- AN EXPERTMENTAL AND MODELLING STUDY OF FIRES IN
VENTILATED PASSAGES

Spiros Costas Comitis

4 thesis submitted to the Faculty of Englneering, University of
the Witwatersrand, Johammesburg, in fulfilment of the
requirements for the degree of Doctor of Philosophy.

Johannesburg, 1994



| DECLARATION

'.i,&eclaﬁe.that this~thasis~13'ﬁy1dwn, un@ided:whrk,hitjiéfbeingfj
submitted for the Degree of Doctor of 'Phi'lbs'oﬁhy' in the
Uhiversi:y of the Witwanersrand, Juhannesburg. It ‘has not been

_submitted before - for. any degree or examination in any ather o

_ Uhivnrsity. T

,Xm

(Slgnatura nf candidate)

iﬁ_dayf Juve . 1vo




iii

ABSTRACT

A theozetical and experimental treatment of fire processes in
fuel-lined, wventilated passages 1is presented., Initlally . a
radially well mixzed axial flow condition i considered.
Experiments. arxe first performed in non-stratified flow
conditions where fire propagation and gas temperature histories
are acquired from liquid and eolid fuelled fires. Theory and
experiment display transient fire propagation for typlcal duct
fire seanarios where initial fuel mass loading is constant with
respect to duct length. The phenomenon observed, as predicted
by theory, is an Initial jump of the fully developed combustion
procsess follewed by convergence to a steady-state constant five
propagation speed. Fuel mass distributions are found to play a
key role in these analyses. The model 1s alsc able te predict
neasured fue) mass distributioena, The theory is in all
inportant aspects wsble to quantitatively model f£fires in
non-stratified conditicns., A& brief fire growth analysis iz also
used to assess the concept of an ignition temperature as a
contrelling mechanism for growth.

A simplified approach to the study of €ires in wventilated
passages with fire iInduced stratificaticon is also presented. In
conjunction with small scale experiments on liquid fuelled fires
it 1s showmn that a one dimensional model, xequiring minimal
computational effort, may be used to describe propagation as
well as the dominant featureas of the flow process, Extreme
stratification results in separation of the gas flow stream into
a hot and cold layer, whereas Fflow systems with higher Froude
and Reynolds numbars result in no evident layering. Mizing may
still control in such cases. Identification of the two types of
flow scenario is found important in the application of the model
to such fires. A new correlation for stratification using
fuel/duct properties and air veloeity 1s alsc presented as a
means of predicting stratification conditions. The model 1s
found to operate well in the extremely stratified regime and, to
a lesser extent, In a regime where the flow is neither eclose to
well mixed nor layered. Flre propagation along the passage is
also well desceribed by the model under such flow conditions.
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- Page 1
1. OVERVIEW OF PASSAGE FIRES AND RELATED PROBLEMS

1.1 Introeduction

Confined Fires present zn awesome eoxample of the complex
interactions occurring between natural phenomena. Gravitationm,
fluit dynamies, mass: and heat transfer, and chemical reaction
kinerics Interact to produce the complex behaviour observed in
Jired. Understanding such behaviour is of immediate concerm to
the fire safety industry. The application of deterministie
modals of fires spreading - .thin confined spaces Is useful in
assessing the fire safety value of various geometries such as
ventilated rooms, building corridors, and mine tunmels or
gshaftas, 'This work 1s restricted te studies involving onhe
representative type of geometry, namely a horizontal ventilated
fual-lined duct ox tunnel arrangement., The fuel source is
considered to he in its condensed form (solil or liguid) and the
fire results from diffusion-type £lames burning over the
condensed fuel] surface,

Enclosed fires are sometimes referred to as being fuel rich
(Roberts and Glough, 1967; dea Ris, 1970). This represents the
case where any oxygen entering the enclosed space ls completely
consumed by the fire process. The result is that large amounts
of fuel wvapour, volatilized due to preheating by hot combustion
gases, remain unreacted in the flowing gas stream. Although this
class of fire appears to bhe aginilar in deseription to open
fires, the difference is significant when fire spread rates ara
under consideration. This is attributed to the magnitude and
mechanism through which heat is transferred from the burning
process to areas of virgin fuel,

Fires propagate by virtus of heat being transferred from the
flaming' region to unburnt condensed (solid or 1liquid) £fuel,
Consequently the fuel undergoes vaporization and pyrolysis which
supplies the fire with gasified fuel for further cowmbustion and
generation of heat. In turn a portion of this generated heat is
transferred back to the condensed fuel, This complates the
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feadback tycle and forms the mechanism through which a firé can
propagate. In open fires a large proportidn of the generated
heat is lost to the surrounding atmosphere and vhatever heat 1is
transferred to the condensed fuel is only transferred to regions
near the fire. Initlally confined fires propagate in the same
way.. 1f conditions favour propagation then the heat generated
by the combustion reactions will be .greater than that required
to sustain the burning f£flames. In which case the fire
auto-tharmally grows to a maximum size determined by the rate of
oxygen supplied to the fire. That is, if the flow 1= well mixed
the fire size is ultimately determined by the ventilatien rate
supplied to the confined space. At this stage the entire gas
stream hecomas invelved, causing its temperature and composition
to be markedly affected by ** combustion process. - Having the
gas stream temperature raise. o magnitudes comparable to flame
temperatures provides a new wvehicle for heat tramsfer from the
flames to unburnt fuel Ffar ahead of the flaming =zone.

A comprehensive discussion on fire propagation inside fuel-lined
paszsages is given by Roberts and Clough (1967), where they
propose a simple mathematical model based on thermophysical
properties of duct systems, Experiments performed In a small
scale passage were then used to assess the assumptions in thelr
model. It is also demonstrated that the same model can be used
to idemntify the conditions necessary for fuel rich or oxygen
rich fires to prevall. Hunter and Favin (1981) and de Ris (1370)
used the same experimental results to =assess their modelling.
More detail on the relevant literature will appear in the
following section.

The aim of this work is to obtain a quantitative description of
the fire dynmamics inside the duct. Attention will be focused an
ducts with thermally thin walls and where heat transfer 1is
important only in the outward direction, and there is assumed te
be no accumulation in the walls. The assumption of thin walls
should not affect the general form of the fire process and
mathematical formulation deseribing the filre inside the duct,
Ultinately the use of good mathematical descriptions of such

fire processes may be incorporated iInto designs of fire
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prevention and contyol - strategies for - potentially hazardous
environments  such as mine. roadways or tunmels, .&c_c_‘x_;rat_e.
estimates of certaim fire ‘characteristics. such as brapagat;i.on
rate and ' combustion gas production rates become evitical:
variables in the design of optimally sized life support systems
for mine turmel occupants. Also, duct fire models can be used:"i:o_
interpret results from small scale tests, revealing important
information - relating  geometrical, chemical and physical
propertles of materials to thelr fire safety wvalue (de Ris,
. 1970). These aspeéts are of immediate concern to the fira safety
industyy. '

After reviewing some of the relevapt literature a mathematical
model ‘will be formulated from what is currently understood of
the literature. Such a formulation should pravide a basic
viewpoint: from which to study and analyze this class of fires.
The many simplifying assumptions will not only reduce the
mathematical complexity to the form of a simple model but also
provide a means of gaining better insight inte the mechanisms
conitrolling the various processes, Such iInsight is best gained
when the model 1s used as a tool to study real fires in the form
of small scale experiments in ducts, Hemce a rigorous
experimental study of small scale duet fires will follow the
theoretical treatment. Fluid-flow is important in this type of
combustion problem and the study will emcompaas & wide range of
possible flow scenarios, from well mized to severely stratified
flow, Fire spread and propagation along passages are equally
important dynamics and will recsive as much attenmtion in this
experimental and modelling study, In the end it is expected
that such a treatment of the problem should previde a unified
analysis of this class of fires. An improved understanding of
this problem should also prove useful in developing more
sophisticated and accurate models or simulations of this
phenomenon.

1.2 Relevant Literature

Fire growth and fire propagation phenomena are constituent
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procasses of fires supported by condensed fuels. Most studies
tend to examine one phenomenon in isclatidn from the other or
even not distinguish betwean the two. This is probably because
most clagses of fire tend to be controlled, at least in part, by
common mechanisms whether in their growth er propagation stage.
In the context of this thesis propagation implies the motion or
nigration of the Fully-developed fire as apposed to 1ts growth
or spread from an ignition source. Im this sectlion some of the
Fundamental approaches used to understand such fire processes
will be introduced with the aid of wvarious experimental and
modelling studies that have been performed over the past few
decades, Eventually the literature cited here will be nakrowed
down to studies. apecifically irrvolvirig duet fires and closely
related problems. Results of the many stulies presented in this
section will provide a wuseful source of Improving ones
understanding of fire phenomensz. Hence, this provides a suitable
starting point for the analyses that follow in later sections,

Before dalving into the following sections it 1s well worxth
noting the publication by Williams (1976). The author provides
a broad overview of work already performed, specifically in the
area of establishing dezcriptions of the Ffire spread rate for a
broad class of fires. It is clear from the cited literature
that fire spread rate is a variable of immediate concern because
of its direet impaect on fire safety. A general frawmework is
presented, providing a theoretical approach for determining the
dominant mechanism({s) that control(s) flame  spread or
propagation for ‘a broead variety of fire spread modes, e.g.,
horizontal flame spread over solids or liquids, wvertical flame
spread over solids, flame propagation in premixed gaseous fuels,

ete.

