is not
within the near-field of the window soffit, and sathe average suggested in Law’s
description of the development of the model [26§atibes the lowest heat flux, the

theoretical definition (deemed most appropriateaf@oint on the facade) is used.
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Figure 5.5.Vertical distribution of heat flux incident on tf@gade resulting from modelling the DFT1
scenario under ToFD conditions, using three diffedefinitions of the flame temperature and
thickness. The DFT1 data taken as an average loggreriod of maximum sustained external flaming

are shown with error bars accounting for the maximand minimum instantaneous values measured.

5.5 Ranges of Variation for Individual Input Parameters

The Law Model has over 14 input parameters. Thasebe divided into four main
categoriesgeometri¢ fuel, ambient conditionand relative The geometriccategory
includes the three main compartment dimensid®(H), as well as those pertaining
to a potential compartment coi€)( and the opening dimensiong, 1) of which there
can be a number of different ones should the smereve several openings of
different sizes. Théuel category involves the fire load)( (often expressed in terms
of fire load densityl.”) and fire durationzf) and that ofambient conditiongncludes
ambient temperaturel) and wind or draught velocityu). The relative category is
used to define all other parameters that arise ftbhenrelative conditions of the
scenario, such as the characteristic length sceéhe distance between the emitter
and receiver§) and the angle between the#g hich make up the configuration
factors. The dimensions of a potential projectgurch as an awning or balcony which
may deflect the external flame, are also a poteimt parameter as is the plume gas
density ) which features in the buoyancy term and is tag®i0.45 kg/mat 540C
throughout the Law Model.
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The parameter sensitivity study was undertaken ostraf the parameters, with the
exception of: the core dimensionS)(because a core does not feature in the DFT1
benchmark scenario and is its effect is thouglite@losely linked with that of others

in the geometric category as it simply alters th&-, At and D/W intermediate
parameters; the fire duratiors)(which is not directly varied but the effect o§ it
variation is implied in that of the fire loadl)(as fire duration only features in rate of
burning equationsc{. Chapter 3, Equation (3.6) and (3.19)) of whicé tnly other
variable is the fire loadL; and the gas density)( which is taken as constant
throughout the definitions in the model. Furtherejothe other parameters in the
relative category @, S, ) do not affect the characteristics of the fire dlaine
development and hence are dotctly varied, but rather vary as a consequence of the

scenario setup.

In using the DFT1 scenario as a benchmark, all gheameters comprising the
parameter sensitivity study are systematically edariby increments within a
reasonable range, under b&ib Through Draughtand Through or Forced Draught
conditions, in turn. The maximum range studiede€ach parameter is listed in Table
5.2 and defined as a multiple of the parameter evgbertaining to the DFT1
benchmark scenario, covering a variation in valle=mmed to be expected in standard

design scenarios.

Parameter Range Hower Upper bound
Bound

Compartment Width (m) W-3W 3.6 10.8
Compartment Depth (m) D-3D 4.75 14.25
Compartment Height (m) H-3H 2.45 7.3
Window Width (m) 0.12% — 1.53v 0.3 3.6
Window Height (m) 0.26—h 0.3 2.36
Fire Load (kg) (density (kg/f) 0.1L -1 54.72 (3.2) 5472 (320)
Ambient Temperaturé’C) -2.557,; 2.551, -60 60
Wind Velocity (m/s) 0.06-2u 0.3 12

Table 5.2. Law Model input parameters varied during the patenmsensitivity study based around the

DFT1 benchmark scenario, detailing the maximum easfgvalues studied.
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The main compartment dimensions are varied upreettimes the DFT1 dimension
each and the window opening is varied from 0.3 rthasmallest dimension to upper
bound limits defined by the dimensions of the wadél window sits in. The fire load is
varied from a tenth up to ten times that used iT DRvhich is a significant variation
allowing for an insight into the effect of the filead over a range of values that are
potentially more realistic than the upper boundirsef. The range of ambient
temperature is taken to encompass the extremestexipat different locations around
the world, such as to establish the significancéhefambient temperature specified
for design in regions where the average may vapyifscantly from the 28C the Law
Model [1] recommends for design. Given that thedMor draught) velocity during
DFT1 is unknown, the value of 6 m/s recommendedhleyLaw Model for design is
used for the DFT1 benchmark case and varied fraridwest velocity defining the
change from calm to light air (0-1 on the Beaufaale) to a strong breeze (6 on the
Beaufort scale), equating to twice that recommenioled.aw and O’Brien [1] for

design.

For the purposes of the parameter sensitivity stticdy DFT1 scenario is defined
underNo Through Draughtonditions with only the window as a single opgnamd
under Through or Forced Draughtconditions with both three openings (under
Through Draughtconditions) and only the window as a single operi@gulating
Forced Draughtconditions). TheNo Through Draughscenario with three openings
is not considered, as a compartment with openingsogposite walls would be
defined under the Law Model to be undérrough or Forced Draughtonditions,
hence such a scenario would not feature in theofiske model for design. In the
cases where three openings are defined, only theerdiions of the window are

varied, while those of the doors remain as peDXR&1 scenario.

While all parameters listed in Table 5.2 are indiilly varied, an initial study is
conducted to identify the range of reciprocal opgrfiactorsy covered by the range
of variation of the window width and height. Thitages the parameter sensitivity
study in context with regards to the range of nexpl opening factors covered by the
large-scale test scenarios against which the LawdVlioas previously been validated.
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5.6 The Effect of the Reciprocal Opening Factor

The systematic variation of trgeometricparameters results in a range of scenarios
with different reciprocal opening factors. Althoughe variation in compartment
dimensions changes the reciprocal opening fadterrelative changes in the opening
dimensions are found to cover a larger range. Theough or Forced Draught
scenarios with three openings are found to covema’? to 13.5 m?range of the
reciprocal opening factor. The variation in winddwight and width under thdo
Through Draughtand Through or Forced Draughscenarios with the window as a
single opening however, are found to result inregeaof reciprocal opening factors
from circa 10 2 to 200 m“2. This range is well above that covered by thedarg
scale tests previously used to validate the Law éllddenceforth known as the
validated rang® which covered a 5.4 ™ and 40.8 rit® reciprocal opening factor
range over circa 50 tests. Furthermore, as disduss€hapter 3, Section 3.3.1, the
vast majority of these tests fell in the 5.4-18'frange, therefore a number of the
cases considered in the parameter sensitivity dmltlputwith the range of scenarios

for which the Law Model correlations have beendaiéed.

It is important to note that scenarios with a largeiprocal opening factor.¢. small
opening relative to the area of the enclosure WaltglerNo Through Draughimay
not realistically lead to post-flashover fire canatis and the heat flux incident on the
external facade from a fire in such a scenario rbayvery different from that
described by the Law Model. Nevertheless no linateg are imposed on the use of
the model for scenarios with reciprocal openinddecthat fall outwith thevalidated
range In fact, Law assumes the correlations to generatiply, stating that if “a
design approach is adopted, it not only obviatesned for [...Jad hoctests, but [the
model] also extends to sizes of fire well beyond limits of size of practical fire
tests” [26]. The Eurocode implementation of the Leedel does limit the use of the
model specifying that “the size of the fire compaht should not exceed 70 m in
length, 18 m in width and 5 m in height” [2] howevbe parameter values used for
the sensitivity study fall well within this rangeith the exception of the upper range
of compartment height). Therefore it is entirelyspible that standard design

scenarios for which the Law Model is currently usail outwith the experimentally
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validated reciprocal opening factor range, rendglinessential to investigate the

effect of parameter variation for scenarios wifla@or that falls outwith this range.

In order to determine the effect of scenarios waitreciprocal opening factor falling
outwith thevalidated range the effect of varying window widthyw and varying
window heighth across the ranges given in Table 5.2 on the adutieat flux under
No Through Draughtonditions are compared, at several different tgoatong the
height of the fagade. Figure 5.6 and Figure 5.peetvely show the heat flux
incident at a point 0.05 m and a point 1.18ira the window heighth in the DFT1
benchmark scenario) above the window soffit, ptbtigainst the reciprocal opening
factor pertaining to the given scenario as the wimavidth and height are varied. For
each of the scenarios, the ambient temperalyris additionally varied in order that

the relative effect of varying these parametershmpvaluated.

In No Through Draughtonditions the variation of the window width, wowd height
and ambient temperature all appear to have anteffesimilar magnitude on the
resultant heat flux incident on the facade underwhlidated rangeof reciprocal
opening factors (highlighted in red), as shown ilguFe 5.6 and Figure 5.7.
Nevertheless, in the case of the window height, é¢filect of its variation is
accentuated with an increase in the reciprocal iogefactor, particularly when it is
above 20 rit In fact, for values of; > 40 m*?the heat flux soars exponentially
resulting in unrealistic values of heat flux at®® from the window soffit, while at
1.18 m above the soffit, it markedly decreases.vE€wsely the variation in ambient
temperature appears to have a negligible effe¢chemesultant heat flux to the facade
throughout, whereas that of varying the window Wwitles somewhere in between.
The same is found for other points on the facadeatral distances from the window
soffit and in several cases beyond a reciprocahiogefactor of 20 nf’? the modelled
heat flux appears to significantly increase, wheteayond 40 if? the modelled heat

flux is often found to be unrealistically high.
A similar comparison was drawn for the scenariodewithrough or Forced Draught

conditions as shown in Figure 5.8 and Figure 5.8iclvinclude data pertaining to

both the scenarios with a single opening and thagethree (window and 2 doors).

176



Chapter 5 Detailed Analysis of the Law Model

21 Tests
> e

23 Tests 6 Tests

=h_Ta=-60[0C]

e h_Ta=-10 [oC]
h_Ta =23.5[oC]
h_Ta =60 [oC]

-w_Ta=-60 [oC]
w_Ta =-10 [0oC]

w_Ta =23.5[0C]

Incident Heat Flux [kW/m?]

w_Ta =60 [0oC]

(;0 E;O 160 1‘20 14‘10 1é0 léO 260 220
Reciprocal Opening Factor, 7 [m™?]
Figure 5.6.Total heat flux incident on the fagade, 0.05 m a&bibwe opening soffit for a given range of
reciprocal opening factors,pertaining to a number of different scenarios witee window heighty
and window widthy where individually varied itND conditions. The ambient temperatufgwas
also additionally varied in each of the scenarioprovide a comparison for the magnitude of eftbet
parameters have on the resulting heat flux. Thasaneghlighted in red indicate the reciprocal opgni

factor range for which the Law Model has been abd via a number of large-scale tests as detailed.
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Figure 5.7.Total heat flux incident on the fagade, 1.18 m a&bibw opening soffit for a given range of
reciprocal opening factors,pertaining to a number of different scenarios whée window heighty
and window widthy where individually varied itND conditions. The ambient temperatufgwas
also additionally varied in each of the scenarioprovide a comparison for the magnitude of eftbet
parameters have on the resulting heat flux. Thasaneghlighted in red indicate the reciprocal opgni

factor range for which the Law Model has been afd via a number of large-scale tests as detailed.
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Figure 5.8.Total heat flux incident on the fagade, 0.05 m a&bibwe opening soffit for a given range of

reciprocal opening factors,pertaining to a number of different scenarios whee window heighty

and window widthw where individually varied iToFD conditions. The ambient temperatufgwas

also additionally varied in each of the scenarioprovide a comparison for the magnitude of eftbet

parameters have on the resulting heat flux. Thasaneghlighted in red indicate the reciprocal opgni

factor range for which the Law Model has been afd via a number of large-scale tests as detailed.
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Figure 5.9.Total heat flux incident on the facade, 1.18 m abibve opening soffit for a given range of
reciprocal opening factors,pertaining to a number of different scenarios wihée window heighty
and window widthw where individually varied iToFD conditions. The ambient temperatufgwas
also additionally varied in each of the scenar@provide a comparison for the magnitude of effieet
parameters have on the resulting heat flux. Thasaneghlighted in red indicate the reciprocal opgni

factor range for which the Law Model has been abd via a number of large-scale tests as detailed.
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In Through or Forced Draughtonditions the variation of the window width, wowl
height and ambient temperature again all appeahaee an effect of similar
magnitude on the heat flux incident on the facaddeu thevalidated rangeof
reciprocal opening factors (highlighted in red)saswn in Figure 5.8 and Figure 5.9.
It should be noted that where two distinct patteriiseat flux variation arise from the
variation of the window width or window height umdihe validated rangeof the
reciprocal opening factors, these correspond to sitenarios with one and three
openings. This is particularly distinct in Figuré©@5Under thevalidated rangethe
variation in window width results in a cluster oéat flux that decreases from 10
kKW/m? to 7.5 kW/nf (for Ta = 60C) associated with low reciprocal opening factors,
where the data pertain to scenarios with threeiagenThe higher heat fluxes around
15-16 kW/nf associated with higher values of the reciprocaniqg factor pertain to
scenarios where there is only a single opening.eNkeless, within the range of data
pertaining to scenarios either with a single opgnor with three, the greatest
variation in the heat flux pattern is again seemenvicenarios have reciprocal opening
factors beyond those in thalidated rangewhich undefThrough or Forced Draught
conditions may realistically have close to freerdg conditions. The same
observations are made at other heights along geéwall and in fact, variation in

2 hecomes even

the window width and window height in scenarioshwjt> 40 m
more noticeable with height from the window soffithe ambient temperature
parameter however appears to make a negligiblerdiite to the resultant heat flux

incident on the facade under most conditions.

Overall, analysis of the effect of varying openidignensions under scenarios with
reciprocal opening factors that fall beyond thegeaor which the Law Model has
been validated shows the heat flux output to vaggicantly, at times resulting in
unrealistic values. This results from the empiricature of the correlations and from
some of the numerical limitations discussed in @ap, Section 3.4.5. Therefore, it
appears the Law Model correlations may in factbetalid for use in scenarios with
a reciprocal opening factor greater than that ofd®. In fact, the limited number of
large-scale tests conducted in scenarios whereethgrocal opening factor is greater
than circa 20 M renders it prudent to assume the Law Model isdvalily for
scenarios within the range of reciprocal openingtdiss for which there has been

thorough large-scale testing. Hence in analysirgg dbtailed parameter sensitivity

179



Chapter 5 Detailed Analysis of the Law Model

study in order to identify the parameters of kepamance, it should be kept in mind
that the scenarios for which the reciprocal opeffiérgor falls between 5-20 f are
likely to be most useful. In the meantime, it is@important to make-known this
limitation such as to prevent the inadequate ugbet aw Model, which could result
in either over-prediction of the external facadathifux (costly) or under-prediction
which, if consequently used in design, may leadangerous situations once there is
in fact a fire. For scenarios falling outwith thisnge of reciprocal opening factors,
further large-scale tests should be conducted oheroto investigate the effect

parameters have on the external heat flux to tteda

5.7 Independent Parameter Variation

5.7.1 Parameter Variation under No Through Draught (ND)

The parameter sensitivity study is first conducted scenarios undelNo Through

Draught conditions. Dalmarnock Fire Tests One is usedhasbenchmark scenario
with the window as the single opening and the ifgarameters under tlggeometric

category are first varied incrementally, over thage of values listed in Table 5.2.
The distribution of resultant heat flux incident tre facade with height from the
window soffit is shown in Figures 5.10-5.12 for iaion of the compartment width,
W, depth,D and height,H respectively. What is immediately striking frometh
variation of the main compartment dimensions ig thay seem to have little effect
on the resultant external heat flux distributiontba facade, particularly in the near-
field to the window soffit. While in the case ofettcompartment width and the
compartment height there appears to be some \@riati the heat flux distribution

further afield, at a distance greater than 1 m ftheopening soffit, the variation in
each case does not appear to be particularly gigntf In any case, for variations of
the compartment width greater than M78.3 m), the fire becomes fuel-controlled
and the compartment width no longer affects the fiea to the facade, resulting in
an upper bound to the effect of compartment wid#niation on the heat flux

distribution in the far-field. On the other hanteteffect of the compartment depth
parameter on the facade heat flux distributionagligible throughout the range of
values studied, which has also been found by otimei®s thorough computational

analysis of the Law Model undbio Through Draughtonditions [126].