Some of the concepts and equations are written in very general
terms So as to accommedate the wvarious classes of fire heing
studied in the cited literature. For instance the boundary
between burning and non-burning combustible is defined as the
surface of fire inception. It is this surface across which heat
is transferred in oxder to ralse and maintain the fuel
temperature at its ignition temperature, In the case where fuel
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and oxidizer are not premixed this is also the boundary across

© which fuel vapour must be transfarred and . brought :Lnto ccmtact.
with the. oxidizer. A fundamental equstion of fire. spread is___ o
used. to - dsscribe ‘the. dspandanca of spread rate on heat transfhr:-'

from ‘burning to. unburnt fuel. - This aquation is based on energy

consarVEtiﬂn considerations over- a sportion. of unburnt fuel

adj ace_nt_: to the surface. Df.f.f,:i:_'e ..aneptiqn. ‘In genera.l the rate -
of _'.spr;ea'd- &éﬁends on’ the time required to ralse a pnrt__::lon of
- fuél; already in contact; ° Wiﬁh}-oxidixar,f'tu':itg: igﬁition
. -tamperature. . . . o : : o B

_ﬁ_ltholigh -thi-s publina-tidn iz not 'irery recent, reference is made
‘to zesearch in the many classes of fire. It therefore provides a
“useful s'_tart'_iri_g point for those wishing to work in this field,

- 1.2.1 Flame spread over sclid materials
Experimental analyses of controlling mechanisms

From experimental studies of flow assisted flame spréad over
polymethy'methacrylate (PMMA) sheets performed by Ioh and
Farnandez-Pello. (198+) it seems thst spread rate data are
correlated very well 1f heat-transfer models are used to
determine the spread rate., Thus it was deduced that for this
flame . spread = situation, heat-transfer from the flame to
condensed fuel is the domindnt mechanism controlling the spread
process, and that finite chemical kinetic and mass-transfer
effects are megligible, Most theoretical models of fiame-spread
in a concurrent forced oxidizer flow are based on heat tyansfer
mechanisms such as thzt by Fernandez-Pello {(12379%) who shows that
the flame sgpread rate 18 proportional te the alr stream
velocity,

p_ G A (Te- T)
v - A p.g % LY (1.1)
P opea(T,-T)

The linear dependence of flame spread rate V-p on a_‘i.i:. valocity
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V, is observed in wind tw 1el experiments, Flame spread rats.

Y5 is taken to be the time rate of change of the flame-front
position  dyg/dt. Although good model correlation F£or
experimental data is accomplished with analyses that consider
laminar flow and do not include thermal radiation, it is mnoted
that the scale of expariments performed were. small enoupgh Ffor
these conditions to prevail. For larger fires 1t is expected
thatjoha ghould include radiation and turbulence as important
procasses if models are to correlate experimental data.

A comprehensive review on advances made in experimental studies
of mechanisms contrelling the spread of flames ovexr the surface
of combustible solids is presented by Fernandez-Pello and Hirano
(1983). . The summary covers both modes of £lame Spréad, where
the oxidizer flows in the ssme direction of spread and for the
case vwhere it flows againsc the directlon of dpread. 1t is
apparent that heat tramsfer or gas-phase chemical kinetics axe
important mechanisms for the concurrent or the opposed flow
modes of f£lams spread respectively, The basic conditien for
flame spread iz common to most cited literature. If flame spread
is to be achieved, for either mode of spread, the temperature of
the s0lid combustible has te inerease to its pyrolysis or
vaporization temperature. This requires heat transfer from the
already pyrolysing and burning region to the virgin fuel. The
rate at which heat is transferred to virgin material wil.
determine the rate of temperature increase and consequantly the
rate of gpread of the pyrolysis or ignition temperature front,

For the concurrent mods, heat transfex from the flame to umburnt
fuel appears tu be the primary controlling mechanism of flame
spread. Although gas-phasa chemlcal kinetics 1s unimportant in
the spreading of flames in this mode, it does play a role in the
establishment and degree of extension of the diffusion flame
ahead of the pyrolysis front over virgin fuel. Extenslion of the
flame plume over umburnt fuel, driven by the gas flow, is partly
the reason for heat transfer being so important in this mode of
fire spread. Not only 1s the fuel-to-flame wview factox
favourable for enmhancing absorption of heat, virgir fuel is also
exposed to hot combustion gases flowing over its surface.
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According to Fernandez-Pello  and Hirano (1983) large scale
experiments performed with thick vertical PMMA sheets (Orioff et
al, 1975) indlcate that when the t_rpwatd spread of _flaﬁés and air
flow are laminar in nature, heat transfer from flame to fuel is
primarily by - convection. As the flame grows ard becomes
turbulent, thermal radiation displays its importance. For flame
heights of arournd 1 meter flame radiation becomes responsible
for &bout 30 percent of the total heat transferred. Flame
height and pyrolysis fromt are found to accelerate under these
conditions when the fire spreads up vertical fuel surfaces in a

natural convective envirorment.

For fires spreading in a forced air flow movimg in the direction
of spread, such as on horizental fuel-linings, the spread rate
iz found to <remain constant for a given flow wvelocity
(Fernandez-Pello, 1978}. In this particular study this
shservation 1is striking since the length of the Fflame 1is
chserved to increase as the pyrolysis front progressed, and a
consequent enhancement of heat transfer from flame to fuel is
expected. It is argued that this is because the heat flux from
the flame to the solid combustible is reduced as the pyrclysis
front progresses, because the extended flame stands further away
from the fuel surface as the flame increases in size. The
overall effect of lengthening the heated région and decreasing
the heat flux, due to a standing plume, presumably counteract

each other resulting in a constant spread rate,

Theoretical models of flame spread

Experimental studies reveal that a great deal is understood
sbout mechanisms that control the flame spread phenomenon,
Unfortunately the various mechanisms invelved are found to
interact in complicated ways, and Fformlation of complete
deterministiec models with analytie solutions is almost
impossible. An extensive survey of different theoretical models
for flame spread over solid combustibles in opposed and
concurrent oxidizing flows has been presented by Fernandez-Pello
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(1984). - This survey finds that some of the more refined and
detailed ' models, -which include processes such  as = flame
radiation, finite rate kinetics, and aerodynamics in the £lame
region, com only be solved mmerically with the aid- of a
computer, On the other hand simpler models can be solved
analytically at the expense of assuming a priori boundary
conditions at the solid-gas interface and by uneglecting some
-i'mpd:‘l:tant transport phenomena. However, both these approaches
are found useful in qualitative predict:ious and for ga:l.m.ng
' insight into the zmdarly:mg mechanisms :

Fomulation of rigorous mathematical models involves
differential conservation equations {mass, energy and momentum)
for the reacting gas-phase coupled to the condensed-phase
process equatlons with appropriate boundary conditions at the
gol’d-gas interface, There aprears to be a deficiency in dealing
with Important phenomena such as the rigorous treatment of g
flow fields, flame radiatiom, and gas-phase chemistry. ©So far,
flame radiation has been simulated through an empirical approach
which assumes a functional form for the fractlon of radiant heat
gbsorbed by the solid fuel, that is a fumction of distance from
the pyrolysis front. This avoids having to characterize the
precise radiative properties of the flame such as emissivity,
surface area, view factor, and even temperature. An opposad
oxidizer flow mode of flame spread is modelled by de Ris (1969)
using one such empirical simulation for radiation,

The effects of artificially irradiating fuel surfaces and of
humidity on the propagation of a line fire through beds of
homogeneous fuels were studied experimentslly by Hottel ot al
(1965} in order to cest four Jifferent heat tramsfer models »f
fire spread. Radiation from the “flame" (actually £from the
artifiecial radiation source) was .delled as a wvertical black
plara surface. The results showed rapid incresses of spread
with increasing radiation to the fuel surface, and for higher
air humidities the flame spread was slower. Hottel et a} {1971)
modelled fuel preheating in steady-state, two-dimensional fires,
Experimental results from a 4.5 ft diameter by 12 fr long wind
tunnel were used to compare model predictions, Because the
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firas under study wers small, flame-to-fuel radiation was
enhanced by using artificially applied radiation from heating
wires, So in this case "flame"-to-tuel radistion wae modelled
as equally spa't_:éd vertieal line sources at known . temperature
with known emissivity. Both of the shove studies show how the
task of charactarising flame radiation way be avoided when
studying its effect on fire spread.