180



Chapter 5 Detailed Analysis of the Law Model

120
——W (3.6m)
100 . —8—1.25W (4.5m) 0 N A X *

—4—1.5W (5.4m) .
1.75W (6.3m) s ) g 5
. 80 ' ' s g ® 2| =
% < d a il =)
£ —e—2W (7.2m) = = = ol I
; % < = < | T
';' 60 | ——3W (10.8m) T L £ £ %
= g o o ol

T @ DFT1 (Av) & £ £ £
8 (TR L L g\
T 401 <
c =
o =)
S i
£ 20 o
7 — | £
e —— <
e

0 T i T T

0 0.5 1 1.5 2 25 3 35
Height of above Window Soffit [m]

Figure 5.10.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the compartment widthis
systematically varied und&o Through Draughtonditions. The respective flame heights are also
shown for comparison, as is the average heat flessured during DFT1 throughout the period of

maximum sustained external flaming (error barsdatii max. and min. instantaneous values).
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Figure 5.11.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the compartment depths
systematically varied und&wo Through Draughtonditions. The respective flame heights are also
shown for comparison, as is the average heat flessured during DFT1 throughout the period of

maximum sustained external flaming (error barsdatdi max. and min. instantaneous values).
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Figure 5.12.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the compartment heights
systematically varied und&wo Through Draughtonditions. The respective flame heights are also
shown for comparison, as is the average heat flieasured during DFT1 throughout the period of

maximum sustained external flaming (error barsdatdi max. and min. instantaneous values).

Similarly, the window widthw and heighth parameters are incrementally varied
over the range listed in Table 5.2. In the neddfte the window soffit, variation of
the window widthw does not appear to have a significant effect erréisultant heat
flux to the facade. Further afield, at heights vihilse heat flux may be of interest for
the design of inter-storey compartment window sagpam and for the prevention of
glass cracking, the window width appears to hameee significant affect on the heat
flux distribution. Nevertheless, yet again, an uppeund is found in the effect the
window width has, as under a certain width theedéhce in the heat flux distribution
described becomes negligible. In any case, all @ndidths below 0.6 (1.43 m)
result in scenarios with a reciprocal opening facteer 40 M2, describing very low
rates of burning and very high external flame hegland the validity of the Law

Model output in this region is unknown.
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Figure 5.13.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the window width,is
systematically varied und&wo Through Draughtonditions. The average heat flux measured during
DFT1 throughout the period of maximum sustaine@mel flaming is also shown with error bars

indicating the maximum and minimum instantaneousesover that period.

The variation of window height) on the other hand, appears to have a larger effect
on the near-field heat flux distribution, closethe window soffit and a negligible
effect in the far-field. All scenarios investigatedth a window height under 0.86
(2.02 m) however correspond to compartments witecgprocal opening factor over
40 m*? and the low rates of burning described lead toealistically high
temperatures at the opening, which in turn affects the flame temperatufe,and
results in unrealistic values of heat flux in theanfield. This occurs due to a
numerical discontinuity in the empirical correlaittoused, as described in Chapter 3,
Section 3.4.5. Therefore, within thwalidated rangeof the Law Model, the overall
effect of opening height variation on the heat flimecident on the facade is less

pronounced than that seen at the far-field undeatian of the window width.
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Figure 5.14.Distribution of heat flux incident on the facadeaafsinction of height from the window

soffit along its centreline, resulting from sevesaénarios in which the window heightis
systematically varied undé&o Through Draughtonditions. Dashed lines correspond to scenagios f
which the Law Model output has been found to bealistic. The average heat flux measured during
DFT1 throughout the period of maximum sustaine@m ! flaming is also shown with error bars

indicating the maximum and minimum instantaneousesover that period.

In the fuel category of parameters, the fire lo&dis varied over the range listed in
Table 5.2. As the compartment dimensions are faxtethose of the DFT1 scenario,
the floor area is constant hence the variationinm lbad can also be expressed in
terms of variation in fire load densitly; which is a more common description of the
fire load in a given scenario. The fire load partené found to have a marked effect
on the distribution of heat flux incident on thedde, both in the near- and far-field of
the window soffit, as seen from Figure 5.15. Beyarfite load of 0.57 (311 kg, or

a fire load densityl.” of 18.2 kg/m) the fire becomes ventilation controlled and the
fire load is found to have no effect on the resulexternal heat flux, while for values
of low fire load the external heat flux decreasas,expected. Although the Law
Model specifies no lower limit of fire load for wdhi it is applicable, the Eurocode
implementation of the model specifies it is onlykgable for scenarios with a fire
load densitygreater than circa 11 kgfnof wood equivalent, as discussed in Chapter
3, Section 3.4.5. While the fire duration has neerb varied, it is expected to have a
similar effect, as discussed in Section 5.5, whbeeeffect of a longer fire duration

would equate to that of a lower fire load and thfaa shorter fire to a higher fire load,
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as such having a similar effect on the resultat® o& burning under the assumptions
made in the Law Model.
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Figure 5.15. Distribution of heat flux incident on the fagadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the fire load,is systematically
varied undeNo Through Draughtonditions. The average heat flux measured dupiRg1
throughout the period of maximum sustained exteftaaling is also shown with error bars indicating

the maximum and minimum instantaneous values dwagrgeriod.

Under No Through Draughtonditions only the ambient temperatufg, from the
ambient conditiongategory is varied as it is assumed there is nagihtaflowing
through the compartment, hence any wind is deemednty deflect the external
plume sideways but not to affect its characterigtimensions or temperature
distribution. The ambient temperature, varied withhe range expected under
extreme conditions, is found to have very littléeet on the distribution of external
heat flux on the facade in the near-field of therapg soffit and no noticeable effect
in the far-field, further than 1 m above the opegrsoffit.
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Figure 5.16.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the ambient temperatiiges

systematically varied und&to Through Draughtonditions. The average heat flux measured during
DFT1 throughout the period of maximum sustaine@m ! flaming is also shown with error bars

indicating the maximum and minimum instantaneousesover that period.

Overall, undeMNo Through Draughtonditions, the vertical distribution of heat flux
along the centreline of the facade from the opesuwfgjt is found to follow the same
decay pattern as that measured in Dalmarnock Fast One. Although the variation
of some parameters is found to alter the heat diskribution (mostly in either the
near-field or far-field to the opening soffit), mseem to do so significantly. Only the
fire load parameter is found to have a significeffiéct on the heat flux distribution
both in the near- and far-field of the opening softven the heat flux distribution
described by scenarios where the parameters aes\tarthe extreme upper or lower
bound limits described in Table 5.2, appear to athin the ballpark range of heat
flux measured during DFT1. While there appearse@dme variation in the heat flux
in the close vicinity of the opening soffit, thiedt flux is unlikely to be realistic due
to the numerical limitations associated with evemall characteristic length scales, as
discussed in Section 5.4.1. Nevertheless, at artistof 0.05 m from the opening
soffit, the heat flux described by most scenar®sedry similar to that described by

the first DFT1 data point, at the same height.
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5.7.2 Parameter Variation under Through or Forced Draught
(ToFD)

The parameter sensitivity study is similarly catrigut around the DFT1 benchmark
scenario undemhrough or Forced Draughtonditions, including both cases with a
single opening (window) and with three openingsn@law and 2 doors) where
appropriate. Variation of the compartment dimensisnseen to have no effect on the
resultant heat flux distribution on the facade,wthhe same distribution described in
Figure 5.17, Figure 5.18 and Figure 5.19, where thenpartment width,W,
compartment depthD and compartment heighH were respectively varied, in a
scenario with three openings. This is expectedraemlr hrough or Forced Draught
conditions the fire is assumed to be under fuelolled conditions and the
compartment dimension parameters feature only é fdrm of the compartment
scenario parametay,in Chapter 3, Equation (3.20), which describesctrapartment
fire temperatureT;. Since the compartment fire temperature affectg the radiative
heat transfer component from the internal firdyas no bearing on the resultant heat
flux on the facade wall as it does not ‘see’ thedaw. In the near-field the heat flux
distribution describes by these scenarios sigmflgaunderestimates that measured
during DFT1, however in the far-field it describieé data measured remarkably well.
This was found in an earlier comparison describe&ection 5.3. A similar set of
curves is found when the compartment dimensionanpaters are varied in a scenario
with only the window as a single opening undémrough or Forced Draught
conditions. Although the curves describe an ovesdightly higher heat flux

distribution, varying the compartment dimensiongpaeters again has no effect.
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Figure 5.17.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the compartment widthis
systematically varied undd@hrough or Forced Draughtonditions with three openings (window and 2
doors). The respective flame heights are also sHomomparison, as is the average heat flux
measured during DFT1 throughout the period of maxmsustained external flaming (error bars

indicate max. and min. instantaneous values).
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Figure 5.18.Distribution of heat flux incident on the facadeaafsinction of height from the window
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Figure 5.19.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagnarios in which the compartment heigrhts
systematically varied undd@hrough or Forced Draughtonditions with three openings (window and 2
doors). The respective flame heights are also sHomwomparison, as is the average heat flux
measured during DFT1 throughout the period of maxmsustained external flaming (error bars

indicate max. and min. instantaneous values).

Varying the width of the compartment window acrtiss range listed in Table 5.2,
underThrough or Forced Draughtonditions in scenarios both with a single opening
(window) and with three openings (window and 2 doshows the window width to
have very limited effect on the distribution of hflax incident on the facade, as seen
in Figure 5.20. While once again the scenarios wtisingle opening (largey)
describe an overall higher distribution of heatfllhan those with three openings,
there is negligible difference in the distributi@sulting from variation of the window
width in each of the two sets of opening casesnbetween the two sets of cases, the
difference in the heat flux described is not ladgethe near-field, both sets of curves
underestimate the recorded heat flux significantligile in the far-field the scenarios
with a single opening over-estimate the DFT1 datmilarly, variation of the window
height undefThrough or Forced Draughtonditions appears to have little effect on
the resultant facade heat flux distribution desibFigure 5.21 shows very little
difference between the heat flux described withatem of window width under both
opening scenarios and the difference between thesets of scenarios is even less in

this case than that of window width variation.
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Figure 5.20.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the window width,is
systematically varied und@hrough or Forced Draughtonditions with both a single opening
(window) and three openings (window and 2 doorkg @verage heat flux measured during DFT1
throughout the period of maximum sustained exteftaaling is also shown with error bars indicating

the maximum and minimum instantaneous values dwargeriod.
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Figure 5.21.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the window heightis
systematically varied undd@hrough or Forced Draughtonditions with both a single opening
(window) and three openings (window and 2 doorkg @verage heat flux measured during DFT1
throughout the period of maximum sustained exteftaaling is also shown with error bars indicating

the maximum and minimum instantaneous values dwargeriod.
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UnderThrough or Forced Draughtonditions, the fire load parametérjs again the
sole parameter from tHeel category that is varied, as variation in the frgation is
implied in its results as previously discussed. Tine load parameter is often
expressed in terms of fire load denslty,and since the compartment dimensions are
maintained equal to those in the DFT1 benchmarkeao® while the fire load is
varied, the fire load density varies correspondin@ligure 5.22 show the heat flux
distribution on the facade resulting from variatioh the fire load parameter for
scenarios with the window as a single opening. [8nhgi Figure 5.23 shows the heat
flux distribution resulting from variation of theré load in scenarios with three
openings (window and 2 doors). In both cases the lbhad is seen to have an
important effect on the heat flux distribution désed, in both the near- and far-field
to the window soffit. Although 10(5457 kg, or a fire load density” of 319 kg/nj)

is perhaps unrealistically high, even given theppries of modern furnishings, there
is no upper bound to the effect this parameternzase as it directly affects the rate of
burning under the assumptions given in the Law Nokbethe case offhrough or
Forced Draught In turn, the rate of burning features in mosttleé equations that
determine the temperature at the window and theactexistics of the external flame,
as well as the convective heat transfer coefficidgrgrefore it is directly related to the

resultant heat flux incident on the facade.

In the case of scenarios with just a single opennatues of fire load studied below
that of 0.4 (218 kg or a fire load density,” of 12.8 kg/m) are found to lead to
negative flame heights due to very low values ahimg rate that feature in Chapter
3, Equation (3.21). This limitation of the Law Maddeas been discussed in Chapter 3,
Section 3.4.5. The same occurs in the scenarids thiee openings however the
unrealistic, negative values of flame height afieen scenarios with a fire load under
that of the DFT1 benchmark, (546 kg, or a fire load density” of 32 kg/nf). While

it is unknown whether the Law Model correlatione =aalid for the range of fire load
studied, or even for part of the range, this vdeappears to be that which has the
largest effect on the overall resultant heat fluncident on the facade so far.
Nevertheless, as previously seen unfemough or Forced Draughtonditions, even
scenarios with a very high fire load — that resulthe highest distribution of heat flux
— are seen to underestimate the heat flux measnrtte near-field of the window
soffit during DFT1.
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Figure 5.22.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the fire load,is systematically
varied undeiThrough or Forced Draughtonditions with a single opening (window). The rage heat

flux measured during DFT1 throughout the perioghakimum sustained external flaming is also

shown with error bars indicating the maximum andimum instantaneous values over that period.
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Figure 5.23.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the fire load,is systematically
varied undeiThrough or Forced Draughtonditions with three openings (window and 2 dpofke
average heat flux measured during DFT1 throughmuperiod of maximum sustained external
flaming is also shown with error bars indicating thaximum and minimum instantaneous values over
that period.
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From theambient conditionsategory of parameters, both the effect of varyimeg
ambient temperaturel, and that of varying the wind or draught velocity,are
explored undeiThrough or Forced Draughtonditions. The distribution of facade
heat flux resulting from the variation in ambieptriperature shown in Figure 5.24
again reveals the ambient temperature to havegielglieffect, both in the near- and
far-field of the window soffit, particularly in snarios with a single opening but also
in those with three.
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Figure 5.24.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesagénarios in which the ambient temperatiiges
systematically varied und@hrough or Forced Draughtonditions with both a single opening
(window) and three openings (window and 2 doorkg @verage heat flux measured during DFT1
throughout the period of maximum sustained exteftaaling is also shown with error bars indicating

the maximum and minimum instantaneous values dwargeriod.

The wind or draught parameterjs varied over a large range of conditions fromyve
light air to a string breeze, as listed in Tab2 %igure 5.25 shows the distribution of
heat flux incident on the facade to be highly s@resto variation in the wind velocity
over the range explored, however closer inspecimws that for velocities smaller
than 0.2b (1.5 m/s) the temperature at the plane of the aoggni, increases
significantly, eventually reaching unrealistic vad) and the flame heights described
are also unrealistically high. This is perhaps eig# as undefThrough or Forced

Draught conditions in the Law Model the wind has the effe€ increasing the
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horizontal external flame projections, thereforevery low wind velocities the flame
becomes increasingly closer to the facade andlikey that the correlations are no
longer valid for very low wind velocities. Such segios are likely to be more closely
described by theNo Through Draughtscenario correlations. For wind velocities
higher than 0.25 (1.5 m/s), the heat flux distribution describedfbsther changes in
the wind velocity is very similar hence, in fadtgtwind velocity is found to have a
negligible effect. For wind velocities equal to greater than @ (12 m/s) the
correlations become invalid as the flame heightdesd becomes negative. This is
again due to the empirical nature of the corretataescribing flame height, as
discussed in Chapter 3, Section 3.4.5. Therefotd|ewthe actual wind velocity
during the Dalmarnock Fire Test One benchmark scerase is unknown, it has
been shown not to matter as whatever the value likely to have had a negligible
effect on the outcome heat flux distribution on fagade, according to the Law
Model correlations.
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Figure 5.25.Distribution of heat flux incident on the facadeaafsinction of height from the window
soffit along its centreline, resulting from sevesaénarios in which the wind or draught velocitys
systematically varied undd@hrough or Forced Draughtonditions with three openings (window and 2
doors). Dashed lines correspond to scenarios fishithe Law Model output has been found to be
unrealistic. The average heat flux measured dWiR§1 throughout the period of maximum sustained
external flaming is also shown with error bars @adiing the maximum and minimum instantaneous

values over that period.
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Overall the parameter sensitivity study und@arough or Forced Draughtonditions
shows that the distribution of heat flux on theafde wall does not appear to be
significantly sensitive to many parameters. In noastes there does appear to be some
discrepancy in the heat flux described by scenanitis three openings and opposed
to that with a single openinghrough Draughtconditions, by definition, pertain to
compartments with more than one opening how&eeced Draughtconditions may
apply in compartments with a single opening. SitheeLaw Model adopts modified
opening dimensions that describe a single openingome equivalence to the
multiple openings, it is theoretically possible describe a scenario more than one
opening on opposite walls that results in the samegrocal opening factor as that
described by the DFT1 scenario with a single opgniience, while in theory if the
size of both the window and doors in the DFT1 sderare made small enough and
of the adequate aspect ratio dimensions, the heatistribution described under the
“single opening” cases could be reproduce by a estment undeirhrough Draught
conditions. Nevertheless, the openings in this easeld be rather small and fuel-
controlled conditions assumed inside the compartwenld perhaps not realistically
be achieved. Therefore, the heat flux distributidescribed by the DFT1 scenarios
with three openings are more likely to result freoenarios undefhrough Draught
conditions whereas the higher heat flux distrimgiaescribed throughout under the
DFT1 scenario with only a single opening is likelyly to pertain to scenarios where
there is &orced Draught

5.8 Identification of key parameters

The sensitivity of the distribution of external hélax along the height of the facade
to many of the Law Model root parameters is suipgly low. From the extensive
parameter study discussed in Section 5.7 thedad parameter appears to be the only
parameter that has a significant effect on theavdrstribution of the heat flux both
in the near- and far-field from the opening soffitder scenarios where the rate of
burning is described as fuel-controlled. The effefcthis parameter on the internal
compartment fire temperature could already be ndtedh a plot of the data
pertaining to the large-scale tests used to vaidae Law Model, shown in the
Chapter 3, Figure 3.7. While the suggested coroglatfor the internal compartment
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fire temperature where then adjusted accordingshsas to feature the fire load
parameter (in the form of the compartment scenpai@metery), the full effect of
the fire load parameter on the characteristicshefdxternal flame was perhaps not
considered in detail. Nevertheless, for the cas&l@fThrough Draughtonditions
where the scenario is ventilation controlled, ncapgeter appears to have a significant
effect on the outcome of the heat flux to the fagdd any case, in order to compare
the relative effect of varying each parameter thghdst heat flux distribution
resulting from the variation of each individual pareter explored (or defined by
highest heat flux distribution pertaining to refisconditions) is plotted in Figure
5.26 for those pertaining tdo Through Draughtonditions and in Figure 5.27 for
those pertaining tdhrough or Forced Draughtonditions. It is of greatest interest to
explore the upper bound of heat flux describedt &s fnost conservative to account
for this in design, particularly if the parametbes/e no significant effect such that the
lower bound heat flux distribution described widitrdiffer greatly from that described

by the upper bound curve.
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Figure 5.26.Vertical distribution of heat flux to the facad®iad) the window centreline, pertaining to
the highest distribution of heat flux describedidgithe variation of single parameters underitioe
Through Draughtscenario. The average heat flux measured duringlDRbughout the period of

maximum sustained external flaming is plotted fomparison with error bars indicating the maximum

and minimum instantaneous values over that period.
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Under No Through Draughtonditions the following describe the conditionsdar
which a maximum distribution of heat flux on the;dde results for each of the

parameters varied:

o Compartment width\W: becomes fuel-controlled just undeiNzo any
wider compartments yield the same heat flux diatrdn;

o Compartment deptl: any variation has a negligible effect;

o Compartment heightH: does not have a significant effect but will
become higher with increased height; neverthelessv LModel
correlations not validated for compartments witights much greater
than 3, so this is taken as the upper bound,;

o Window width, w: a narrow opening produces flames that project
further but also a lot higher, therefore the naesiopening explored,
0.124w yields the highest heat flux distribution; thisuates to a width
of under 0.3 m creating an opening aspect rativittuthat covered by
experimental validation of the Law Model;

o Window height,h: a height of 0.86 results in the highest distribution
of heat flux, whereas shorter openings lead to alistecally high
values of temperature at the plane of the opefigng,

o Fire load,L: once the fire becomes ventilation controlled &7D an
increase in fire load will not result in a highezat flux distribution;

o Ambient temperature],: the lowest value of ambient temperature
explored, -2.5%, leads to the highest external heat flux due to an
increase in the temperature difference teéin,any lower would be

unrealistic as this already describes extreme tiondi

Hence, the comparison of the highest distributibheat flux described by each of the
parameter variations und&o Through Draughtonditions, shown in Figure 5.26,
indicates that none of the root parameters apmeaave a significant effect on the
resultant heat flux incident on the facade. Newwdets, it is found in Section 5.7.1
that for scenarios und&o Through Draughtuel-controlled conditions, the fire load
parameter has a significant effect on the oveiiattibution of heat flux to the facade

which is in any case lower than that describechieyOt5T..
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Similarly, underThrough or Forced Draughtonditions the following describe the

conditions under which a maximum distribution ofh#ux on the facade results for

each of the parameters varied:

O O O o©o

Compartment widthW: any variation has a negligible effect;
Compartment deptt): any variation has a negligible effect;
Compartment height: any variation has a negligible effect;

Window width, w: produces the highest heat flux distribution at it
widest, when it is limited only by the width of thall at 1.53v;

Window height,h: a height of 0.86 results in the highest distribution
of heat flux, whereas shorter openings lead to alistecally high
values of temperature at the plane of the opefigng,

Fire load,L: the maximum fire load explored, L@esults in the highest
distribution of heat flux which would continue tacrease with higher
values of fire load; since 10is perhaps an unrealistic upper bound
value, 2 is also plotted for comparison;

Ambient temperatureT,: in this case the highest value of ambient
temperature explored, 2.55leads to the highest external heat flux;
any higher would be unrealistic as this alreadycdbss extreme
conditions.

Wind or draught velocity,u: within the range of wind velocities
explored that result in realistic conditions, thghest wind velocity,
1.5u results in the highest distribution of heat flaxthe facade; any
higher leads to a negative flame height which iealistic.

The comparison of the highest distribution of h#ax described by each of the

parameter variations und&hrough or Forced Draughtonditions, shown in Figure

5.26, indicates that most upper bound heat fluttidigion curves by each of the root

parameters of the root parameters are incredilohylasi, with the exception of that

described by the fire load parameter. While the Aea distribution described by the

upper bound variation of the fire load parametgraghaps unrealistic, even a two fold

increase in the fire load from that of the benchhm2FT1 case appears to have a

significant effect. Hence, und@trough or Forced Draughtonditions, it appears
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that the fire load parameter is the sole root patamto have a significant effect on
the distribution of heat flux incident on the fagaalall.
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Figure 5.27.Vertical distribution of heat flux to the facad®iad) the window centreline, pertaining to
the highest distribution of heat flux describedidgithe variation of single parameters under the
Through or Forced Draughdcenario. The average heat flux measured duringlDRibughout the
period of maximum sustained external flaming istelth for comparison with error bars indicating the

maximum and minimum instantaneous values overbaod.

The overall distinct sensitivity of the Law Model fire load compared to that of all
other input parameters renders it unnecessary pdoex the effect of combined
parameter variation as these will likely again beaded by the marked effect had by
the fire load. Given the importance of this paranét would be prudent to further
explore the number of assumptions surroundingseswithin the model. In fact, the
fire load affects only the rate of burningh intermediate parameter which
subsequently features in many of the Law Model edations. Since the rate of
burning is described by the fire lodddivided by the fire durationg (cf. Chapter 3,
Equations (3.6) and (3.19)) the fire duration soahought to potentially have a big
effect on the resultant external heat flux to theafle. The fire duration is not
independently varied in the parameter sensitivitglyg because of its close link to the
fire load parameter in terms of its use within tleav Model correlations. Therefore,
assumptions surrounding the uniform burning ratéhiwi the compartment, the

assumption that the fire load is uniformly distitidi throughout the compartment and
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the assumption that the Law Model correlationg Bbld for non-cellulosic fuels as
long as they are represented by a wood-equivalenild all be revisited to explore
whether they obfuscate other parameters that mayf beportance in describing the

resultant heat flux to the facade.

The findings from this parameter sensitivity stadg most relevant to the use of the
Law Model correlations (with the adaptations dethiin Section 5.4) in determining
the heat flux to the plane of the building facad¢hile the fire load has been
identified as the key parameter influencing theemdl heat flux in this case, the
effect of the Law Model input parameters on thaatieke heat flux from the internal
fire has not been studied. This heat transfer corapbdoes not affect the total heat
flux incident on the plane of the facade howevaeriit feature in the heat flux falling
incident on an external structural member lyingwotlt the building facade if it is
within ‘view’ of a compartment opening. Thereforehile it is thought the fire load
parameter will still have a significant influendarther study is necessary to identify
the relative sensitivity of the incident heat fltoxother Law Model input parameters

for the case of an external structural elementgyintwith the facade.
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A detailed analysis of the Law Model has shown fire load parameter is of key
importance in determining the heat flux incidenttba external facade, its influence
dominant over that of other parameters featuredhe correlations. Although the
analysis has also highlighted several limitatianshie application of the Law Model,
it is still the most comprehensive model availatoleestimating the heat flux to the
external facade in the event of a compartment filence, it is beneficial to
incorporate the findings into a simplified modelthvclear bounds of applicability.
This will enable use of the model by a greater neimif people in the field while

ensuring it is not applied to scenarios for whicis not valid.

The laborious nature of the Law Model calculatioetihod, which features numerous
correlations with a high degree of parameter imtray, appears to be unnecessary
as it provides little resolution to the model outed Hence, a simplified method
should feature the key parameter found to be obmanmce while minor variation to
the model output arising from the influence of otharameters can be accounted for
using adequate error bars. The level of accuratlgeoimplified model will not differ
from that in the Law Model since it is merely a plification of the Law Model, so
any measures of accuracy inherent in the Law Maahel its assumptions will be
carried through. Nevertheless the loss of accuchdlie Law Model associated to its
numerical limitations, mostly due to the empiric@ture of the correlations as
discussed in Chapter 3, Section 3.4.5, will notueain a simplified model which
specifies clear bounds of applicability. Any logge@solution resulting from grouping
most of the parameters into error bars is withia lével of accuracy of the model,
however the error bars can be used to accounti@r characteristics that have since
been found to be of some importance, such as geedf/fire load i(e. non-cellulosic,
etc). Hence, the simplified model could be used ttawba ballpark estimate of the
magnitude of the heat flux distribution on the fdgand although conservative error
bars are recommended (with regards to the Law Mauldput), engineering
judgement can be used to justify any further modtfon to the error bars to be
applied, depending on the scenario and on the cagpeise of the model output.
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6.1 Simpliﬁcation Approach

Analysis of the scenarios which lead to the higlaestribution of heat flux resulting
from the individual variation of each input paraeretunder bothNo Through
DraughtandThrough or Forced Draughtonditions, allows for the development of a
simplified model. UndeMNo Through Draughtconditions Figure 5.26 provides a
comparison of the output from these scenarios wtherdacade heat flux distribution
is seen to be mostly independent of parameterti@raunder ventilation-controlled
conditions. On the other hand, Figure 5.15 shoasuhder fuel-controlled conditions
the heat flux distribution is markedly dependentlos fire load parameter. Similarly,
the fire load is found to be the parameter thatthadargest effect on the distribution
of heat flux to the facade und&hrough or Forced Draughtonditions, as seen in
Figure 5.22 and Figure 5.23. Its distinct influenedative to variation in other
parameters is evident in Figure 5.27. Nevertheltdss,parameter sensitivity study
described in Chapter 5 covers a wide range of tiranian each of the individual
parameterscf. Table 5.2) which at times is found to result mraalistic output from
the Law Model and in other cases the scenariosribeschave reciprocal opening
factors,s that fall outwith the range for which the Law Mddeas been validated. In
creating a simplified model with clear bounds oplagability, it is therefore desirable
that only output pertaining to scenarios for whibke Law Model has been validated

is considered for the development of new corretetio

The Law Model was validated against several laggdestests, most of which fell
within a narrow range of the reciprocal openingtdacas described in Chapter 3,
Section 3.3.1. While a range of 5-40"fwas covered by these tests, only six tests
fell into the 20-40 rit”? range. Given that there has been very limitectasitbn of the
model within this range and that the effect of sqmaeameters is found to become
slightly more pronounced in scenarios with a remgpt opening factor greater than 20
m™Y2 (cf. Figure 5.6 for example), it is prudent to assthgeLaw Model is valid only
for scenarios with a reciprocal opening factor et 5-20 rit’?, for which there has
been thorough testing. Under such scenarios ragregsanalysis is used to determine
the functions that best-fit the heat flux distribat under each of the draught cases.
Where there is a discrepancy between the Law Mdat and new functions, this is

accounted for with the provision of appropriateoetrars.

204



Chapter 6 Simplified Model Proposed

6.2 The No Through Draught (ND) Case

6.2.1 Ventilation-Controlled (ND)

In identifying the key parameters in the Law Modefraph is plotted to compare the
highest distribution of heat flux resultant frometlvariation of each individual
parameter undedo Through Draughtonditions €¢f. Figure 5.26). Under ventilation-
controlled conditions no parameter is found to hav&gnificant influence over the
distribution of heat flux on the facade. In orderdetermine a simplified correlation
for the external heat flux distribution under thesaditions, the data shown in Figure
6.1 are used, where the highest heat flux disiobatdescribed pertain to scenarios
with a reciprocal opening factor under 20Yf Since thegeometric parameters
describing the DFT1 benchmark scenario unNer Through Draughtconditions
(window as single opening) represent a recipropahing factor of 24 i{? (cf. Table
4.6), the highest heat flux described under vanatf the fire loadL. and ambient
temperature], parameters corresponds to scenarios with an op@hid m by 1.5 m,

such that the corresponding reciprocal openingfastunder 20 2.
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Figure 6.1.Vertical distribution of heat flux incident on tf@gade pertaining to the highest
distribution of heat flux described by the variatiof each individual parameter under te Through
Draughtcase for scenarios with a reciprocal opening fasetween 5-20 i The red dashed line

represents a best-fit function taken through tha.da
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A best-fit function taken through the upper bourdatiption of heat flux distribution
under the variation of all variables, shown as @ dashed line in Figure 6.1, is
proposed for use in describing the heat flux dstibn undemMo Through Draught

ventilation-controlled conditions in a simplifiedoatel. This can be described as:

0005<Z<e ¢ =16(1-Ln(Z)) +10 [‘:n—vg 6.1)
o kW
Z=e g =0 [F} (6.2)

whereZ (m) is the height above the opening soffit aifdkW/m?) is the heat flux

incident on the facade. A conservative error bat @D kW/nf is advised for the use
of the model in design, accounting for any poténmtimor influence ofgeometricor
ambient conditiongarameter variation. Beyond a height of about i3.5rom the
opening soffit, the heat flux described by the Ldwdel output is seen to be
negligible in terms of its application for desighfacade cladding, window placement
and structural perimeter members, therefore thé fheadistribution defined by the
Simplified Model is conservatively limited at a gkt of about 2.7 m above the
opening soffit. Similarly, the validity of the proped equations in the very close
vicinity of the opening soffit unclear due to therealistically high values of heat flux
described by the Law Model in this region, resgjtirom limitations associated with
the small characteristic length scales as desciibe&kction 5.4.1. Therefore use of

the proposed function is limited to heights aboydsdn from the opening soffit.