Weber (1989) constructed a physical model on the basis that fuel
preheating occurrad purely from flame thermal radiation. Heat
losses from the fuel surface were allowed through & lineas
dependence on surface temperature (conductive/convective heat
losses). The differential energy equation for an element of
sol.d fuel vses a functional form for fuel surface-to-flame view
factor V. as a function of position x slong the fuel surface,
This value is not only peosition but also time dependent due to &
moving flame front. A useful analogy that flame propagestion can
be envizapged as a travelling wave-front is introduced and an
equivalent "wave equation” is used to diserihe the flame fromt

velocity,

Energy equation: "Wave equation of motion®:
ar #r o A1
pC at AV(x,R(Lt)) - Pr et R i 0 (1.2)

Here p and € are the fuel density and specific hear
respectively, A 1s the preluct of the fuel surface absorption
coefficient and flame radiation intensity, B is a conveetive
cooling coefficient wmultiplied by the fuel surface area to
volume ratio, - is the temperature sbove ambilent, and R is the
fire front position. It is shown that the system of equations

can be anlved analytically.

The above analysis cleaily shows the importance of fire Front
geometry on the fire spread process if radiative heat transfer
controls. For a planar fire fromt the rate of spread is time
independent and is proportional to the difference between Llame
heat output and heat lost by cooling, and Inversely proportional
to the energy required to heat the fuel up to ignition. In the
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fcase bf a fira starting at a pnint source whera tha fira frunt_ffff -
is non-planar ‘the spread zate is initially very xzapid. '.’L'he"-

" effect 'of this view  factor, from the . fual surface to’ a

nnn-planar f:.re~front {eireular front), :Ls that - ‘the fi:re-from: o

has a maximum ancelaration at. the. start whidh dies down to zerc '

as time evolves. That is the rate of spraud reachss a constant.:'

valqe_ag.tha.circqlar_flaqe fron; approaches planax—geamat:y

Wiﬂﬁ-#ideﬂ' flame épfééd - o

Intuiuon suggests that cuuvective heat transfer 1d of primary' .

' importanne ta ﬁhis mode of Elama spread under axparimental _
conﬁitions which show 8 direct influence of forced alr £low on
gpread rates (Fernandez-Pello, 1979 Apte et al, 1991; Wolff et
al, 1991). Ope would algo suspéct_ﬁhat radiattva'haating of
unburnt fuel is likely to bscome important in larger scale fires
because nf the enhanced view factor.

The diagram below:shows some of the physical features of models
presented In the literature for the concurrent mode of flame
spread,
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FIGURE 1.1 Schematic of theoretical modals used up to date, Also
shown are some Important system variables wused in model
degeriptions.

One of the earlier publications on medelling of flanme
propagation over a solid fuel in & laminar forced flow iz that
of Fernandez-Pello {(1979). The flame is believed to propagate
within a laminar boundary layer and the flame-front is azsumed
to progress when fuel shsad of the pyroiysis (burning) front
reaches tlie fuel ignition temperature. Gas-phase conservation
equations are uncoupled from the solid-ohase equations (by
specifying the gas-solid interface boundary comditions) and
analytie expressions for the gpread process were obtained. These
results were In good quantitative agreement with experiments
that showed a constant spread rate that is directly proportional
to the gas flow seity. Simplifying assumpticns, such as fuel
vaporization and rolysis oceurring only in the flaming Zone,
infinite gas phase reaction (Fflame sheet approxfmztion), and
that the ifuel has a surface temperature gradient ranging Irom



the fuel ‘vaparizatiun temparature at the pyralysis front

) (ﬂame-from:) to the initial gas temperatura at the flame ti.p,-_' |

:contribute to the achiavement of an’ analytn.c sulution. Althcugh

the. problem is a trans:.ent one, the gas-*Phasa process was teken L

_to bs at staady state because :.tu charactaristic procass time i. :
much smallar than t‘nat for tha solid-phasa procass ' ' '

Fleeter et aI {1984) emphasiza the _hazar:ious potem:ial of _
¥ :Lnd aided :Eire spread by way of example of numerous modern day_
'u:than fires, X Experimental wurk wa.s performed o1 beds composed :
cof d:'.screi:e foel slements :‘.nside a spacially des:lg-ned wind
tutmel 'rhe tunnal is constructad ‘to allow davalopmant of an
-unimpaded convective Fire plume for the study of interactions
: batween fire plume cnwaction and cross-wind forced coztvection.
A smplistic modal is Boupht, ravealing fire propagation (or
'ﬁpread) response to the dynam:,cs of fire plume convection and
cxossflow interactions. To simulute flre plume conmvection the
aim;il_if}riﬁg Boussinesq approximation was iIntroduced to the set
of 2-dimensia .al conservation equations.

An experimental study on turbulent wind-aided flame spread over
£lat horlzontal surfaces on a scale where vradiation 1is
significant was performed by Apte et al (1951). Two successive
modes of spread are observed, Inmitially the flame is confined
within a boundary layer and is térmed the boundary layer mode.
The second mode, occurting some time later, is characterized by
a rapid increase in pyrolysis Flux resulting from a standing
bubyani: flame pluwme, Two mechanisms have been considersd to
contribute to flame-to-fuel heat f£lux, namely convection and
radiation, An expression for flame spread rate, adopted from
Quintiere et al (1988), was used to compate results from & 5.4
meter wide, 2.4 meter high fire gallery. This expression can be
written as follows:
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& U e w3
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7 1s 8 characteristic ignit:[on time, and

qf is the total flame-to-fuel suxface heat flux

The total flame-to-fuel heat Flux was equated to the sum of
£lame _radi_at_:i.ozi flux and flame convective flux, which is equal
to the energy £lux requirad to pyrolyse a known {measured) wass
of fuel plus the heat loss due to vradiation from the fuel
surface, Fuel surface radiative heat flux was simulated by
assuming an ignition temperature along the fuel rarface vhile
using the Stefan-Boltzmamn equation, Then the total
flame-to-fuel heat flux was experimentally decermined from
measured rates of fuel mass lozs data., ¥lame surface radiatiov
was caloulated using a thin flame-sheet approximation whicn
provides an estimate for flame surface ares

Exporimant showed that a tramsition from the boundary layer t-
the buoyant mode of spread is characterized by the flame tending
to stand up. At this transition a change in slope 1s cohszrved
when flame length Xy 1s plotted against Froude wumbar, Flame
heat flux in pure forced convective combustion has a dirsct
dependence on flow velocliy. Experimental heat fiux data in
this case suggested an inverse dependence on flow velocity.
This obgervation was explained from the increased ra”iative heat
flux when buoyancy controls flame spread, and hence radiation
was concluded to be dominant at this stage of fire spread. The
reasoning for this conclusion 1s that increasing the alr
velocity tends to force the flame plume down and radiative
fluxes are reduced through a reduction of flame height and hence
view factor,

In & publication on wind-aided fire spread across arrays of
diserete fuel elements, it was demonstratad that dimensional
analysis can be used to successfully correlate flame spread
velocities uncler varied conditions of air flow and fuel loading
(Carrier et al, 1991). The relationship concentrates on the
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effects of ambilent wind speed and fuel loading since these are
the most commonly varied conditiona in experiments and natural
fires, The snalysis is performed for twoe possible cases, ohe
where convective/conductive heat transfer dominates and the
other when radiation is dominant. For the first case it is found
that the resulting relatlonship pr o (‘U,,u/t:r)ﬂ'.5 agrees very
well with experivents performed (Wolff et al, 1991)., On the
other hand when radiative heat transfer 1s considered the
expectad relatienship Vp o (II.,‘,,;!m):"'5 is not confirmed with
these sxperiments,

A detailed two-dimensional transient model for flame spread over
thermally thick fuels bas been solved with the aid of a computer
and numeriecal techniques (Di Blazi et al, 198%). This is one of
the few mathematical analyses that considers finite gasa-phase
combustion kinetics and pyrolysis kinetics which results in a
micerogscopic description of the  flame structure in texms of
temperature, reaction rate, and flame specles composition. An
almost linear dependence of spread rate on air flow is found for
gituations where the wvelocity of spread ls allowed teo reach
steady-state. Neglecting finite rate kimeties is shown to be a
useful and wvalid assumption if one exawines the model flame
structure in terms uwf reaction rates. Reaction ratea are found
to be much greater than vaporization rates oxcept within regions
of the flame tip st.i leading edge of the flame where reaction
rates are relatively small due to low temparatures or
concentrations of reactants.