6.2.2 Fuel-Controlled (ND)

The parameter sensitivity study showed that scesarnderNo Through Draught
fuel-controlled conditions are highly sensitivethe fire load parameter. Taking into
account scenarios with a reciprocal opening fabietween 5-20 i? Figure 6.2
shows the heat flux distribution described underesd different fire loads. The
maximum heat flux distribution curves describedthg variation of other variables
are shown for comparison (in navy blue). These ril@s¢he upper bound limit to the

heat flux distribution as they pertain to ventiaticontrolled scenarios, nevertheless
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they serve to highlight the difference in the moskehsitivity to all other parameters
compared to the sensitivity to the fire load. Lin#sbest-fit through the data for

different fire load cases are shown as dashed.
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Figure 6.2.Vertical distribution of heat flux incident on tfecade pertaining to scenarios with
different fire loads unddlo Through Draughtuel-controlled conditions for scenarios with a
reciprocal opening factor between 5-23'mThe heat flux distribution resulting from paraeret
variation under ventilation-controlled conditiossalso shown for comparison. The dashed lines

represent the best-fit functions taken throughdéua.

The proposed function describing the distributiérheat flux incident on the facade
underNo Through Draughtuel-controlled conditions is also described agtof two

equations:
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whereZ (m) is the height above the opening soffit(kg) is the fire load andj"

(kW/m?) is the heat flux incident on the facade. Undeshefire load case, the heat
flux described is found to become negligible abaertain height, such that it would
be unlikely to adversely affect window glass, claddor structural elements. This is
accounted for in the proposed equations. While éher bar suggested is most
appropriate for low values of fire load, its apption throughout will result only in a
conservative solution. In the near-field to the ropg soffit, the proposed function
again underestimates the heat flux described bylL#ne Model, which in turn
becomes unrealistic in this regions where the charatic length scale is smalif(
5.4.1), hence it is deemed as valid only for lamaion the facade further than 0.05 m

from the opening soffit.

6.3 The Through or Forced Draught (ToFD) Case

For the case offThrough or Forced Draughtconditions, the regression of the
distribution of heat flux under variation of theefiload parameter is based on the
cases studied where there are three openings iDRfMé& compartmentcf. Chapter 5,
Figure 5.23) and hence a reciprocal opening famft®:6 mi'’ which is in the 5-20 m
Y2 validated range. Figure 6.3 shows the heat figiibution described both by the
Law Model and by a simplified function proposed ena@ variety of different fire
loads. While at a distance from the opening sdffé heat flux described by the
proposed function tends to slightly over-estiméte heat flux described by the Law
Model, Figure 6.4 shows that in the very near-fieldhe opening soffit the heat flux
described by the Law Model is underestimated byptugosed function. While the
level of validity of the Law Model in the very nefeld to the opening soffit is
unclear due to the numerical problems associateld small characteristic length
scales ¢f. Section 5.4.1), it is prudent to define a linnitthe validity of the proposed
function in terms of height above the opening $offherefore, as for the previous
correlations, the proposed function is conservativapecified as valid only for
heights greater than 0.05 m above an opening s&ffit can be seen from Figure 6.4
that above this point, the proposed function presid conservative estimate of the
heat flux distribution.
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Figure 6.3.Vertical distribution of heat flux incident on tfecade pertaining to scenarios with
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data.
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The proposed function describing the distributiérneat flux incident on the facade

underThrough or Forced Draughtonditions is described as a set of two equations:

ol
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*Note the error can be up tth 8 kW/m’ when the height of openings within the compartmemtes
significantly.

whereZ (m) is the height above the opening soffit(kg) is the fire load andj"

(kW/m?) is the heat flux incident on the facade. While $uggested error bar is
appropriate for scenarios with a reasonably lowprecal opening factor, it can be
adjusted for scenarios with larger reciprocal opgnfactors. Analysis of the
correspondence between the suggested function ka@dheéat flux distribution
described by the Law Model in the case of onlyralei compartment openingf(
Chapter 5, Figure 5.22) shows#a8 kW/n¥ error bar would suffice. Since such a
scenario has a reciprocal opening factor outwigh i the validate range; 8 kW/nf

is deemed as an upper bound error bar.

6.4 Applying the Simplified Model to DFT1

The Simplified Model describes the potential disition of heat flux on the facade
above a compartment opening under three potentgaigtht and burning rate cases.
The Simplified Model equations described in Sedidh2 and 6.3 are used to
determine the heat flux distribution for the Dalmack Fire Test One scenario, where
the fire load is described as 546 kg (equivalera fire load density of 32 kg/nin
this case). Figure 6.5 shows the heat flux distidoudescribed by the Simplified
Model for all potential conditions compared to thesrage heat flux measured during
the DFT1 period of maximum sustained external ftagni The respective
recommended error bars are represented by thedhagias.
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Figure 6.5.Vertical distribution of heat flux on the facadesdgbed by the proposed functions for
three different draught and burning scenarios, elieeNo Through Draughfuel-controlled and the
Through or Forced Draughtcenarios are described using a fire load of 546kg average heat flux

measured during DFT1 throughout the period of maxmsustained external flaming is plotted for

comparison with error bars indicating the max. em. instantaneous values over that period.

Comparison of the heat flux distributions descritigdthe Simplified Model and
those measured during DFT1 shows the model to atdou the average measured
heat flux, if all potential draught and burningeratcenarios are taken into account,
much as was found with the Law Model output as dlesd in Chapter 5, Section 5.3.
The error bars recommended in the Simplified Mdaelever account for higher heat
flux than that in the Law Model which did underestie the heat flux falling incident
on at least one point on the facade during DFT$hdtuld however be noted that the
peak instantaneous heat flux measurements recdudedy DFT1 are in places higher
than that estimated by the Simplified Model. Whileeh peaks in heat flux tend to be
momentary and hence not provide enough heat transgr their short duration to
adversely effect the components of the facade,aisage heat flux measured is in
placesjust accounted for by the Simplified Model whereas fee in design, the
estimate should be conservative. Therefore, wiile tecommended error bars
encompass the potential variability due to varratio other parameters in the Law
Model found to have lesser influence, for scenatiad differ significantly from the
assumptions made in the Law Modieé.(different fuel type, as is the case for DFT1),
a different error bar should be used and adequpistijied.
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6.5 How to use the Simplified Model

This Simplified Model is appropriate only for sceina that fall within the 5-20 iH?
range of the reciprocal opening factgr,hence this is the first check necessary for
any given scenario of interest before the reshefrhodel can be implemented. The
reciprocal opening factor is defined in ChaptelEguation (3.4). It should then be
determined if the scenario of interest is clearigerNo Through Draughtonditions

or under Through or Forced Draughtonditions, according to the Law Model
definitions described in Chapter 3, Section 3.%.2he scenario of interest is clearly
under Through or Forced Draughtonditions, Equations (6.5) and (6.6) should be
applied to determine the heat flux incident on pleént (or points) of interest on the
facade plane, where the fire load is defined im&nof its wood-equivalent. Should
the scenario be found to clearly be und Through Draughtconditions, it is
necessary to determine whether a fire would be ilatioh- or fuel-controlled
depending on the potential rate of burning, astipermethod used in the Law Model,
described in Chapter 3, Section 3.2.2.1.1. The oatburning, m in both cases is
described by Chapter 3, Equations (3.6) and (3id)theactual burning conditions
within the compartment for a given scenario arecdleed by the conditions that
correspond to the lower of the two values. Hencepedding on the burning
conditions in the scenario of interest, Equatiohid)(and (6.2) should be applied if
the scenario is ventilation-controlled and Equati¢d.3) and (6.4) should be applied
if it is fuel-controlled. In the latter case, cad®uld be taken to define the fire load in
terms of its wood-equivalent. This method is besharised in the form or a flow

chart, depicted in Figure 6.6.

If the scenario of interest does not distinctly fiato either of the draught conditions,
it is prudent to apply all conditions describedtbg Simplified Model to the points of
interest on the fagade and, in the case of desigaccount for the worst-case heat
flux potentially incident at each point. While tiNo Through Draughtase under
fuel-controlled conditions may not realisticallyateto significant external flaming, it
is merely used to define a lower burning rate drel dorrelations derive from tests
Yokoi conducted¢f. Chapter 2) where the temperature was measurttt iaxternal
plume. Although the characteristicee( emissivity) of a hot external plume may
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differ from those of external flames, a plume i#8 Bkely to impose a heat flux on the

external facade, hence this scenario is still tdrast.
For the case of scenarios that fall outwith thaprecal opening factor range for

which the model has been validated, further expemial tests need to be conducted

in order to determine the relative effect of eaahgmeter.

To Determine Heat Flux Incident on Building Facade

Calculate the Opening Factor,

Conduct further Large-|
Scale Experiments

Is the
scenario undexo Through
Draughtconditions?

Apply Simplified Model
Equations (6.5) and (6.6) fo
Through or Forced Draught

Conditions

Calculate the Rates of Burning under fhel-controlledregime,
Mo & under the ventilation-controlled regimi; ve,.

Apply Simplified Model

Fuel-Controlled conditions
underNo Through Draught

Apply Simplified Model Equations (6.1)
and (6.2) for/entilation-Controlled
conditions undeiNo Through Draught

Figure 6.6.Flow chart describing the method by which the Sifieel Model should be implemented.
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The error bars recommended for use with the SimedlifModel equations are
adjustable depending on the characteristics ostemario for which the model is to
be applied. Although the model is theoretically lagghble to any scenario that falls
within the limits defined, modified error bars shebbe used for scenarios with
characteristics that differ greatly from the testem which the Law Model
correlations were empirically derived. This is partarly the case for characteristics
associated with the fire load, as the effect ofatems in the type of fire load, the fire
load distribution within the compartment and the fioad surface areafc has not
yet been thoroughly investigated. Should a scenaxiolve fuel that is mostly non-
cellulosic, a higher upper-bound error bar shoutddpplied to all scenarios and
justification for this alteration should be provitlby the model user. Similarly, the
Law Model correlations have been validated by tésé¢ had a fire durationg of
close to 20 min. Although the fire duration is taketo account in defining the rate of
burning in the cases und®&o Through Draughtfuel-controlled andThrough or
Forced Draughtconditions, it is unknown whether the heat flusdéed by the
model would be representative of that resultingnfra high intensity-short duration
fire, for example. The propensity for such a fsdinked to characteristics of the fire

load and larger error bars should again be appli¢is case.

The Simplified Model is applicable for determinitige heat flux to the fagcade above
0.05 m from the soffit of a compartment openingr the first 0.05 m of the facade it
is recommended that the heat flux is taken asdbatribed by the model at 0.05 m
plus an upper error bar to be applied to that valbe heat flux distribution described
as a function of height from the opening soffitides from the worst-case heat flux
which occurs opposite the external flame axis, iilesd as the centreline above the
opening for the case of no external deflection lryydwThe heat flux described by the
Simplified Model can therefore be applied to anynpabove the opening soffit and
even if this is not at the opening centreline, in@del will conservatively predict the

heat flux. Similarly, should the scenario be afeicby an external wind that may
deflect the external flame, the heat flux describgdthe Simplified Model to any

point on the facade is a conservative estimatet@sal deflection of the flame will

only lead to a lower heat flux at any given poagsuming the Law Model assumption
that the lateral wind has no other effect othentblaanging the relative orientation of

the external flame. The effect of flame deflectlmpnan external protrusion such as a
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balcony or an awning is also not taken into accauthe Simplified Model, however
since such an obstruction will only result in flameflection away from the facade,
the heat flux described by the model to any givemtpwill again be a conservative

estimate of the actual heat flux in such a scenario

In practice it is likely the Simplified Model wilbe used to define the heat flux
incident on different regions of the fagade, suchta select cladding with an
appropriate critical heat flux for ignition and tdesign upper-storey window
arrangements that are unlikely to crack and fallumder the heat flux incident in the
case of a fire in the compartment below, or evedeide on an inter-storey height to
be used between openings. In these cases, theshigdag flux incident on that region
should be applied.e. corresponding to the lowest height). For the azsthe close
near-field to the opening soffit, it may be econon apply a single strip of a
different material to the first 0.05 m with a higtaitical heat flux for ignition than
that of the rest of the facade cladding material éuch as a opening headstone), if
the heat flux to that region is significantly highlean that incident further afield.

6.6 Comparison of Simplified Model with other

Experimental Data

Apart from the Dalmarnock Fire Tests, the only othdl-scale experimental tests
conducted using a realistic fire load and fire |¢eygbut {.e. modern furniture) where
external heat flux measurements to the externadd@gwere recorded, are those
conducted by Klopovic and Turan in the late 19986,81]. Eight tests were
conducted however the external heat flux measuresrecorded for six of the tests
are most pertinent for comparison against the Siragl Method. The tests were
conducted in a 3.6 by 5.3 m (by 2.4 m high) compartt with a 2.4 m by 1.5 m
window (and in some cases a 0.8 m by 2 m back date fire load consisted of
furniture resembling a living room type layout, v 3-seat polyurethane foam sofa,
two similar armchairs, two bookcases laden mostith vibooks, and two wooden
coffee tables. The large sofa was positioned jus$tant of the compartment window
and in each case the fire was igniting using a lswadd crib placed on the centre of
this sofa. Four of the tests were conducted undhett v¢ defined by the Law Model as

Through or Forced Draughtonditions where a door was left open on a watlagjite
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that of the window. Nevertheless, it is worth ngtithat this door led into a long
internal building corridor and the ambient condiscare reported to have been ‘still’
during these six tests, with average external wapdeds recorded falling between
circa 1-2 m/s. The remaining two tests were coretlcinderNo Through Draught
conditions where only the window was open. Unders¢htest conditions, “the
presence of flames beyond the opening prior tdvflasr” was reported and attributed
to the proximity of the 3-seat sofa (and ignitimuce) to the compartment window
[80]. Further characteristics of each of the fests are summarised in Table 6.1 and

the tests are noted to have been of relativelyt shoation.

Test Fire Load (kg) Ventilation Conditions Fire Duration (s)

Klopl 445 ToFD — door and window 480
Klop2 536 ToFD — door and window 300
Klop5 539 ToFD — door and window 360
Klop8 544 ToFD — door and window 420
Klop4 541 ND - window 480
Klop7 534 ND - window 360

Table 6.1.Characteristics of some of the full-scale fire seztnducted by Klopovic and Turan [80].

The fire load is stated in its wood-equivalent.

In applying the Simplified Model to each of thessttscenarios, it was found that the
tests undeihrough or Forced Draughtonditions correspond to scenarios with a
reciprocal opening factor; of 22-27 m*? and those undeNo Through Draught
conditions to a reciprocal opening factgrpf circa 32 2. Therefore all tests are
outwith the range of applicability of the Simplfiéviodel, nevertheless since they are
within the 20-40 1’ range for which data from a limited number of kxsgale tests
has been previously compared against the Law M@dieChapter 3, Section 3.3.1)
and since there are no other more adequate datargparison, the Simplified Model

is applied to each scenario. According to the retbpe burning rate calculations for
each of theNo Through Draughtest scenarios, both scenarios are expected to be
under ventilation-controlled conditions. Due to trentilation conditions surrounding
the Through or Forced Draughtests, where there appears to be a very limited
through draught and the external flame is expeitdtave little horizontal projection,
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for this case the Simplified Model is applied unfleth Through or Forced Draught
and No Through Draugh{ventilation-controlled) scenarios for comparis@uring
the tests the incident heat flux was only recorted small number of points on the
facade. A comparison of the test data and the fheatistributions described by the

Simplified Model for the respective scenarios iswh in Figure 6.7.
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Figure 6.7.Heat flux measured at different heights duringréeseof tests conducted by Klopovic and
Turan [80,81], together with the heat flux disttibn described by the Simplified Model for the give
tests scenarios. The shaded area represents dhdars associated to the respective Simplified é&llod

heat flux distributions described.

In the case of the tests unddrrough or Forced Draughtonditions, thelhrough or
Forced DraughtSimplified Model predictions are seen to signifitg underestimate
the recorded heat flux in the near-field to thedmw soffit which lies above the range
accounted for by the suggested error bars. Fueheid (> 0.5 m from the opening
soffit) the same Simplified Model correlations féagly well, although one data point
(corresponding to ToFD — Klop8) is still underestied by the model. Judging by the
fact the heat flux incident at this latter pointigher than that measured closer to the
window soffit during this test, it may be that someors are associated with this
measurement. Th&lo Through Draughtheat flux distribution described by the

Simplified Model however appears to provide gootnestes for these same near-
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field measurements. Although the Simplified Modehbt directly applicable to these
scenarios (due to their reciprocal opening factioragppears that these scenarios are
closer toNo Through Draughtonditions than those resulting from a distincotigh
draught. The tests scenarios underThrough Draughtonditions, on the other hand,
result in heat flux measurements distinctly gredtean those predicted by the
Simplified ModelNo Through Draught{ventilation-controlled) case. Although again
the Simplified Model is not directly applicable tltese test scenarios, in this case the
large discrepancy is likely to be additionally doespecific characteristics of the test
conditions. The heat flux data reported for thesdstis distinctively high and likely
to have resulted from the external flaming obsergtedng the tests while the fires
were still free-burning, pre-flashover. This extrrflaming — thought to have
originated from the proximity of the sofa (and igom source) to the compartment
window — is not taken into account in the Law Modet is certainly not represented
by the correlations for scenarios undéo Through Draughtventilation-controlled

conditions.

While the test scenarios compared are not diregipficable to the Simplified Model
(due to their reciprocal opening factors) the ladggerepancy between the measured
heat flux and that predicted by the Simplified Moddikely to be due to differences
related to the fire load parameter which are nobanted for in the Law Model, and
as a result are also not accounted for in the $fieghlModel. The conditions inside
the fire compartments appeared not to present umibrning, particularly during the
initial stages of theNo Through Draughtcondition tests and localised pockets of
burning may result in burning rates different t@gé previously correlated for the
models. The fires were also of relatively shortatimn as they were extinguished
once the period of sustained external flaming vemsn 4o die down, however in most
cases there was still some fuel left, so the bgrmate appears not to have been
uniform throughout the short duration of the fildhese results further highlight the
need to thoroughly investigate the effect of theetyf: fire load (perhaps along the
lines of the research into the excess fuel facescdbed in Chapter 2, Section
2.2.2.2); the fuel distribution throughout the cartment (which is rarely
homogenous as assumed); localised pockets of lgurmal non-uniform rates of
burning; and high intensity-short duration firesnang other potential parameters

associated to the fire load. An earlier comparisérthe Law Model against the
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external flame temperature measurements taken glaiseries of full-scale tests

conducted at Lehrte in Germany in 1978, many ofctviiad furniture as fire loading,

already indicated the fire load parameter may bienpbrtance. The study, conducted
by Law, reported that “there is considerable scaktet it has not been possible so far
to find any specific variation with such factorsthe wind speed and direction or with
fire load” [98].
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A detailed analysis of the Law Model identifiesefilbad as the key parameter of
importance in determining the heat flux to the tecduring a given compartment fire
scenario. A Simplified Model is therefore proposedorporating these findings. The
proposed model provides a faster, more straighdoiwmethod of obtaining an
estimate of the distribution of heat flux to thedde than that of the more convoluted
Law Model. Its imposed limits of applicability alsensure it is not applied for
scenarios outwith its validity. Nevertheless, congmn of the model predictions
against data pertaining tealistic compartment fire scenarios indicates there may be
further parameters that influence the external Haatthat have not been adequately
investigated. The models are found to underestimege flux incident on the facade
in the near-field to the soffit of the compartmeqening, often where it is at its
highest. While the Simplified Model allows for vat#e error bars to be applied to the
heat flux distribution described by the model feemarios that are found to differ
significantly from the assumptions inherent in tim@del’s development, it is of
interest to investigate the influence of paramesensounding the characteristics of

the fire load such that the model and its giveonrdoars can be further refined.

In order to determine the effect of compartmeng fiarameters on the consequent
compartment fire, it is customary to resort to catagonal modelling when there is
thorough experimental data for a scenario thathmmsed as a benchmark, as it is
more affordable than resorting to extensive expemtal testing. The benchmark
scenario is usually modelled using Computationaiid-Dynamics (CFD) and the
model output is compared against the experimeiaiia@. disparity between the model
prediction and the experimental measurements isnmmmso the model input
parameter values for which there is some unceytarg usually adjusted in order to
ensure reasonable agreement between the model toatml the experimental
measurements. It should be ensured, however, ibaddjusted parameter values are
realistic. The parameters of interest can thenyséematically varied in a series of
computational simulations such as to analyse fexebn the output of interest. Using
Dalmarnock Fire Test One as a benchmark scenasiapatational fluid dynamics
analysis is undertaken to investigate the effecvarfiing the fire load distribution
within the compartment as a uniform rate of burnowgr the entire compartment
floor area is one of the main assumptions surrohdhe use of the fire load

parameter in the Law Model correlations.
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7.1  The Objective of using Computational Modelling

The Law Model, like most compartment fire modelssianes the fire load is
uniformly distributed throughout a compartment {@mms of fire load density) and
that it burns uniformly, with a steady burning radger the duration of the fire. This
assumption allows for a simple fire load, or fireadl density, to be used in
correlations that describe the overall behaviouaodompartment fire for a given
scenario, facilitating the comparison of data frdiffierent scenarios. It appears to be
an appropriate assumption for design given thafitbdoad and its location within a
compartment can change over the lifetime of a mgldNevertheless comparison of
the models against data pertainingealistic scenarios, such as those of Dalmarnock
Fire Test One [105,113] and the tests conductedityyovic and Turan [80,81], show
the models underestimate the external heat flukngalincident on the facade.
Therefore it is important to reassess the impogavicthe assumptions surrounding

‘uniformly burning fire load’ assumption.

In order to encapsulate the intricacy of the fioad characteristics in eealistic
scenario, it is important to conduct the computatloanalysis usingealistic fuel
packages, such as diverse items of furniture, ad s DFT1 and the Klopovic and
Turan tests. Realistic fire load differs from afonin fire load such as liquid fuel or
wood cribs, in that diverse furniture can havefedént chemical compositions; a
correspondingly different heat of combustion andicad heat flux for ignition for
different items or even parts of items; differemttes of burning and resultant
emissivity of combustion products; different sudareas; varying height of fuel bed;
different surface orientatiomtc Hence while a localised pool fire with a presedb
heat release rate (HRR) could be used in the catipnal study, to systematically
change the fire load distribution by moving the jpm@und the compartment floor for
different simulations, this would only analyse th#ect of one of the potential
parameters associated with the assumptions surrgurttie fire load parameter.
Therefore several assumptions would be necessaungdoa pool fire scenario and
benchmark it against the realistic DFT1 scenarita.d&urthermore such a study
would not enable a systematic analysis of all eiocharacteristics associated with
arealistic fire load whereas the use of several differemh#&ef furniture allows for

each of the individual characteristic parametensitgfrest to be individually varied.
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Several of the characteristics associated withfitleeload parameter have already
been found to have an effect on the resultant cheratics of an enclosure fire.
Thermoplastics, for example, tend to burn as poolder post-flashover conditions
which may lead to a higher surface area of burifigich is simply assumed to be
equal to that of the floor area), in turn affectithg rate of burning when a wood-
equivalent fire load is assumed [21]. The combustad hydrocarbon polymers
requires more air than that of cellulosic fuels ethcan result in very different rates
of soot production, in turn affecting the emissiwitf the fire and flames [21]. Bullen
and Thomas [67] have defined a parameter to represene of these properties in the
form of an excess fuel factdex and it has been found to affect the external fieat
however it does not feature in the Law Model déifomi of fire load the properties of
which are generalised by using a wood-equivalereg foad. Desanghere [126]
conducted a computational study to determine tfecebdf the excess fuel factor (in
the form of a global equivalence ratio) on the ehteristics of external flames by
running the same model scenario with two diffetgpes of fuel (wood and ethylene
which have different stoichiometric burning rati@s)d again showed the excess fuel
factor to have a considerable effect. Although ldteer study also investigated the
effect of fuel location within the compartmentwias conducted solely using a single
type of fuel represented by a burning area withesqribed heat release rate.

Therefore, as an initial study, it would be idealrtvestigate the effect of the location
of the fire load within the compartment on the test external heat flux incident on
the fagade, using the Dalmarnock Fire Test Oneasteas a benchmark case since
the fire load distribution is not uniform throughahe compartment and the shape
and composition of each fuel package is differévertheless, it is generally
accepted that CFD models are not yet suitable &tailéd modelling ofrealistic
compartment fires under a ventilation-controlledjimee [18,127]. Quantitatively
under the ventilation-controlled regime, computadlomodels tend to over-predict
the combustion that takes place at the compartorings which in turn affects the
modelled heat flux to the fagade. Since the modets based on stoichiometric
burning ratios and the heat release rate is adifycprescribed, often the air within
the model compartment becomes vitiated and fuedtites that may in reality burn

within the compartment, are transported to the oymsnin the model. Hence, in the
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model, a greater portion of the reaction takesetadside the compartment openings,
where there is a surplus supply of air, compareth&d in real fires. Computation
fluid dynamics model are however reasonably adequt providing a reliable
representation of the transportation of combuspooducts and partial-combustion
products. While in practice this mayuantitativelyresult in an over-prediction of
external heat flux to the facadqualitatively the comparativedistribution of the
transport of fuel to each of the compartment opgmims of interest as it may
demonstrate that the fuel location relative to dpenings may have an effect on the
resultant external heat flux. Hence this studyoisdticted to determine tlygialitative

rather tharquantitativeeffects effect of varying characteristics of thre foad.

7.2 The Scenarios Modelled

For the purpose of demonstrating the potentialceféé variation in the location of
realistic fire load on the resultant heat fluxhe external structural fagade, three main
scenarios are modelled using Fire Dynamics Simul@DbS) [127] — although other
fire-related CFD softwaree(g. SOFIE) could also have been used. Dalmarnock Fire
Test One is used as the base scenario (FDS_Cas#1hefuel properties prescribed
are obtained from the additional laboratory expernts used to characterise items of
the Dalmarnock scenario fuel, as discussed in @nhaptSection 4.4.4, together with
properties obtained from the available literatuerhainstream materials. Among the
properties assigned to each of the items of furaitare the density, heat of
combustion, heat of gasification and ignition tenap@re. Most of the main furniture
items are described with approximate dimensionsisaelfl to fit the grid-mesh
resolution used (0.1 by 0.1 by 0.1 m) and for thsebscenario (FDS_Casel), the
items are located as per DFTE (Chapter 4, Figure 4.3), as shown in Figure 7tle T
prescribed areas of heat release rate match thsseved during the initial stages of
fire growth of DFT1, as described in Chapter 4,tieacd.3.1. The heat release rate of
the waste-paper basket and blanket are prescribegeathe HRR measured in
laboratory tests [122] and the data collected duansofa calorimetry burn is also
used to specify the HRR for a specified burningaasa a portion of the sofa. The
bookcase closest to the ignition source is alsergia pre-specified HRR, obtained
from laboratory calorimetry tests that includedHdihe bookcase and its contents

[122]. The surface areas with specific HRR are seepellow in Figure 7.1. The
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initial ventilation conditions are specified as plee DFT1 scenario however to reduce
the computational requirements of the model, the il truncated mid-way through
the hallway and the ventilation conditions at tfeodto the hallway (Door 1) are
approximated by modelling an open-ended corridoa aght angle to the doocf(
Figure 7.1). The compartment window panes and pkthe kitchen window are
removed at pre-specified times as per observatah®FT1 and the prescribed
computational domain provides 1.6 m outside the pamment such as not to
interfere with the buoyant external flow. The fideration is set at 1200s, just a
minute over the period of ‘free-burning’ of DFT1 &rhit was actively extinguished
(i.,e. by fire-fighters rather than burn-out). Apart rfrointernal and external
thermocouple point measurements of gas-phase tatoperthe model fire scenario
is also resolved for a number of cold surface teatpees located in the same
positions on the external facade as those in Dalotkr Fire Test Onec{. Chapter 4,

Figure 4.5), from which incident heat flux is infed.

/4

N

Figure 7.1.FDS model outline of the Dalmarnock Fire Test Oompartment and layout of the
furniture items as per the DFT1 scenario (FDS_Cas&dlow surfaces denote areas with a pre-
specified HRR and yellow dots represent thermoappint measurementSeeChapter 4, Figure 4.3

for comparative layout of furniture items during TE
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The simulated scenario differs drastically from fire evolution observed during
Dalmarnock Test One as many of the modelled itemgemignite. While some
disparity was expected, due to previous resultenfo number of related studies
[18,19], the internal compartment temperature enaihudescribed is significantly low
compared to that measured in DFT1 and the criteraperatures for ignition of most
of the items are never attained. Several inputmatars of which the values are
uncertain were varied however further iterationshef model simulation did not yield
a closer match to the DFT1 fire evolution. If tlgmition temperature of each item
were instead inferred from the model simulated cammpent temperature conditions
at the time when ignition iknownto have occurred during DFT1 rather than as a
physical material property, in theory all the itecmsild be made to ignite at the same
time as experimentally observed. Neverthelesswioisld require many iterations of
the simulation in order to determine the resultarhpartment fire temperature in the
vicinity of the nextitem to ignite once thereviousitem to ignite is burning. This

process would have been laborious and very compuogdly intensive.