1.2.2 Duct fire studiss

Duct fire experiments are usually performed at much smaller
scales than realistlic tummel fires (Rcberts and Clough, 1967)
because they are favourable from an economic stand point, easier
to ‘control and permit more accurate measurement, Full scale
pagsage fires also present the problem of inducing severely
stratified flow, an added conplication, if low or moderate air
velocities are used or if the width to height ratio iz small.
Typlcally stratifie. flow would complicate the fire process to
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such an extent that the familisr slug flow assumption held in
most duct fire models (Roberts and Cloug,h, 1967; de Ris, 1970;
Hunter and Favin, 1981) would have to ba xeplaced by a complex
description of the flow -process. This added complexity is
usually avoided so as to study the xole heat transfer and
reactlon kinetics play in the fire process prlor to studying the
coupled effects of Ffluid dynamics, Despite the persistence of
this flow problem Newman and Tewarson (1983) have shown that
caloulated average gas temperatures of large passage fires with
stratified flow can be used to succassfully describe the overall
fire process. '

A significant contribution and comprehensive analysis of fire
propagation inside fuel-lined passages 1s presented by Roberts
and Clough (1967), Important differences between open and
confined fires are highlighted and described with the aid of
experiments aud a mathematical analysis, To summariza, confined
fuel-rich fire propagation is controlled by heat transfer of a
greater order of magnitude than that of open f£fires, If
ronditions inside the passage are fuel-rich heat released during
combustion is controlled by the amount of air supplied to the
duct and the entire gas inventory becomes involved in
transferring the genarated heat to fresh reglora of unburnt
fuel. Open flres transfer heat only from the flawing reglon to
local fuel surfaces but mnot through the surrounding aix
inventory to regions far from the Ffire, A  simplified
one-dimensional wmathematical model £or fuel-rich fires is
developed where the fire propagation rate and gas-phase
temperature profile are related o the tunnel systenm
thermophysical properties. The analysis identifiss three
digtinet zones developed in a fuel-rich steadily burning fire.
The first is a combustion zone in which all the available oxygen
is consumed and a sharp rise in gas temperature occurs with
respect to twmel distance., The second is an exceds fuel Zone
vhere no oxygen 1ls left over for reaction but fuel is still
being volatilized due to heat transfer from Fflowing hot
combustion gases, And the third is a preheatling zone vhere all
that happens 1s the cooling down of the gas stream due to
duct-wall heat losses and sensible heating of solid fuel.
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From energy conservation considerations over sach zons, analytic
expressions for the gas-phase temperature - distribution are
developed. Achievement of such analytic solutions is attributed
mainly to the following simplifying assumptions:

-1y Congtant duet overall heat transfer cosfficient and
vaporization rate slong the combustion and excess fuel zones
(but these may vary at the boundary bétween the two zones).

"11) Perfect mixing in the radisl - direetion and infinite
gas-phase reaction rate,

- 1ii) Radiative heat transfer from duet to surroundings or
from fire to fuel surface is ignored.

An Important parameter R is fdentified in Roberts and Clough’s
(1967) model equations as being the ratic of fuel vaporized to
oxygen consumed In the tumnel. R is normalized so that for
values greater than 1 the fire process 1is fuel-rich and less
than 1 is oxyger rich, This parameter analysis goes further to
characterize conditions where stable fuel-rich fire propagation
may occur or when unstsble exygen-rich scenarios may prevail.
That is, conditions leading to extinction or growth of a fire to
a stable fuel-rich state.

Experiments performed in a 30 eom diameter duct show a linear
spread yate dependence on air speed. Their mathematical model
for fuel-rich fires is in good agreement with some Ffire
characteristics observed if the gas flow Reynolds number fsg
greater than 104, 1t ie suggasted that for lower walues of Re
fuel-alr mixing mey become important. Stratification would
further aggravate the effect of poor mixing.

Following the plioneering work of Roberts and Clough (1967) on
fuel-rich duct fires de Ris (1970) developed a theovetical
analysis which alsc considers downstream condensation of
volatilized fuel In the preheating =zone. Results show a small
aeffect on propagation speeds especlally for fuels with low
vaporization temperatures. Heat lpssas through the tumel walls
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are modellad in detail by setting up heat tramsfer equations. of
conduction from the inner surface of the tunmel through an
infinite slab of homogeneocus surrounding rock. Model solutions
from this analysie were compared to experiments performed by
Roberts et al (1966) and general agreement is found with the gas
tempersture decay of the reheating zone, although this data is
not: displayed graphically; .Satisfactory pradictioﬁs of the
vaporization zone length was slso obtained, but again this data
is not shown or displayed. Observed linear relationships between
measured.-ateady fire propagation speed and iplet air mass
flowrate also. confirmed the valid use oU the slug {plug) £low
assumption under these flow conditions. All duct fire models to
date are developed for slug flow conditions. In the present
thesis duct fires in a wide rangs of possible flow conditions,
from radially well mixed flow to severely stratified, will be
modalled,

What 1s striking of both these cited duct fire analyses is that
the “uel vaporization flux is assumed position independent in
the excess fuel zone. Fuel vaporizea in this zone because of
heat transfer f£rom hot combustion gases to the sgolid fuel
lining. Purthermore, convective heat transfer 1s assumed to be
the dominant pathway for heat leosses in this zone. Clearly then
fuel vaporization rates will depend on the local gas temperaturs
at the position of interest, That iy, a position dependent fual
vaporization rate will result., A physical conssquence of
constant fuel wvaporization flux in the exress fuel zone would
not correspond to the achlevement uf a steady fire propagation
gspeed as these authors have assumed., In a later section a more
reallgtic fuel losgs mechanism will be considered. Experimentsl
evidence will be used to elaborate om the line of reasoning that
their assumptions of fuel loss rate are not realistic enough to
deseribe propagation. BSo far all duct fire propagation models
have also assumed steady-state constaat  propagation.
Steady-state constant propagation is not only inecompatible with
currently assumed fuel loss rate mechanisms but is often untrue
in many typical duct fire scenarios, as it will be shown later,
The dynamic effects resulting in transient fire propagation will
be treated rigorously in the following chapter.
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Fire induced buoyancy forces often result in stratified flow if
crossflow ventilation currents are not gtrong enough. Roberts
and CGlough (1967) concluded that their slug flow assumption
works well if Re > 10% inside their duct. Mixing controlled £low
is suspectsd to prevall below this value of Reynolds number.
Even if Re > 2000 (outside the typical laminar regime} well
nixed flow may be pr_e_itantsd if fire induced buoyancy aggravates
the flow,

Newman {1984) developed a correlation for quantifying the degree
of fire-induced stratification downstream of a passage fire. The
technique is based on the Froude number (Fr} which 1s used to
characterize the degrea of flow stratification (gas temperature
and composition).

o
avg

AT EH

AT = £{Fr} = F AT ]1/2 (1.4)
avg

Here AT 1is a  temperature difference associated with
gtratification; &Tavg
ambient; vavg is ths average gas velocity; and K is the height
of the duct. Three regimes are delineated by the cerrelation
eack assoclated with different degrees of stratification,
Extreme stratification is characterised with low Froude numbers
since buoyancy forces almost completely dominate the flow.

Mixing controlled flow with moderate Froude numbers is

is the average gas temperature rise above

chavacterised by strong interactions between crossflow and
buoyancy Zfoxces, Finally a2 third regime is identified whers
crossflow forces are strong enough to dominate the flow so that
insignificant vertical temperature and composition gradients are
observad. This analysis seems to be devoid of Reynolds number
considerations. It would of course be useful to also know what
combination of Froude and Re)n0ld number will result in no
vertical temperature or composition gradients. Clearly not only
crosaflow forces in laminar flow will suppress development of
vertical temperature gradlents but so will the achievement of
fully developed turbulence,



A usaﬁul rasn’lt that ‘may ba used for exparimantal Work whera
fire. plume backfluw is wndesirable is that the ratio. ﬁpg!)}pv 2

should bea Less than unit'y (de Ris 19?0) For valuss greater -

_than 0% equal to un:l.ty backﬂow (some.t:.mes called reverse
_ stratified flow) has been observed S In the above ratio D is.'-f"
duct” ha:.ght:, g is acceleration ‘due to gravity, P am'bient gas;.

density, Vg Ventilation velocity, and. Ap the change “in gas
ﬂens:.ty of - the :Eira plume.  This dimensiﬁnless constant relates
‘the buoyancy force of the hot £ire plume to the forced a‘lr flow
: in - the duct.  Most: :Eualur:l’.ch fives that d:.splay 111:1:1&"
Btratif:l.cation a.ra li'k.ely to have thi.s ratio less than unity,
Reversa strat::.fied Flow phenomana in duct Fires has baen ‘studied
_ 'm more deta:Ll ‘by Hwang et al (1977). '

rimny', on the issue of full-scale phenomena the paper by de
Ris et &l (1973) ia relevant. Lavge scale flres can be moda‘ilad
with small scale Fire experiments if the product of the
pressure-squared times characteristic  length-cubed -(P2L3 }
remaing comstant. Theoretical and experimental studies have
shown this pressure modelling technique to be wvalid under
certain conditions. The conditions are that chemical reaction
kinetics must be infinitely fast compared to mass tramsfer rates
or mixing; and fire radiation must either be um_'.m’pdrtant or
proportional to the rate of combustion. Fires that burn in the
form of diffusion flames will satisfy the first condition though
the second condition may be problematic. Not much information is.
imown about fire radiation prepertlies in general though the
empirical approaches described earlier may be adequate 1f the
required proportiomality exists. If the above conditions are
met the authors have shown that the ' complete set of
Navier-Stokes combustion equations are satliasfied equelly on hoth
size scales. '
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2. THEORETICAL TREATMENT AND ANALYSIS OF PROBLEM .

_ Although part of this analysis is an adaptation of that
ﬁfesént‘é‘d'by:ﬂa Ris (1970) , a Fundamental differeﬁcé wili amafge’ "
'when the cnncept of Fire propagation speed is in questmn, '
Moreovar, the model Presented. by de Ris (19?0) is a staady state
_ one, whereas this worP w:r_}.l extend the analysis to. 1nclur1e the

.non-stead}* motion of the fire 1n the duct. Also, in tha. flrst

B instance the. flow is aSE:umed te be well mixed. La.ter it will be
shown how the . analys:.s can be extended to fnclude cases wi_th o

mix:ng controlled and stratified flow. The. conceptual
'undarstanding provided here should prove halpful in interpreting
result:s from duct Fire experiments. '

Fﬁél burning is assumed ”t:'o_ be controlled by the rate of
va‘_pofizatiOn 6f volatile cnmﬁdnents, rather than &subsequent
cbmbﬁstipn reactions that follow. The rate of fuel vaporization
is in turn controlled by heat transfer from the fire to the fuel
surface. Chemical reaction kinetics would be much faster than
vapcrization rates because of the strong temperature dependence
that the Arrhenius expression would display neer £lame
temperatures.  Evaporation-rate controlled burning leads to the
agsumption of a fuel-vich fire, Furthermore, v.porization is
agsgurd to- occur at a specific temperature  termed - the
vaporization or pyrolysis temperature. For a pure substance
this would be the boiling or sublimation temperature.

Three distinct zones, the lengths of which remain unkon-~ prior
to solving the mode]l eguations, are idemiitile the
formulation of this duct fire medel, Figure 2.1 depicw. the
relative position of each zone on a system of axes that moves
along the duct at the fire propagation speed V., The value of V¥
remains to be sclved. Becauss no steady-state restriction is
Placed on ¥ this varisble will be written as time dependent
V(5.
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FIGURE 2.1, Schematic of proposed duct fire model zones.

As the ventilation alr stream crosses the boundary x = 0 it
encounters a combustion zone where the oxygen is consumed by the
combustion reactions. In this zone the fuel volatrilizes and is
then assumed to instantaneously react with inflowing oxygen. by
the time the gas stream crosses X = x; the entire oxygen
inmventory is depleted and the heated gas stream enters the
second uf these zones, namely the excess fuel zone. Here the gas
temperature is above the fuel -vaporization or pyrolysis
temperature., The fluid stream cools down as a consequence of
heat losses to the duct walls and to vaporizatfon of condensed
fuel lining the duet, It is assumad that the condensed fuel
will vap.rize at a fixed temperature termed the wvaporization
temparature. This will be wvalid for single component stable
liquid fuels. Vaporlzation contimues up to x = x, where the
flowing pgas stream has cocled dowm ta the fuel wvaporization
temperature. This marks the start of thu preheating zone, Bayond
this region the gas stream cools down to ambient temperature as
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it loses heat to *he duct ‘walls. Recondensation of fuel vapour
will be ignered in this zone. de Ris (1970) shows this effact to
be small, In any case this would only be relevant to ‘fuels which
do not pyrolyse to non- condensable materials.

As a result of progressive consumption of fuel the fire. will
Propagate or migrate at some speed V(t) aleng the duct, which
may or msy not be constant with respect to time, Consequently
the three zones mentioned above will propagate aiong the duct
with thia sSame spe.ad. The model is writtsn in the lagrangian
coordinate system where tha coordinate system is moving at the
fire propagation gpeed. Care should be taken when considering
the rate of air being supplied into the combustion zone. The
air flow crossing the boundary of the cophustion zone (x=0) is
moving past this boundary at a velocity equivalent to the
induced constant air velocity V, mirus the fire propagation
speed V(t). In most fires of this type, because of the large
difference in molar density between the condensed fusl phase and
the oxygen in the air (about a thousand times), V(t) is small in
comparison with V,, and is therefore neglected in this
analysiz, Hunter and Favin (1981l) have also shown this, This
same logic implies that, relative to the axial speed of che
Fiye-front, the gag-phase temperature is rapidly achieved. This
allows the assumptioun of a pseudo-steady-state in the gas-phase
erargy balance 1f a continuous fuel lining exists inside the
passage. Later it will be shown that discontinuities in the fuel
lining could result in vary rapid propagation.

The a1 . .ysis that follows is based on developing conservation
equacions for the tiro phases that constitute the heterogenecus
syntem described above. Parts of section 2.1 are adapted from
portions of the Young and Glassexr (1990) steady state model
which iz a wvarilatien of the original Roberts and Clough (1967)
and de Ris (1970) steady state Ffire propagation models. The
present transient modsl and appiication of the gas-phase
analysis of section Z.1 to model transient fire propagation is,
however, new.

2.1 Gas-Phase Equations

An energy balance is considered over a control volume vwhich
starts at x = f}, the moving position at which the rire hegins,
and extends to an arbitrary value x. This control volume
envelopes only the gas phase inside the duct and is represented
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schematically in Figure 2.2, Using the lagrangian coordinate
gystem x = 0 is always at the start of the combustion zone,

2
f, (FUEL) [ N, ]
ol
T 1 — _— T3 B J
° ' CONTROL VOLUME —
1 e 1+
a [ N2 ] x =0 ® v
%

FIGURE 2,2. Schematic representation of control volume.

At x = 0 a certain constant mass flowrate m, of air enter: the
cortrol volume, This ailr is at temperature T, which is
‘r+ariant with time. This may not necessarily be ambient

serature as the air will be in contact with heated duct walls
prior to entaring the combustion zone. The oxygen reacts in the
gas phase with Fuel wvapour which bhas vaporined from che fuel
surface. Because the contrxol volume considers only the gas
phase, a mass flowrate @, of fuel vapour is added to the
coutrol volume. Thir cepresents the total amount of fuel which
has vaporized up to a point x, and changes along the length of
the duct. A single equation i{s used to account for all pessible
combustion reactions occurring inside the combustion zone. Fuel
vapour 1ls presumed te react with oxygen acdording to

v¢F + 0y = Products (2.1)

One mole of oxygen molecules reacts with vg moles of fuel F and
forms products of which there may be many. A radially perfectly
mixed flow stream is comsidexed, where the asbove reaction occurs
ag fuel vaporizes from the condensed state into the reactive gas
stream, The stream leaving the control wvolume may contain
nitrogen, oxygen, unburnt fusl, and preduct gases. A steady
state assumption 1s made when considering the gas-phase process
go that the flowing streams 1, 2, and 3 are constant with
respect to time sven th-~vgh the econtrol volume moves at some
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transient velocity V(t). Because the flow streams entering and
leaving the contxol volume #re assumed honstant, tﬁa size_bf the
three zones_mentioned_aona will also be ctnstant throughout the
propagation history, For reasons discussed earlier it is
agsumed that the characteristic evolution time for the gas-phase -
procegss is muzh smaller than that for the condensed-phase.
"herefore the gag-phase process should neot be disturbed by
changes originating in the condensed-phase, such as progressive
consumption of fuel lining. Fernandez-Pello (1979) made a
gimilar assumption with fiame spread studies.