One such study has been conducted by &hal [19] in an attempt to adjust the
input parameters such as to mogest the pre-flashover stage of DFT1 using FDS. It
was shown that even if the input is optimised tovalfor a better match between
certain output values from the fire model and thosehe experimental data, the
discrepancy between other aspects of the outputapdrimental data will remain,
particularly (but not solely) at a localised lewehere the difference is often
considerable. This was similarly found in a rounbtin study conducted by Reet

al. [18]. Had such an intensive study been conduttedikely that the required input
parameters for the model to result in a facade fi@atistribution comparable to that
of DFT1 would have been physically unrealistic. enit would then have been of
guestionable value to conduct subsequent simuati@sed on the variation of these
input parameters in order to evaluate the resultéiatt on the heat flux incident on
the facade. Therefore, no further alterations werade to the base scenario
(FDS_Casel) model and the characteristics of dmstof fuel specified were left as
originally specified i(e. the properties obtained from a combination ofesxpental
tests and the literature), allowing only forgaalitative comparison of the external

heat flux resulting from variation of the fire lo&xtation in each the scenario.
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The second scenario considered (FDS_Case?2) isidgdend the first, except the
furniture has been transposed to one half of timepastment, between the NE corner
and the doors to the hallway and kitchen, as iaietl in Figure 7.2. The third
scenario (FDS_Case3) is also based on the firsinbiltis case all the furniture has
been moved to the other half of the compartmenh shat it runs along the base of
the window with shelves and work desks either sadeshown in Figure 7.3. Such
scenarios could be representative of temporary aosesdfices or household rooms
(i.e. where the furniture is stacked up) however irs¢heases none of the flammable
material surfaces are in direct contact. While wimlikely that FDS is able to simulate
the complex conditions involved when items of fturé are found closely together —
particularly in the vertical direction — the purposf maintaining the DFT1 scenario
furniture is part of theualitative study such as to remove any assumptions linked to
using ‘equivalent’ descriptions of fuel. Neverttedethe errors involved in the
quantitative prediction of the resultant external heat flux vedo the limitations
inherent in the modelling tool — renders limitece ua conducting simulations for
further combinations of DFT1 furniture distribution

N
Figure 7.2.FDS model outline of the Dalmarnock Fire Test Oompartment and layout of the DFT1
furniture items all stacked in the East half of tenpartment, between the NE corner and both doors
(FDS_Case?2). Yellow surfaces denote areas witkespecified HRR and yellow dots represent

thermocouple point measuremer8seChapter 4, Figure 4.3 for comparative layout offture items
during DFT1.
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f

N

Figure 7.3.FDS model outline of the Dalmarnock Fire Test Oompartment and layout of the DFT1
furniture items all stacked by the window area (FBSse3). Yellow surfaces denote areas with a pre-
specified HRR and yellow dots represent thermoappint measurementSeeChapter 4Figure 4.3

for comparative layout of furniture items during DE

7.3 Analysis of CFD output

Although the thermocouples were specified bothdesind outside the compartment
in the same locations as those employed during DEEEe measurements were only
used in initial attempts to adjust the model inpatameters such as to improve the
correspondence between the modelled output andhdasured data. The simulated
heat flux incident on the external facade abovectiapartment window was used for
comparison between the FDS_Casel output valuetharidalmarnock Fire Test One
data, for ballpark gauging the internal fire reprged by the models. During the
course of the fire only a second bookcase ignitethér to the items with a prescribed
HRR, hence the simulated external heat flux, talkem the model — as both an
average and an instantaneous peak value withisaime time-frame as DFT1 — was
very low by comparison. Nevertheless, the pattarthe heat flux distribution was
similar to that measured during DFT1 and the stahdaviation between the peak

heat flux and the average heat flux over the lasute of burning in the modelled
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scenario appears to be proportional to that medsdweing DFT1. Therefore, in
essence, the simulated scenario represents burairdjtions under a much lower fire
load than the DFT1 scenario due to the limited nemmdf items that ignite in the
simulated internal compartment fire. In any caseery thequalitative nature of the
study, the comparison of heat flux output by thee¢hmodel cases shown in Figure
7.4 enables an evaluation of whether the fire loadtion is expected to influence the

distribution of heat flux to the external fagade.
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Figure 7.4.Distribution of average and instantaneous peakfheato the facade above the
compartment opening output by three different casedelled using FDS where the fire load location
was varied. The heat flux gauge numbers corresfmtite gauge locations illustrated in Chapter 4,

Figure 4.5.

The external heat flux resulting from FDS_Case2 BB Case3 are comparably
evaluated against the outcome of FDS_Casel. Thes gaswhich the furniture is

concentrated in either the East or West side ofctirapartment appear to indicate
considerably lower heat flux to the facade thars¢houtput by the scenario with a
more even fuel distribution, as per DFT1. Thisxpexted even though the furniture
items with a prescribed HRR are in the same lonatid-DS_Casel and FDS_Case2,
because of differences in air entrainment betwaen items and in the ignition

sequence of secondary items. Some of the fuel ilmmpacked very closely together,
within only a single grid-cell spacing in placeschk as to limit air entrainment as in

practise the surfaces of stacked furniture wouldnbeery close contact, limiting the
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fuel surface area. Such narrow spacing betweeniterak is also likely to affect the
simulated interaction between burning items. Néwdess, when the case with all the
furniture towards the back of the compartment (FO&e?2) is compared against that
with the furniture close to the window (FDS_Casa33ignificant difference in the
output heat flux is also observed, regardless ef ftt that the items are closely
packed together. While in practise fuel items climsthe compartment window (open
supply of air) are likely to result in higher extat heat exposure (as found by
Desanghere [126], albeit in a compartment withwinedow as a single opening), in
this case the FDS Case2 scenario, with the itemgarts the back of the
compartment, resulted in higher external heat thyxcomparison. Whereas some
external flaming may have been expected due tetteimity of the furniture to the
window (as recorded in some of the Klopovic andahuests [80,81], albeit undsio
Through Draughtconditions,cf. Chapter 6, Section 6.6) in the FDS_Case3 scenario
the items with a prescribed HRR were located botthé side of the window and a
way back from the window, so this was not the cligs.thought the difference in the
heat flux distribution output from both the secardl third scenarios could be due to
air entrainment through the doors and through tbeety packed fuel items in the
second scenario (FDS_Case?2) as opposed to thesiterthrio (FDS_Case3) where
the furniture items were all either below or to gide of the compartment window.
Therefore gualitativelythis study can be assumed to demonstrate thatighéution
and location of the fuel relative to the openingsyrhave a significant effect on the
resultant external heat flux nevertheless furthgreemental research is necessary to

investigate anduantifywhat that effect may be.

7.4 Contribution from CFD Modelling

The development of CFD modelling tools is not yeh atage that allows for adequate
simulation of complex ventilation-controlled scepar [127], nevertheless in the
absence of comprehensive physical data, this tms for qualitativeassessment of
parameters that may influence the internal fire ettggment and the consequent
external heat flux. While it is likely that trguantitativeoutput from these models is
unrealistic, it is also possible that the relatimagnitude of the output for each of the
three cases is not accurate. Therefore, this catiparstudy has demonstrated solely

that some of the assumptions inherent in the d&fmof the fire load used in the Law
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Model (and its implementation in the model in treswamption of a uniform rate of
burning) may mask other parameters of potentialont@mce in determining the
resultant external heat flux, as well as the oVvdratning regime, both within and
external to the compartment. Nevertheless thedinois associated with current CFD
modelling of realistic post-flashover fire compartments, in terms of pi@dg
quantitative output adequate for scenario comparison, rendef timited use to
extend this study to subsequent scenarios where effext of varying other

characteristics of the fire load is simulated aochpared.

Thus, the most important conclusion drawn from ¢beputational modelling study
is that the numerical tools available are not yl@aberate enough to allow for a
systematic study of all the characteristics offtreeload and their respective effect on
the resultant external heat exposure (and intémegatievelopment), and that therefore
it is essential to resort to a series of comprefienexperimental tests. Given the
importance of the fire load parameter in the deteimg the distribution of heat flux
to the facade in the Law Model, a thorough expentaleinvestigation of these fire-
load-related parameters is the most appropriate twagstablishwhy there is a
discrepancy between the prediction of current dmallymodels and the external heat
flux measured duringealistic fire scenarios, and to quantify it by linking @ the

contributing parameters.
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Recent advances in the field of architecture, aavigjineering and material science
have changed buildings and their use, renderingetessary to re-evaluate our
understanding of the characteristics of a compantrfiee. In terms of external fire

spread, the Law Model is still the most comprehensinalytical model available to

describe the external heat exposure resulting rompartment fires, however it was
empirically derived in the 1970s. Since then thacept of a standard compartment
(i.e. furnishings materials, structural materials, getsnand size of compartment and

openingsetc) has changed considerably.

8.1 Conclusions

In developing the Law Model, Law and O’Brien enwgised that “as more use is made
of the method it is likely that more straightfonadarules will be worked out” [1].
While advances in computational capacity have emuhhl thorough analysis of the
Law Model, it has also been adequate to asseswnddel’s applicability to modern,
realistic scenarios. A detailed parameter sensitivity stadgducted on the model,
with regards to the resultant heat flux incident tbe building facade above the
compartment opening (incorporating some slight rhadiaptations as discussed in
Chapter 5, Section 5.4), highlights the influendetle fire load parameter as
dominant over that of other parameters used toribes¢he scenario. Moreover,
although the Law Model is based on a number ofetations with intricate inter-
dependencies linking several parameters charaitesfsa compartment fire scenario,
the resultant external heat flux incident on theatke appears to be relatively
insensitive to reasonable variations in paramed#hsr than that of the fire load. The
study also identifies several limits of applicalyilof the Law Model that arise from
the empirical nature of the model correlationsdetiled in Chapter 3, Section 3.4. If
these limits are not imposed, the Law Model candyieon-physical or unrealistic
properties of either gas-phase temperature or redtelame dimensions and
projection, under a combination of parameters tlaat easily fall within the range of
parameter values expected in a scenario for stdndampartment design.
Consequently, this can result in an unrealistioreste of the heat flux incident on the

facade.
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A review of the literature concerning the largelecaxperiments against which the
Law Model has previously been validatedf. (Chapter 3, Section 3.3) shows the
scenarios tested lie only within a narrow rangéhef reciprocal opening factor, with
the majority of experiments falling within the 5-28Y range [26]. Due to the
empirical nature of many of these experimentallyivée correlations, it is often the
application of the Law Model outwith this range ttHaads to unrealistic output
values. However non-physical values also arise fribl@ numerical limitations
inherent in some of the equations used, where Erigeas (points of discontinuity)
can occur again within a reasonable combinatioranfes that could correspond to a
typical scenario encountered in design. Therefatejs prudent to limit the
applicability of the Law Model to scenarios thall faithin this range of reciprocal
opening factor, before further tests are condudtedvaluate the model’s validity
outwith this range. It is recommended that the tified limits of applicability of the
Law Model be brought to the attention of those wise Eurocode 1 — Annex B [2],

an adaptation of the Law Model used in structuiral-design standards.

The general distribution of heat flux incident twe facade (varying with height above
the compartment opening soffit) described by thev Lislodel, appears to be
distinctive for the scenarios undé&lo Through Draughtand Through or Forced
Draught conditions, as well as foiuel-controlled and ventilation-controlledfires
under aNo Through Draughscenario. Together with the dominance of the el
parameter over that of other compartment fire patars defined in the Law Model,
in terms of the influence had on the heat fluxhe facade, this indicates the Law
Model is unnecessarily convoluted. Therefore a $fra@ Model is proposed,
whereby the heat flux incident on the plane of fdgade under each of the draught
and rate of burning conditions is defined by a kingorrelation. The correlation
proposed for the distribution of heat flux to tlagdde under &\'o Through Draught -
ventilation-controlled scenario is simply a function of height from tbpening soffit
and for the cases oNb Through Draught - fuel-controllé@r ‘Through or Forced
Draught conditions the correlations are also a functibnhe compartment fire load.
The proposed expressions are specified with recardetkerror bars that account for
the smaller potential variations in the resultagathflux incident on the facade due to

all other input compartment fire parameters.
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While the effects of wind are not directly consielérthe simplified expressions have
been derived for heat flux incident on the facald@gthe window centreline which
provides a worst-case estimate of heat flux digtidm compared to the heat flux
incident either side of the centreline, above tbmgartment window. This is due to
the properties of external flames which appear d@veha fairly even temperature
distribution along their width, with any variatiasually peaking along it axis. Hence,
whether the facade is engulfed in flame (under Through Draughtonditions) or
whether it projects from the wall (und€hrough or Forced Draughtonditions) the
combination of temperature distribution within tfeme and the configuration factor
result in higher heat flux incident along the wimdoentreline under still conditions.
Since the heat flux decays with height along thetredine, any angle tilting of the
plume due to wind should result in a lower heak fincident on the fagade at any
specific height above the opening soffit, comparedhat calculated at the same
height along the centreline. The same applies fenarios with a horizontal
projection {.e. an awning, balconytc) which are assumed to deflect the external
plume outwards but not to affect the flame lengthite temperature distribution,
therefore resulting in a lower heat flux to theade at any given point that that
described by scenario without a projection. Herioeany case, the centreline heat
flux distribution should provide a conservativeimsite provided the error bars are

appropriately applied.

The Simplified Model proposed consists of a handfukimple steps to determine
whether the model is applicable to a specific sdera@nd which of the three main
expressions should be used, as summarised in dfedhart shown in Chapter 6,
Figure 6.6. Since the Simplified Model is basedtmLaw Model, its limitations still
apply hence it should also only be used within 220 m'® range of reciprocal
opening factors. The error associated with the Bileg expressions is within the
same range of error expected from implementatiothefLaw Model, however the
error bars provided with each of the expressions lea altered depending on the
particulars of the scenario and the level of asdedirisk, provided the choice of error
margin to be applied is justified by the designieagr. Furthermore the Simplified

Model does not provide estimates for the heat ifheident on the first 5 cm above the
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opening soffit — the region where the highest ianicheat flux is expected — due to a
numerical limitation inherent in the Law Model atktpn associated with infinitely
large convective heat transfer coefficients thasulte from the use of small
characteristic length scales. While it is suggesitad heat flux incident over this area
not be taken as any less than that incident at @aloove the window soffit, since it
does not constitute part of the Simplified Mod&k upper error bar to be applied to

that ballpark estimate is left up to the user'sdition.

8.2 Applications of the Simplified Model Proposed

The proposed Simplified Model provides an estinatéhe heat flux incident on an
external facade above the opening of a compartmuerter situation of fire,

comparable in use to the output of the Law ModeVvéxer much simpler and quicker
to implement. Furthermore the Simplified Model impe clear limits of applicability

in order to avoid implementation of the model iers&rios outwith its validity.

Comparison of Law Model output based on a modezalistic scenario, with data
measured during Dalmarnock Fire Test One (DFT1) -—camprehensively
instrumented full-scale fire test with verified &g of repeatability — shows a very
good agreement between the trends describing siebdition of heat flux incident on
the facade as a function of height from the opesioifit. While the ballpark values
output by the model are comparable with those mredsuhe Law Model does not
conservatively estimate the heat flux as expecigdngit is supposedly based on
several ‘conservative’ assumptions. In places, hewethe incident heat flux
measured is higher that any of those calculateithdy.aw Model, under different sets
of scenario draught and burning rate conditionse $ame is found when the Law
Model is applied to another moderealistic scenario and compared against the data
reported by Klopovic and Turan [80,81], yet witHaager discrepancy between the
model output and the test data. Hence, when appiedodern realistic scenarios,
the Law Model is perhaps no longer conservativasagnplied in the supporting
literature [1,26]. Nevertheless, in the Simplifigtbdel the discrepancy can easily be
accounted for by the error bars applied. Whilepppears the discrepancy is related to

the characteristics of the fire load used. (hot solely cellulosic as in previous large-
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scale tests used to validate the Law Model, nofoumiy distributed throughout the
compartmentgetc) the particular reason for the discrepancy is ysitknown. Once
further experimental investigation identifies fugthparameters of importance that
may account for this discrepancy, they can be takém account at the design

engineer’s discretion by adjusting the error baedingly.

It is of additional interest to note that, in themparison of the Law Model with the
DFT1 experimental data, the heat flux incidenthia hear-field of the window is best
matched by one of the Law Model draught scenar@itmns while further afield, in
the potential vicinity of windows from upper compaents, a different draught
condition provides a better match for the experitaledata. Hence, in terms of
design, it may be prudent to determine the heat fesultant from all potential
draught and rate of burning conditions that may l\gpgiven that the exact
compartment conditions in the event of a fire mayumknown — as a compartment
may have doors on a wall opposite a windee Through Draughtondition usually
assumed), but the doors may be closed at the tinikeofire .e. resulting inNo
Through Draughtconditions). Therefore, at any point of interesttbe facade above
an opening, the highest incident heat flux resglfiom all potential cases should be
applied, such as to ensure worst-case conditiomsaerounted for in both the near-
and far-field areas. This should particularly beplegal if an element of high
sensitivity to incident heat flux lies within theeight from the opening soffit for
which the Simplified Model describes a heat fluxlenany of the three scenarios.

The simple nature of Simplified Model tool rendetseasily applicable to any
scenario within the range of its limits of appliddip regardless of the characteristic
parameters that describe the fire compartment agaks keygeometricdimensions,
those of its openings, anambient conditionssuch as ambient temperature and
through wind (.e. a Through Draught or even the velocity of an imposéwrced
Draught The distribution of heat flux incident on the dae plane can be applied as a
boundary condition for design of several componenthe facade. For the design of
structural steel elements embedded in the facatle avie face left exposed, flush
with the surface — such as perimeter columns ondned beams — this boundary

condition could be used to determine the resultamiperature gradients within the
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element. In turn the resultant thermal stressesiced in the member could be
evaluated for different end-restraint conditionsh& member connections, taking into

account the support conditions provided by the oéthie facade.

An estimate of the typical incident heat flux iretevent of a compartment fire could
also aid in the design of cladding materials suxhoaensure the critical heat flux for
ignition of the cladding material is higher tharatttpredicted by the model, at any
given location where the cladding is to be appllgéence, different cladding materials
can be provided in bands, should it be economacplavide a strip of material with a
higher critical heat flux for ignition in the nefield of the openingi(e. a headstone,
etc) rather than throughout the whole of the facaBlech provision could help
prevent fire spread up the external facade whichldeen noted in several cases to
contribute to the severity of large tall-buildinges f. Chapter 2). As previously
discussed, although the heat flux described bySingplified Model pertains to the
distribution along the centreline of the openingdem still conditions, it should
account for a worst-case scenario and any cladsiherted should not be adversely
affected by flames tilting due to lateral wind.

Similarly, the Simplified Model can also be appliedglass windows in upper-level
compartments that are in the plane of the facaderder to establish whether they are
likely to crack or shatter under the imposed inotdBeat flux resulting from a
compartment fire below. Glass breakage can incréeseask of secondary ignition in
upper-level compartments hence the tool can be tsespecify adequate vertical
spacing of window arrangements or the provisionadequate glazing systems.
Should the window be at an angle from the fire cartipent window i(e. rather than
directly above it) the incident heat flux can als® calculated using trigonometry to
identify the distance from the upper corner of thenpartment window closet to the
second window, to the closest point on that wingi@ame. This length should then be
input into the relevant Simplified Model expressiarnorder to quantify the expected
heat flux incident on a point of equivalent vertidsstance above the compartment
fire opening. The conditions at that point shoutdyide a conservative estimate of
the heat flux incident on the window of intereshieh would be at its highest only

when there is a lateral wind tilting the externlainpe in its direction.
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For all these example applications the model caronty be used in design but also
as a simple tool for desigapprovalas the expressions are simple and quick to apply,
as opposed to the numerous calculations and soemaecks required for the
implementation of the Law Model. The quick compiataél time of the model also
renders it beneficial for use in emergency fireuaions, particularly those of
building-integrated emergency response, such ats eéheisioned by the FireGrid
project [24,25]. In such a system the integrateddimg sensors could be used to
determine the ventilation (draught) conditionste# tompartment during the fireg
doors and windows open or closed) in order to ml®wbertinent and potentially
dynamic (should the conditions change) predictiohghe estimated external heat
flux. The model could also be employed to prednet thermal boundary condition
applied to the external face of steelwork embeddede facade such that its expected
behaviour under insult from the specified fire citiods could then be predicted using
finite element analysis. As for design, it couldaabe used to define the likelihood of
external fire spread or secondary ignition duehattering of windows above the fire
compartment if the properties of the cladding materand window glass (and their
relative distance from a given fire compartmentropg soffit) is pre-recorded in the

systems’ building information database.

While these are some examples of practical appicadf the model they are not
exhaustive as the incident heat flux can be appbeghy element on the plane of the
facade as an external boundary conditioe. (in structural terms: a fire load),
provided the scenario falls within the limits oppdicability of the model.
Nevertheless it should be noted that, in emergsitagtions if the fire does spread to
an upper floor, the model can no longer be usdthases emerging from openings on
multiple floors often merge to some extent and #ifect is unaccounted for in the

Law Model and in the Simplified Model proposed.

8.3 Recommendations for Further Work

Although the Simplified Model provides a concis@resentation of the heat flux

incident on the fagade and has clearly definedtdinof applicability, it is still
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fundamentally based on many of the same assumpf{@mmd associated limiting
conditions) inherent in the array of experimengsts the Law Model from which the
correlations derive and against which they werdaity validated (€. Chapter 2,
Section 2.2 and Chapter 3, Section 3.3, respeyjiv&Vhile the extent to which
departure from these assumptions is expected tectathe Simplified Model
correlations is unknown, it is recommended thatthier extensive experimental
research be carried out such that for all casesitbuthe limits of applicability of the

model an estimate can also be made.

Apart from the limits of the general assumptiongha Law Model, the discrepancy
noted between the Law Model output and the measamtsmfrom full-scale
experimental tests pertaining torealistic scenario implies that perhaps not all the
compartment fire parameters that have a signifiefieict on the resultant heat flux
incident on the external facade have yet been iitkhtin particular those related to
the characteristics of the fire load parametere@ithe dominant influence of the fire
load on the resultant external heat flux it is mowended that the assumptions
surrounding the use of this parameter be investtjdremost. A computational fluid
dynamics study of the comparative effect of varyiing load location for otherwise
identical scenarios provides an initiglalitative indication that the assumptions
inherent in the definition of the fire load (and iise in the assumption of a
homogenous compartment burning rate) may have r@nigean the resultant external
heat flux incident on the fagade. Neverthelessiditions in the current capabilities of
computational fluid dynamics tools in simulatingetbomplex properties akalistic
compartment fire scenarios under ventilation-cdigdo conditions render further
computational investigation tlgrantitativeimportance of characteristics surrounding
the fire load parameter of limited value. Therefdrées highly recommended that a
comprehensive series of experiments be conductedder to determine the effect of
the characteristics of the fire load that may ctunst other parameters of importance
in terms of the resultant external heat exposuweh sas: the relative location of
different components of the fire load; the matepedperties of the fire load and the
resultant emissivity of combustion products; thie&f of having fire load items (or

parts of items) with a different heat of combustamd critical heat flux for ignition;

244



Chapter 8 Conclusions, Applications and Further Work

localised rates of burning; different surface arefishe fire load; different surface

orientation; varying height of the fuel bestc

Subsequently, the relative importance of any furtbarameters identified will
determine whether the Simplified Model needs to rbeisited or whether the
importance of these parameters can simply be incated into better estimates of the
error bars for a given scenario. Then, should amater such as the fire load location
— which is potentially variable from that specifiedthe design phase of a building
throughout its lifetime — be found to be of consal#e importance, an inter-active
system such as that proposed by FireGrid could @npglensor-assisted input
information to provide time-variable predictions riogent to the particular

characteristics of the fire scenario in a given yaecy situation.
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Appendix A

Appendix A : Detailed Measurements of the Experimental
Compartment used in Dalmarnock Fire Test One and Test Two

e

Figure A.1. The main experimental compartment viewed fromNké. The window is shaded in blue,
the door to the kitchen in pink and the door tolihtway in green. All dimensions are labelled imm
and the Global Coordinate System origin is shown.
Ny
o

w
. )

Figure A.2. The main experimental compartment viewed from the Bhe window is shaded in blue,
the door to the kitchen in pink and the door totthway in green. All dimensions are labelled imm
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Appendix B

Appendix B : Details of the Main Items of Furniture (Fire
Load) used in the Dalmarnock Fire Tests

Sofa

This is one of the main furniture items in the ekpental compartment and was amongst
the first items to ignite. It is labelled as iteinig Chapter 4, Figure 4.3 which shows the
location of the sofa relative to other items in tioenpartment.

Figure B.1.Sofa.

Width (mm) Depth(mm) Height (mm) Seat Depth(mm) Seat Height(mm)

1370 780 720 550 390

Table B.1.The main dimensions of the sofa.

Total Mass
34 kg

Materials

Frame Particleboard.

Back rest and seat cushioolyurethane foam 32 kgfrand Polyester filling.

Cover 100 % cotton. According to the manufacturer, ¢oger and filling material are

cigarette and match resistant.
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Appendix B

Desks

The two desks in the experimental compartments usetie Dalmarnock Fire Tests
include a regular work table, shown in Figure B@d a tiered computer desk, shown in
Figure B.3. These are labelled in ChapteFigure 4.3as part of items (ii), where the
work table (Figure B.2) is in front of the compaeimt window and the tiered computer
desk (Figure B.3) is placed against the north willeir main dimensions are listed in
Table B.2 together with their respective mass. &hdesks were laden with typical office
materials such as a large computer monitor (ndtsfteeen), a keyboard, mouse, a

telephone (on the work table in Figure B.2), ptagtays and paper storage, among other

minor office paraphernalia, as can be seen inithuees.

Figure B.2.Work table. Figure B.3.Tiered computer desk.

Name Width (mm) Length (mm) Height (mm) Mass (kg)
Work table 775 1200 730 8.5
Computer Desk 550 800 730 255

Table B.2.The main dimensions and mass of the work tablewgtio Figure B.2) and the tiered

computer desk (shown in Figure B.3).
Materials

Work Table Particleboard and metal legs

Tiered Computer Deskarticleboard.
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Chair

Both the table and desk had swivel chairs as ittstl in Chapter 4&igure 4.3(next to
the table and desk with desktop computers), alselled as part of items (ii). The main
dimensions of the chair components are listed e B.3.

Figure B.4.Swivel Chair

Chair Part  Width (mm) Length (mm) Thickness(mm)

Seat 400 400 50
Back Rest 400 300 50 (average)

Table B.3.The main dimensions of different parts of the siolair.

Materials

Seat and back and arm resBolystyrene and polyurethane
Legs Metal

Total Mass
15 kg
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Bookcases

The bookcases in the NE corner of the compartmenteppresented in ChapterFgure
4.3 as furniture items (iii). These bookcases werdydlalden with books, files,
magazines, video tapes and other common officevimigl room items as depicted in the
sample bookcase shown in Figure B.5. One of thédas®es was taller and slightly wider
than the other two however they were generally wémyilar as were the contents placed
on the shelves. Both sets of the dimensions aesllia Table B.4, together with the mass
of each (un-laden) bookcase. Figure B.5 also depice waste-paper basket used,

corresponding to item (vii) in Chapter 4, Figurg.4.

Figure B.5. An example of the typically fuel-laden bookcasesdus

Name Width (mm) Depth (mm) Height (mm) Total Mass (kg)
Bookcase 590 250 1710 195
Tall Bookcase 670 240 1940 21.3

Table B.4.The main dimensions and mass of the different &gieh) bookcases.

Materials

Bookcasegonly): Particleboard and acrylic paint.
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Cabinet

A small plastic storage cabinet was used in them@atock Fire Tests, labelled in
Chapter 4Figure 4.3as item (iv). It was full of office items such eardboard boxes and

video tapes. The cabinet, shown in Figure B.6pmmosed of polypropylene plastic.

Figure B.6. Plastic storage cabinet

Name Width (mm) Depth (mm) Height (mm) Total Mass (kg)

Cabinet 350 320 610 2.7

Table B.5.The main dimensions and mass of the plastic cabinet

Coffee Tables

There were three coffee tables, one larger (depicteFigure B.7) than the other two
(depicted in Figure B.8). They are labelled as #dm) in Chapter 4k-igure 4.3and their

main dimensions and mass are listed in Table Bhé.|&rger table, located in the centre
of the compartment, has a lower tier with some mags. The two smaller tables had

paper lamps and were located one on either sitleedofa.

Figure B.8. Coffee table

Figure B.7.Large coffee table
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Name Width (mm) Depth (mm) Height (mm) Total Mass (kg)
Large coffee table 900 550 450 10.5
Coffee table 550 550 450 4.4

Table B.6.The main dimensions and mass of the coffee tables.

Materials

All coffee tablesParticleboard and acrylic paint.

Tall Floor Lamps

There were two tall floor lamps identical to thAbwn in Figure B.9. Their location is
shown in Chapter &igure 4.3where they are labelled as item (vi). The lamgs1at40
mm tall and the lamp shade is 300 mm in diametdrl®® mm high.

Figure B.9.Tall floor lamps

Materials

ShadePolypropylene plastic
Stand and baséteel

Total Mass
7 kg
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Plastic Magazine Box

Under the work table, near the window, there wene filastic boxes full of mostly

magazines and some newspaper, as seen in Fige B.1

Figure B.10.Plastic magazine box

Materials

Box Polypropylene plastic

Contents Paper and cardboard

Total Mass
Box 1 kg
Contents42 kg
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Appendix C : Tables of Coordinates for Relevant Sensor

Locations for Dalmarnock Fire Test One

The data presented in several figures corresporgemsor measurements taken at
specific locations. The location of the sensoidened relative to a global coordinate
system, the origin of which is at floor level iret®W corner of the Dalmarnock Fire
Test One experimental compartment, as indicatedChapter 4, Figure 4.3.
Coordinates for fire-monitoring sensors relevarthdata presented are grouped into

sets of sensors and listed in several tables below.

Internal Compartment Sensors

Tree X (mm) Y (mm) Name Z (mm)
1 4230 3160 TC1 2450
2 4250 2060
3 4195 1315 TC2 2400
4 4615 190 TC3 2350
5 3605 2955
6 3660 1220 TC4 2250
7 2860 3325
8 2590 1945 TCS 2150
9 3025 350 TCE 2050
10 2270 3160
11 2115 2580 TC7 1850
12 2305 1030
13 1605 3150 TC8 1650
14 1765 1900 TC9 1450
15 1910 330
16 510 2815 TC10 1150
17 750 2025
18 360 1515 TC11 850
19 390 710 TC12 450

20 800 350
b
(a) (b)

Table C.1.Internal compartment thermocouple coordinates whajeshows the tree location; and (b)

the height of thermocouples on each tree.
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Name X (mm) Y (mm) Z (mm)
Laser 1 3300 0 2350
Laser 2 3300 0 2150
Laser 3 3300 0 1950
Laser 4 3300 0 1450
Laser 5 3300 0 450

Table C.2.Coordinates for laser receivers for horizontaligméd sensors measuring smoke

obscuration.

Name X (mm) Y (mm) Z (mm)
Door 1 - Al 4270 -680 1810
Door 1 — A2 4270 -680 1610
Door 1 - A3 4270 -680 460
Door 2 — Al 4740 400 1890
Door 2 — A2 4740 400 1750
Door 2 — A3 4740 400 430
Window — 1 -300 1350 1390
Window — 2 -300 1795 1695
Window — 3 -300 1375 1850
Window - 4 -300 1685 2095
Window - 5 -300 1375 2230
Window - 6 -300 995 1730
Window - 7 -300 995 2095
Window - 8 -300 2095 2130

Table C.3.Coordinates for the bi-directional air velocity pes located in both the doorways and

window.
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Name X (mm) Y (mm) Z (mm)
HF A 4140 2950 2440
HF B 4100 2055 2440
HF C 4100 1140 2440
HF D 2290 2965 2440
HF E 2755 2080 2440
HF F 2310 1115 2440
HF G 685 2835 2440
HF H 995 2025 2440
HF | 815 660 2400

Table C.4.Coordinates for the heat flux gauges mounted ormdingpartment ceiling.

External Sensors

Tree X (mm) Y (mm) Name Z (mm)
El -270 30 ETC1 1880
E2 270 530
E3 270 1030 ETC2 1980
E4 -270 1530 ETC3 2180
E5 -270 2030
E6 270 2530 ETC4 2480
E7 -270 3030
E8 500 530 ETC5 2880
E9 -500 1530 ETC6 3380
E10 -500 2530
E11l -750 530 ETC7 3980
E12 -750 1530
E13  -750 2530 ETC8 4680
E14 -1000 530 )

E15  -1000 1530 (b)
E16 -1000 2530
E17 -1250 530
E18 -1250 1530
E19 -1250 2530

(a)

Table C.5.External thermocouple coordinates where: (a) shbegree location; and (b) the height of

thermocouples on each tree.
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Name X (mm) Y (mm) Z (mm)
HF 1 -320 1540 2455
HF 2 -320 1540 2705
HF 3 -320 1540 2955
HF 4 -320 1540 3205
HF 5 -320 1540 3455
HF 6 -320 1540 3705
HF 7 -240 1460 3910
HF 8 -240 1460 4110
HF 9 -240 1460 4310
HF 10 -240 1460 4510
HF 11 -240 1460 4710
HF 12 -240 1460 4910
HF 13 -280 2515 2455
HF 14 -280 1815 2455
HF 15 -280 1265 2455
HF 16 -280 565 2455
HF 17 -240 2450 4510
HF 18 -240 1820 4510
HF 19 -240 1260 4510
HF 20 -240 630 4510

Table C.6.Coordinates for the external heat flux gauges nexlioh the facade.
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Appendix D Gas—phase temperature contour plots for
different sections through the experimental compartment and

outside its window, at discrete time steps, for DFT1

The density of thermocouple sensors used in thenBalock Fire Tests provides a
high resolution of the evolution of temperaturetrisition during the tests, both
inside the main compartment and outside the commasntt window. A sample of the
data is shown in a series of sections taken batbugh the compartment and the

external plume at different time steps that comesito different stages of the fire.