In order to simplify the mathematics it is assumed that the
specific heat ot jacity of the gas Ep is independent of
comrogirion. Although this is not strictly true 1t is a
raasontble approximation, In ordex to justify this, heat
capacities of some typlcal gases that would be encountered are
tabulated in table 2.1 for 25 and 1000 °C.

cAS EP at 25 °C E? at 1000 °C
3/ (kgk) 4/ (kgK)
0, 815 1109
N, 1016 1162
co,, 853 1305
co 1049 1218
H,0 1941 2461

TABLE 2.l. Specific heat capacitles of some gases

There may alsc be fuel wvapour and EP yill depend on the type
of fuel. It can be sean that all the Cp values are relatively
similar apart from water wvapour. Since it is expected that the
mass fraction of water vapour will never be particularly large
this should mnot have a strong impact, It wmay therefore be
expected that the average specifie heat capacity of the gas will
be in the range 1100-1400 J/kgK.
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An energy conservation equation for the control wvolume can be
written using the lagrangian coordinave system where =x=0 is
always ai the start of the combustion zone. The overall energy
equation can be written '

(BH,/B) (d /dx) = OC, (dia /dx) + G (i1, + ﬁv)(defdx)
+ di/dx + Hvap(dﬁlv/dx). (2.2)

whexe Aﬁr is the gaseous heat of combustion per unit mass of
oxygen consumed at temperature T,, S the mass stoichiometriec
ratio of fuel consumed per unit mass of oxygen reacted, and
ﬁvap the fuel latent heat of vaporization oxr pyrolysis, @ 1s
the pas stream temperature above ambient (T-T,) and q is the
rate of heat loss to the duct walls. Equation (2.2) simply
states that all the hea. generated through combustion goes into
heating the gas stream, vaporizing fuel, and losses to the duct
walls, Inherent in this equation is the assumption that the
gaes-phase process 1is operating at steady state even though the
Fire is propagating along the duct at sgome speed V(). That is,
the length of each zome and the flow streams Involved are time
independent. HRence, only total derivatives with respect to x
need be used., Egquation (2.2} also neglects the sensible heating
required to raise the condensed fuel temperature from ambient to
its wvaporieation temperature. Only the latent heat texm iz
considered to be important, Sensible heating of coundensed fuel
is found to be smaller than the latent heat term in the energy
balance especially for fuels with low vaporization temperatures.
It will be shown later, through a asensitivity analysis, that
evan the latent heat term has a very small effect on the
gas-phase energy balance. Inclusion of sensible heating of
condensed fuel is therefore not warranted especially if it
complicates thka model equatiens significantly.

The term on the L.H.S of eguation (2.2) represents the "energy
released" by the reaction, In the combustion zZone the amount of
snergy released by the reaction Inereases with x. Once the end
of the combustion zons has been reached and all the oxygen is
consuunad no more energy is released, The total amount of energy
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released in the combustion zomne is tharefore easily caleculated
from the total amount of oxygen supplied to the duct. Bearing in
mind that the control volume starts at x = 0 and therefore
always includes the combustion zone, the aﬁount of energy
generated by the reaction is constant in the excess fuel and
preheating zones., In the sexcesg fuel zone the provortion of
total heat gemerated that goes into heating the gas decreases as
the gas coocls (or as x increases in this zone). In order to
balance this the proportion of the total hest generated that
goes into heat losses to the duct walls and to vaporize fuel
increases (more heat lost and more fuel wvaporized .as x
increages). In the preheating zone no more fuel is vaporized
and the energy Tost by the gas, as it cools, goes into heat
loszes to the duct walls., Ultimately if the duct is long emough
the gas cools down to amblent temperature and all the anergy
generated by reaction goes into heat losses to the duct walls
and energy required to waporizs fuel.

Bquation (2.2) forms the basis of further modelling of the
gas-phase process.

2.1.1 Modelling the combustion Zzone

Figura 2.1 shows this zone to be in the region 0 < x = x;. It
iz assumed that in this zone the fuel vaporization rate v is
constant with respect to distarze along the duct, This is
surmised to be due to the existence of a fire over the entire
length of fuel in this zone so that the heat flux at the fuel
surface 1s approximately the same everywhers in this zona.
Because the fuel burning rate is controlled by the rate of
vaporization, which iz controlled by heat transfer to the fuel
aurface, the constant burning rate assumption is reasonsblae, It
is therefore presumed that tha fuel burns at some rate y (mass
of fuel consumed per unit platform arsa of fuel lining per unit
time)} which iz a property of the fusl, de Ris (1970) worked
with this same assumption. Estimates of -y for varlous fuels may
be obtained from de Ris et al (1973). Fuel wvaporization
(burning) in the comdustion zome will therefore be described as
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ax - CfD

' for 0 = x & Xy, : (2.3)

Cy is the parineter of fuel cross-section (m) and. vy is the fuel
burning tate (kg/mzs). " Because of the thin duct wall assumption
heat losses will be modelled with an overall. heat transfer
coefficient. A heat transfer coefficient Ug wiil feptesent -the
overall resistance to heat transfer, by conduction and
eonvection, from the inside gds stream to the surrounding
atmdsphére. The driving force for heat transfer being the
difference between the duct inside gas temperature apnd the
outzide ambient té'mp'erature. This is a significantly simpler
model than tbs. used by de Ris (1970) who took into account
conduction through the surrounding rock of an underground
tunnel. The present use of an overall heat transfex coefficient
pravides an adeguite simple model and should display the correct
type of behaviour. Values of heat transfar coefficients can be
estimated from existing correlations.

For duct fires ingide thin walled pusssages, 1t is sxpected that
thermal radiation may bhecomz a formidable candidate for heat
loss outside the ducet walls., In which case the overall heat
transfer ecoefficient for the duct walls will appear to hs
excessively large in comparison to expected values, In later
sections radiation will be quantlitatively accounted £or. This
mode of heat transfer iz in the first instance neglected in
order to preserve wmathematical simplieity, This differance
should in the first instance only affect the magnitude of the
heat transfer coefficients by a predictable amount and probably
have less influence on the pgeneral form of the gas temperature
profile inside the duct, Because of the strong dependence of the
duct heat transfer ccefflcient on temperature (via radiation),
two overall heat transfer coefficients will be used in the
model, The first, Uy, will be applied to the combustion zone
* which represemts the hottest portion of thea duct, and the
second, Uyg, for e cooler excess fuel and preheating zomes.
Heat losses can therefore be modelled as
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__ % < .g_dq;q('r_ . '_;:uj., for x = 0, (2.4)

where Cy is the perimeter of tunnel wall through which heat is
being transferred (thin wall asswmption), U, is the overall
heat transfer cosfficient and may take on the value Ug or Ugs.
Undar these assumptions and uslng the boundary condition that at
®=0, T=T,, it can be shown that equation (2.2) may be solved to
Eive the gas phése taﬁperature profile in the combustion zZone

AT - Athax(i - [; +px]E TR (2.5)

Wﬁere AT =T ~_$°
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This is a very simple result for the gas temperaturs profile in
the combustion zone. Heat losses from the combustion zone may be
cualeulated from

Xy
g = cdudJ. AT dx (2.6)
"0

2.1.2 Modelling the excess fuel zone
In the excess fuel Zone (X; % X = Xy in figure 2,1) there is

no oxygen left for reaction. Fuel 1s presumed to vaporize at a
rate that is controlled by comvective heat transfer from the hot
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flnw stream to condensed fuel 111 thzl.s zone 'This :.s a more

Eophisticated mecharism than that prnposad by de R:I.s (1970), who:

assumed. a constant vaporizatmn rate. throughnut t:hs excesn fuel

Zone. The implications of these two different assumptiona will

become apparent at & later stage when the model equations are |

sol‘vad and axperiment:s are parformed The rate of 1035 of fual
'1mzl.ng can therefore ba wr:ttten as: el

thf e

'hf is a convective f:l.lm heat transfe.r coefficient batween t‘ne'
: - gas . atream and. fue.l. _supface, and. AT, ap - (TVa'p - Ty
: Integrating (2 7) g:l;ves e

C.h '
ﬁlv = + -—;;*—- (AT - A‘I.‘vap) dx, for x; = x = x,, (2@)

The constant my¢ is equal to the total mass of fuel flowing
into the -contrel volume up to x=xy, and is easily obtained by
integrating equation (2.3). Substituting equations (2.4) and
(2.7) into equation (2. 2) and introducing a new variable I({x)
defined as

I = re dx’ or = 8 (2.9}
0

yields the folloving differential equation describing the gaa
temperature profile inside the excess fuel zone:

(Gl o+ 02AI - GBAx)tlAI/dAx +

G

4T - Cohx + G w0, fox 0saxs (xp-x7); (2.10)
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The boundary condition for equation (2.10) is simply AI=0 when

Equation (2.10) may be solved analytically to produce the
following non-linear equation relating AI to Ax implicitly:

where

RT T a o

Y

20,v" + a, Cyv' + (G, - C)v —'cs

2

2 3 c, & + (C

2F2

vt = A

Ax'

Axt = Az + 8

A
CqCq - G1“’5

€403 - Gyl

6% - 655
G,Cq - Cyly

o =
B =

. a2 '

4 = O3)5 - Cs

(2.11)
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Althor~h equatlion (2.11) is an analytie sclution to equation
(2.168) it is » very unwieldy forr vequiring numerical root
gseatching in ordar to obtain Al as um explicit function of Ax.
Bquation (2.10) may also be solved numerically with relatively
little effort. This will be done using the standard fourth
order Runge-Kutta technique. Both the analytic and numerical
solutions produced the same answer when the non-trivial roots of
equation (2.11) are sought.

Once AI 1is known the temperature profile and heat loss are
easily calculated using equation (2.9)

b4

§ = GU, ij dx = cdudz[l[xz] - I["l]]

2.1.3 Modelling the precheating zone

In the preheating zoms (x 2 %y In Ffigure 2.1) the gas has
cooled te below the fuel wvaporization or pyrolysis temperature
and no more fuel can vaporlze. Furthermore, as suggeated by de
Riz (1970), no vrecondensation of fuel from the cooling gas
stream is considered. The only process considared here 1s heat
transfer to the duct walls. The heat tranafer coefficient used
in the excess fusl zone will be used in the preheating =zone
modal, This results in an exponential temperature decay back to
awbient temperature., Using equation (2.4) in equation (2.2) and
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the fact that di/dx=0 for x = %y the fol'ibwiﬁg aquation
describing the preheating zone gas temperature profila ig
obtained:

A. n.l - A
o YE s R dAT" " :
(-AH .)---_ = (B 4+ M )GP dAx“ + CdU (I & AT"™) - * mquvap

for 0 < Ax" < ®, (3512}-

'=-i - 1(32)

where ).\i" =1 = 12

| m‘“ﬁx - le

Using the houndary condition AI"=0 when ﬁx"=0 equation (2.12)
has the following solution:

AI" = ¢(1 - exp(-vAx")), for 0 = Ax" < , (2.13)

m A
vE .
(-AH_ ) — . mw_H U
vheze ¢ = —g gt .1, . T Ilﬁ_g'
d-d2 d d2- a2
-cdﬂd2
v o= [
(m + m )G

The new comstant m, is equivalent to the total mass of fuel
vapour flowing into the control volume up *o x~%5. Total heat
losses in the preheating zone can be calculated as

q-= (ti:a + ﬁw)c‘p(T(xz) - To) {2.14)

Equation (2.14) simply states that all the heat lost from the
gar stream is lest through tha duet walls.

2.1.4 Defining a fire propagation rate

If an enexgy balance is perfermed between X = 0 and x -+ =, over
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the gas-phase only, a very simple relationship results: .

A mvf oA o ' :

(-88) —5= = 4+ d B A
Equatidn {2.15) 1s ess'enti.a.lly the non-diferentlal form of
_equation (2.2) with the terms multiplied by € being equal to
_zetn_beeéqse'a ~+ 0 a8 x + o, Slnce all the solid fuel is either
Bu;mﬁ or vaporized it is possible to dedvne a relationship
between equation (2.15) and the condensed fuel lining inside the
duct, If, for 'simplicity, it is assumed that the duct 1s
uniformly lined with fuel, so that the duct fuel loading A (mass
of fuel per unit platform area of lining) s comstant with
respect to x then o |

B = Acfl'z. (2.16)

The quantity & has units of ~peed and is defined as the fire
propagation rate., Sometimes 1t Is referred to as the averags
surface regreasien rate In the literature (Sibulkin and Iee,
1974). Substituting equatlon (2.16) into equation (2,15) results
in an expression relating ¥ to the thermophysical properties of
the fuel-lined duct aystem,

5 - (-6 ) M o/P - 4
JLCfH'vap

At this stage the reader is cautioned into not confusing the
fire propagation rate ¥, defined in (2.16), with the Ffire
propagation speed V(t). Making a clear distincetion bets.en

(2.17)

these two terms is crucial to the development of an accurate
description of fire propagation along 2 passage., The next
paragraph is devoted to a semi-gualitative discussion on the
fundamental difference between these twe concepts.

Consider a solid slab of homogensous fuel lining a duct floor as
showm in figure 2.3,
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FIGURE 2.3. Simplified diagram of a diffusion flame hanging
over the surface of s sollid combustible inside a wventilated
duct,

Ignoring vaporization ahead of the flame, the fuel surface under
the flame moves In a direction away from the flame. Thisz is
because fuel is being volatilized from the outer fuel surface.
The velocity v at which the surface moves away from the flame
may be a function of position y, and peints in a direction
perpendicula. to the tangent of th. surface at the point of
interegt, The distance ccordinate used 18 x since, in this case,
a coordinate system that is stationary with respect to the duct
walls is adopted (eulerian distance coordinate). The wariable
¥(x) will be referred to as the surface regression rate wvector.
Although this ‘wvarisble is a vector, only its magnitude is
important when computing the mass of fuel leaving the surface.
Consider the differential rate of fuel dm, leaving the solid
fuel surface bounded by the region from y to x+dy.
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d = pLiv{x)|ax, (2.18)

where g 1s the solid Fuel dencity (kg/m>) and I is the width of
the fuel slsb (m). Integi1ting equation (2 18) an expression is
obtained for thz total mass flow of fuel leaving the solid
surface due to vaporization (burning). Using equation (2.16)
and the result of integrating equation (2.18) the relationship
batween U and l#(x)| pecomes clear, '

Xz
Vo i’-j Liv(x) | dx (2.19)

¥°
The Integral in equatlon (2.1 W+ to the wolumetric
rate of disappearance of i /¢ is the
crogs-gectional area H x L shown .. ‘t ig, ¥ is a
mean superficial velocity representiy, s . -a at which
the vaporizing fuel surface is reg i rumbex is
dependent on fire size (xg - x°), type _.: .. and the

properties described in equation {2.17), but is not related to
the shape or profile of fuel lining inside the duct.

Nou consider how the burning region from x° to g would move
along the duet length in the positive x direction as solid fuel
is consumed. Assuming the fire hasz reached its maximam size,
which is controlled by the rate of air entering the duct F£or
fuel-rich fires, the fire propagation speed along the duet is
simply (dx°/dt) (er dx:/dt). 1In this case the coordinate
system is stationary with respect to the duct walls and x° marks
the point on the x-axis where the continuous fuel loading
berins. Clearly, from the diagram shown in figure 2.3 the value
of dx°/dt will be zero until the fuel surface at x° meets the
duct floor at y = 0, However, the fire propagation rate ¥ will
always assumz the =constant value given by equation (2.17),
regardless of the wvalue of the fire propagation speed V{t) =
(dy®/dt). Section 2.2 deals wi.l. the solid-phase analysis, where
the eract relationship between fire propagation speed V(t) and
fuel loading profile is shown to be quite simple.
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2.2 Gohdensad-_P‘uase Analjrsig

This sect::!.an deals with deriving equations that describe the
condensed.- -phase process. It is important to nota that if the -

condensed-phase s liquid then only the case where the fuel is |

not perm.fted to flow is considered. So far the g_overm,ng o
equat:ions inherently assume the gé’a -phase process -to be
steady-state, * The only source of transient behaviour comes from
changes occurring in the solid or condensed-phass, Also, any
changes that the - solid-phase experiences will come ~ds &
consequance of gas -phase dynamics. Once again the 1agrangian
coordinate. systemt 1g adopted, whare the frame of reference :Ls-
the propagat.i.ng fire. -

2.2.1 Equations of change

Congider a tunnsl lined with a condansed fuel that vaporizes and
reacts with a well-mixed gas phase that flows at constant
velocity V,. The ocombustion xesction takes place in the
gas-phase and ls assumed to be infinitely fast in comparison to
the fuel vaporization rate, Suppose that the dvct houses a
continuous distribution of £uel describsd by the econtinuous
function m(x,t) (masa of Ffuel per unit platform area of fuel
surfacs), which iz initially m°(x). A schematiec of this sgystem
is shown in figure 2.4,
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FIGURE 2.4, Fire propagation along a duet.