Internal Temperature Contours

For the internal compartment temperature, sevealias are taken North-South
(NS) and East-West (EW) through the compartmemtelsas horizontally (HOR) at
each thermocouple height (except for the upperri@stmocouple in each tree, TC1
which was in contact with the ceiling). For thetieal planes (the NS and EW series)
the thermocouple trees were not always alignedq best-fit plane through several
trees has been taken in each case, where no theupledree lies further than 0.3 m
from the plane taken. This may result in a slightiteeper representation of
temperature gradients in the plane of the sectionsaces where one of the X- or Y-
coordinates of two trees is similar, such as iscéee with the Y-coordinate of Trees
10 and 13. Nevertheless, overall the verticalisestprovide a good representation of
the temperature through different sections of thmmartment. The location of these
sections is illustrated in Figure D.1. The compamnintemperature evolution at each
of these section locations is shown in six TimegStiat represent different stages of
the fire, as described in Chapter 4, Table 4.3eR&f Chapter 4, Figure 4.7 to see
where these Time Steps fall in relation to the ettoh of the average compartment
temperature. Figures D.2 — D.6 show the NS sefigsires D.7 — D.10 show the EW
series, and Figures D.11 — D.21 show the HOR se&rigsh is numbered, in order,
from the highest thermocouples to those closeshedloor. The data are presented
relative to the Global Coordinate System the origfinvhich is located at floor level

in the SW corner as shown in Figure D.1.
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Figure D.1.Plan view of the Dalmarnock Fire Test One comparthshowing the furniture (fire load;
cf. Chapter 4, Figure 4.3 for the furniture item kkayout relative to the window and doors.
Thermocouple trees are labelled as are the ved@dions taken through the compartment. The global

coordinate system origin is shown in the SW coraefloor level.
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Figure D.2. The evolution of temperature contours throughisadiiS1 €f. Figure D.1) which is
defined by the plane at X = 4.32 m, at Time Stéps201 s; (b) 251 s; (¢) 351 s; (d) 420 s; (e) 661
and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.5. The evolution of temperature contours throughisadiiS4 €f. Figure D.1) which is
defined by the plane at X = 2.00 m, at Time Stéps201 s; (b) 251 s; (c) 351 s; (d) 420 s; (&) 66
and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.6. The evolution of temperature contours throughisadiiS5 €f. Figure D.1) which is
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and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.7.The evolution of temperature contours throughisedEW1 ¢f. Figure D.1) which is
defined by the plane at Y = 3.09 m, at Time Stéps201 s; (b) 251 s; (c) 351 s; (d) 420 s; (€) 66

and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.8. The evolution of temperature contours throughisedEW?2 ¢f. Figure D.1) which is
defined by the plane at Y = 2.10 m, at Time Sté¢ps201 s; (b) 251 s; (c) 351 s; (d) 420 s; (€)) 66
and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.9. The evolution of temperature contours throughisedEW3 ¢f. Figure D.1) which is
defined by the plane at Y = 1.27 m, at Time Stéps201 s; (b) 251 s; (c) 351 s; (d) 420 s; (€) 66
and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.10.The evolution of temperature contours throughisedW4 ¢f. Figure D.1) which is
defined by the plane at Y = 0.39 m, at Time Stéps201 s; (b) 251 s; (c) 351 s; (d) 420 s; (€) 66
and, (f) 901 s from ignition of Dalmarnock Fire T&ne.
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Figure D.11.The evolution of temperature contours throughiseddOR1 which is defined by the
horizontal plane at Z = 2.40 m, at Time Steps2@#) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.12.The evolution of temperature contours throughiseddOR2 which is defined by the
horizontal plane at Z = 2.35 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.13.The evolution of temperature contours throughiseddOR3 which is defined by the
horizontal plane at Z = 2.25 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,
(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.14.The evolution of temperature contours throughiseddOR4 which is defined by the
horizontal plane at Z = 2.15 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.15.The evolution of temperature contours throughiseddOR5 which is defined by the
horizontal plane at Z = 2.05 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,
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Appendix D

Figure D.16.The evolution of temperature contours throughiseddOR6 which is defined by the
horizontal plane at Z = 1.85 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One

285




Appendix D

35f
7ﬁ \ T : 7
3k | 5 3: 60 7T o
__l A "o,
\ S % TN [ R
= “ —
\ 7
25} 2 N\ % ¥
\ To
\ % 2
.l 120,
~ o
> S
15+ \
¥ )
£
i / A
05
o ‘ . s ‘ . . ‘ . .
0 05 1 15 2 25 3 35 4 45
X (m)
()
asF ; . ;
al
25}
—~ 2f =
£ <
>
151
< 3
) o3
0/\‘7 L P S
1 / =
(/50 Q/\J # =
S
S
05f ©
S o
0 05 1 15 2 25 3 35 4 45
X (m)
(c)
asf ' ' '
8 l .
§
)
'S 2N
25} ) %
(]
//} y S \
- 2r ¢ 4
E \ ) &
£ S
> o %
150 / 2 3
/SSCTT 2,
o
=
/ P
s / ‘
753 / 00
05} /b 3 %
S D
g ‘ . ‘ s ‘ ‘ . ‘ ‘
0 05 1 15 2 25 3 35 4 45
X (m)

asf
e 7R s
3r - o \ 5
b Zo o N @J
251 \ I
| %20 |
180 -2
ol R
= %
3R
150 \ #7
% \)&Q A
1 0//\ \\
% //'\6 \\\
05F / o 160
% 05 1 15 2 25 3 35 P 25
X (m)
5% . . : . ; .
— > { Q o
3 £ / / & 12‘}/
\550/ cL S 2
E B © \ S\
\ N
25 2 f \ i
/ \ :
2t \ Llg
- BN
£ \ % % O\
> R % —é‘ |
151 S s % C
/ L
L
1k /
S 2
05f £ " &%
rs & °©
% 05 1 15 2 25 3 35 2 25
X (m)
350 j j
Q
L=y D
= >
s < i) ‘g% 760
—720 740
25F A o'cg’
740 /
g il ?¢0<\\§0 = 15‘0160
=t 90 N
> ' 76’0 72 &
15 8 8%7 780 O® /%AS)\ \!
P e ‘o
740 0\_840?6, \©
T \ Cf /34(%\\%,)
~ Y
~ 8 ‘ *\\\\\0 ° ///
0.5_ & &g% 897(&%/ /‘b("Q
0 800
% 05 ] 18 2 25 3 35 2 25

Figure D.17.The evolution of temperature contours throughiseddOR7 which is defined by the
horizontal plane at Z = 1.65 m, at Time Steps2@#) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.18.The evolution of temperature contours throughiseddOR8 which is defined by the
horizontal plane at Z = 1.45 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,
(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.19.The evolution of temperature contours throughisediOR9 which is defined by the
horizontal plane at Z =1.15 m, at Time Steps2@#) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,
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Figure D.20.The evolution of temperature contours throughisadiOR10 which is defined by the
horizontal plane at Z = 0.85 m, at Time Steps2@#) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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Figure D.21.The evolution of temperature contours throughisadiOR11 which is defined by the
horizontal plane at Z = 0.45 m, at Time Steps2@@) s; (b) 251 s; (c) 351 s; (d) 420 s; (e) 664nst,

(f) 901 s from ignition of Dalmarnock Fire Test One
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External Temperature Contours

The external thermocouple trees were all aligneshch the external temperature
contours are shown in sections running parallelRRAand perpendicular (PERP) to
the facade as well as horizontally (HOR) at eaennttocouple height. The location of
the parallel and perpendicular sections is illusttain Figure D.22. The external
temperature evolution at each of the section lonatiis shown in a series of four
Time Steps after ignition, namely: at 900 s whes MW window pane had already
broken out; at 1095 s when there was sustainedrattaming; at 1115 s when the
SW window pane had also broken out; and, at 11@%isg the period of maximum

sustained external flaming. Figures D.23 — D.27Mstiee PARA series, Figures D.28
— D.30 show the PERP series, and Figures D.31 8 §haw the HOR series which is
numbered, in order, from the lowermost thermocoupieel (below compartment

window soffit) upwards. The data are presentedtivelato the Global Coordinate

System the origin of which is located at floor leire the SW corner as shown in
Figure D.22.

PARAL«
PARA24
PARA3 < %
PARAde | [
PE+RP] _— | PE+RP:1 \_J

E1} E16 E|3 EJO

MY WiRd o H5-4-

PERPZ el I3 PER
\ B4
4
E

Elf E15 E)2

SwAIndo H3 4

PERPZ Pafie PERPZ
+ [E2
7
E1f E14 E]l1 E
PARAS < l .
i B l'fk' =
PARA4 <+ Z
i PARA3 < Bedroom 1
PARA2 4
PARAl<

Figure D.22.Plan view of the western half of the DalmarnocdleRiest One compartment showing

some of the furniture (fire loadf. Chapter 4, Figure 4.3 for the furniture item kegfptive to the
window. External thermocouple trees are shown béyba compartment window and labelled

correspondingly, as are the parallel (PARA) angerdicular (PERP) sections taken through the

plume. The global coordinate system origin is shawtihe SW corner, at floor level.
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Figure D.23.The evolution of temperature contours throughregesection PARAL which is defined
by the horizontal plane at X = -0.27 m, at Timest (a) 900 s; (b) 1095 s; (c) 1115 s; and, (8plkl

from the ignition of Dalmarnock Fire Test One.
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Figure D.24.The evolution of temperature contours throughreeesection PARA2 which is defined
by the horizontal plane at X =-0.50 m, at Timeft (a) 900 s; (b) 1095 s; (c) 1115 s; and, (8blsl

from the ignition of Dalmarnock Fire Test One.
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Figure D.25.The evolution of temperature contours throughregiesection PARA3 which is defined
by the horizontal plane at X =-0.75 m, at Timeft (a) 900 s; (b) 1095 s; (c) 1115 s; and, (8blsl

from the ignition of Dalmarnock Fire Test One.
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Figure D.26.The evolution of temperature contours throughreeiesection PARA4 which is defined
by the horizontal plane at X =-1.00 m, at Timeft (a) 900 s; (b) 1095 s; (c) 1115 s; and, (8blsl

from the ignition of Dalmarnock Fire Test One.
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Z (m)

Figure D.27.The evolution of temperature contours throughregesection PARAS which is defined
by the horizontal plane at X = -1.25 m, at Timest (a) 900 s; (b) 1095 s; (c) 1115 s; and, (8plkl
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Figure D.28.The evolution of temperature contours throughreskesection PERP1 which is defined
by the horizontal plane at Y = 0.53 m, at TimepSt€a) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d3

from the ignition of Dalmarnock Fire Test One.

297



Appendix D

45+

3.5¢

250/ ¥

Z (m)

5
QU
O

45-

3.5+

451

351

Z (m)

00

w

2.5

500

]

Df@o 500

Q . %
6 %
0050, 60800 00
/8| | 0

300
400

400
500

o

AN

1

298

-05
X (m)

(c)
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from the ignition of Dalmarnock Fire Test One.
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Figure D.30.The evolution of temperature contours throughresesection PERP3 which is defined
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from the ignition of Dalmarnock Fire Test One.
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Figure D.31.The evolution of temperature contours throughresesection HOR1 which is defined
by the horizontal plane at Z = 1.88 m, at TimepStéa) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Figure D.32.The evolution of temperature contours throughreeiesection HOR2 which is defined
by the horizontal plane at Z =1.98 m, at TimeStda) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Figure D.34.The evolution of temperature contours throughreeiesection HOR4 which is defined
by the horizontal plane at Z = 2.48 m, at TimeStda) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Figure D.35.The evolution of temperature contours throughresesection HORS which is defined
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Figure D.36.The evolution of temperature contours throughresesection HOR6 which is defined
by the horizontal plane at Z = 3.38 m, at TimeStda) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Figure D.37.The evolution of temperature contours throughreeiesection HOR7 which is defined
by the horizontal plane at Z = 3.98 m, at TimeStda) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Figure D.38.The evolution of temperature contours throughresesection HOR8 which is defined
by the horizontal plane at Z = 4.68 m, at TimeStda) 900 s; (b) 1095 s; (c) 1115 s; and, (dp1d.3
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Appendix E : Calculation of the Fire Load (density) in the

Dalmarnock Fire Tests

The fire load in the Dalmarnock Fire Tests comwisé several different items of
furniture as may be expected in a typical compantnused as a living room and/or
office space. It is necessary to express this lbead in terms of mass of wood-
equivalent, for comparison with the Law Model. Vhihe larger items are taken into
account, some of the mass values are approximateakeé into account other minor
items of the same composition. For some of thedtesnch as the bookcase, the net
calorific value was obtained from large-scale datetry conducted on a near-

identical item (full-laden with its contents) atetHJniversity of Edinburgh fire

laboratory.

Material Net Calorific Value (MJ/kQ) Source
Polypropylene 43 [2]
Polystyrene 40 [2]
Polyurethane foam 26 [2]
Particle board 18 [2]

Paper, Cardboard 17 [2]
Medium density fibreboard 41.6 [21]
Bookcase (with contents) 32.71 Lab. Experinj222]

Table E.1.Net calorific value for different combustible magds found in the Dalmarnock Fire Test

One fire load setup.

The main material the items are composed of isntakéo account and the net
calorific value for the respective material is takeom the literature, as listed in Table
E.1. This enables a calculation of the approxinestergy stored in each of the items
as listed in Table E.2, which comes to a total iofac 10 GJ. Taking the heat of
combustion of wood as 18.4 kJ/g [21], the DalmaknBice Tests fire load is equal to
546 kgin wood-equivalent. Given the floor areas is 1M2and assuming a uniform

fire load density throughout the floor area (astherLaw Model) the fire load density

is found to be81.91kg/m? (~ 32 kg/m).
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ltem No. Items Mass(kg) Material Energy (MJ)
Sofa 34 Polyurethane foam 884
Bookcases (with contents) 53.1 (Lab. Experiments) 5210.7
Work table 8.5 Particle board 153
Tiered computer desk 25.5 Particle board 459
Swivel chair (arms, seat, 5 Polystyrene 400
back)

Swivel chair (seat, back) 15 Polyurethane foam 8 7
Comp. keyboard 0.46 Polystyrene 36.8
Comp. monitor 7 Polystyrene 560
Plastic paper trays 0.5 Polystyrene 100
Plastic cabinet (with 5.7 Polypropylene 245.1
contents)

Large coffee table 10.5 Particle board 189
Coffee table 4.4 Particle board 158.4
Paper lamp (shade) 0.3 Paper 10.2
Floor lamp (shade) 0.5 Polypropylene 43
Plastic magazine box 1 Polypropylene 86
Magazines (box full) 42 Paper, cardboard 1428
Total 10041.2

“The bookcase and its contents are considered hsla @s net calorific values are available forehsemble from laboratory

calorimetry tests. While the bookcase comprisesiipgiarticle board, it was laden with a numbertefris including: books,
newspapers and magazines in cardboard filling baxéso tapes, DVDstc

Table E.2.Calculation of the approximate energy stored rheaf the items of furniture comprising

the fire load in the Dalmarnock Fire Tests.
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