When consideving the gas-phase, a reactlon occurs only when the
condens’ J-phase is present in that region of the duct. Hence,
the position along the duet that represents the point where the
fuel loading begins (i.e.,, where m = 0) is tha start of the
combustion zone and therefore the origin (x=0) of the lagranglam
coordinate system. At some polnt x = 0 a time evolving material
balance on the condensed fuel shows that

dm{x,t) /8t = <

-y if0sx=sx

1
-hf
T(T-Tvap) if xlﬁxsxz
vap
0 if = > Xy

(2.20)

Now consider the eulerian coordinate system which has the fire
propagating away £from its origin (x=0) iIn the positive ¥
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direction, x being the eulerian distance coordinate, Relating
the motion of the lagrangian coordimate system to the eulerian
is one way. of establiéhing- a relationship for V(t). Fuel loading
in the duet changes as time progresses, It also wvarles with
respect to distance, In differential form this can be written as

- tx oatx _ '
anm {dm _
dm = _[81:] dt + [Bx] dy - {2.21)

Fotice the use of the wvariable y, which is the distance
conrdinate in the eulerian system. Now consider the moving point
x°, which lies on top of and follows the point % = 0 in
1agrémgian coordinates. The mass of fuel is zerc at this point
so that dm=0 (at x°(t)). Note this always assumes the fuel
loading. tends to zerc with a well defined slope at x=0. The
implications of not assuming this will be apparent at a later
stage. Besring in mind that dy = dx + V(t)dt it is simple to
show that (dx/dt)|.. g = V(t). Equation (2.21) can be written for
ithe condition where x=0 (which is the point =¢°(%)). This
results in an expression for the fire propagation =speed V(t)
where the frame of refarence is the duct walls,

tyx
(ax/dey |, = V(e = —LOn/2E) = A/ (mfax) | _uprys (2.22)
Ix 0 (am/'8x)tx x°(t) X" (t)

Clearly, if the fire is to propagate at a constant speed, the
fuel profile Inside the duct must be in a specific form so that
(am/ax)|x.,(t) remains constant as time evolves., If a solid
homogenecus fuel is used then V(t)} is inversely proportional to
the physical slope of the fuel surface at x = 0 (or x°(t)). In
which case (8m/'8x)|xe(t) can tske on a large range of 'walues
(from infinity to zero) throughout ~he propagation history. Of
coursa, the governing equations have heen derlved only for cases
vhere V(t) << V,. The situation where V(t) is close to V, is
mwt considered In the gas-phase analysis.

the most important feature of the solld-phase transient aralvsis
is that the only source of transient behaviour comes £rom
changes In the condensed fuel loading profile, The gas phase is
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modailed'-és ‘1f it were a steady state process. and no
accumilation ~f mass or enargy is involved with that part of the
mathemscical formulation (as deseribed in section: 2.1):  This -
may be valid if the fire moves at speeds much smaller than the

gas velocity. If, however, the fire moves rapidly it will be

shown later that this will happen over a very short time and not
influence the propagation process significantly. This will be
discussed later in move detail and will be apparent with the aid
of experimental results, '

2.3 Appliuatian of Model Equations

S0 Ffar, the nodel equations deseribing the gas phase procesas
have been solved or presented in a form whereby it is simple to
evaluate the gas temperature profile. Because *he
condensed-phase egquations are dependent on the gas-phase process
it will not he posalble to =solve the Fformer set without Ffirnt
selving the gas-phasa. An algoritha for solving a typical case
study will be presented. This methed of selution ox algorithm
can be used to solve a variety of cases ana can be easily uaed
to program a personal computer. The model aguations will be
solved using a Turbe Pascal computer program that is based on
this algorithm. Appendix A contalns the program code.

(a} Brief description of the care study

Consider a typical case where fuel loading is constant along the
turmel length, such as a flait slab of solid homogeneous fuel.
Although the descriptlon that follows will consider the case
whare the excess fuel zZone is lenger than the combustion zone it
ls not difficult to apply the same algorithm for the opposite
casa, Fafore delving into this algorithm it is importanmt to note
that in the context of this thesis fire propagation implies the
motion or migration of the Ffully-developed fire along a duct or
passage. This is qulte different from the concept of fire
spread vhich implies the growth of a fire from its ignition
source and not necessarily migration of tae entire fire system,
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After ignitlon the fire achieves its fully developed size at the
start of the tummel lining, and because the burning rate is
constant the wolid fuel is. consumed evenly in the combustion
zone. The combustiun zone remains constant in 1ength and
burning contlnuas 1n thig region until the flat fuel profile '

fvanishas. Bquatian (2.22) confirms that vgt) =0. ﬁhroughnut the
) course of thiz uniform fuel consumptiau betause the fuel 105ding_
‘has an 1nitial squara edge,_i e . (amjax)lxgo + 0,

: Throughout this tlma fuel ahaad of ﬁhe combustinn zone vapor zeﬁ'

accarding to equation (2 20), due to the presence of the excess
fuel zone. This is shown sch#matically in figure 2.5(a), As soom.
as fuel in- the combustion zone is deplated the £ire will *jump”
ene com'bustinn zone length along the tunnel (figure 2,5(b)).
That is, if conditions shead of the fire sre volatile encugh for
the fire to propagate, in the form of & "jump" or deflagration,f
from its original position to its new location forward in the
pasgage, Uniform fuel consumption occurs over the new combustion
zone location until the Fuel leoading at x = O reaches a zero
value (at time ty3). At that moment the combustion zome
beging te migrate at some speed according to equation (2.22),
Throughout this time condensed fuel ahead of the conmbustion zone
is alsoe consumed by the +aporization process due to hot
combustion gases leaving the combustion zone. The vaperization
process cccurs due to the initially stationary excess fuel zone
(figure 2.5(b)) followed by the moving combustion and excess
fual zones when the fire begine its motion (figure 2.5(e)).
Then, the fire stops wmoving again when cthe start of the
combustion =zone reaches the new fuel loading step (figure
2.5(d)). Cleaxly this process will repeat, each time resulting
in a newly shaped fuel profile, and the fire may or may not
reach some steady propagation speed,
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FIGURE 2,5. Propagation sequence showing effect cn fuel loading.

(b) An iterative method for simulating fire propagation

The equations describing the gas temperature profile can be
solved analytiecally to give temperature as an explicit function
of d stance, except for sguation (2.10) which can only be
exp: sed ag an implicit function of T and % (egn. 2.11). To
find a value of T for any X (X; < X = X;) a root searching
technique must be employed which leads tc problems of gelecting
the non-trivial yoot. In this case it is convenlent to use a
standard fourth order Runge-Kutta algorithm to solvs equation
(2.10) instead aof using equation (2.1l). The analytiec equations
(2.5) and (2.13) together with the rnumaerical smolution of
equation (2.10) give the complente gas temperature profile prior
to any lnowledge of the condensed-~phass equations, The gas
temperature profile iz then used when solving. the
condensed-phase equations. The condensed-phase system of
equations will be solved numerically for x°(t:) and m(x,t),
because this system of equations depends on the numerical
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solution of equation (2,10).

Working in the lagrangian coordinate aystem, the caleulation
procedure for simulating fire propagation would be initiated by
calculating the time t; taken before the first "jump" occurs,
using equation (2,20):

Btep 1y (Figure 2.5(a)+(b)) t = m{x=0, £=0} /v
Step 2: (Figure 2.5(a)+(h)) Evaluate the new fuel profi . due to

vaporization  in the excesas fuel zone occurring over time ty,
using eqn. (2,20):

h
' . £
m(x'tl) = m(xno) = t]- - (T(x,O) = TVEI.'P)’
vap
for X4y, S ¥ < (xlbz-l'xafz);
where X3y, is the combustion zone length and X ¢, e excess

fuel zone lemgth.

Step 3: Caleulate the time taken for the fuel mass loading at
*=0 to reach zero:

t

vl m{0,t )/y + €

1

8tep 4: (Figure 2.5(b)»(c)) During the periocd orf time Ffrom ty
to t,) the fire remains stati~nmary and fuel vaporizes from the
excass fuel zone. The resulting fuel profile in the excessy fuel
zone is given by:

h
m(x,tvl) - m(x,tl) - (tvl'tl) —E—f—-— [‘r(x,tl) " Tya ],

vayp

for X]_bz 5 X = (lez"rxefz) .

Step 5: After time t,) the fire will migrate elong the tumnel at
some veloeity V(t). 8o x"(t) (or x° vs t) is calculated in the
interval x°(t1) = x* = (x"(t)HKyp, vy i -.3inz values of x°
within the specified interval and computing t from equation
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(2.20). 'Béaring in mind that x°(t) ia_alwajs_:he'pqint'xuﬂ-
ot m(x“,tvl)/'r + ot

iz used tc describe the. fira mmtioﬁ {x° wversus t) shown in
figure 2.5(c). '

S8tep  6: The previous step takes the fire to a position
répreSented by figure 2.5(d), and all that is left is to
caleulate the form of the fuel pfnfile at t‘nis'stage of the
'sequence. . The latest update of the fuel profiile coies from the.
rgsult . of STEP 4 where the fuel loading at time tyy 1s
calculated, Since this moment in time, the fuel has undergome
futther vaporization and consumption due to the migrating fire
system ‘which took place from time t4 to time ts. This
calculation will be done with the aid of figure 2.6 in order to
obtain a visual representation of the physical processges
occurring during this sequence.

COMBUSTION EXGESS FUEL ZONE
A ZoNg
L I Lo .
vy {
TR - To e o b TeL
S ﬁi"""----. Tvap i, Tvap
i ol e
; : : ----.........__".'.:‘..'.:;'_','_1'_-_-_--_-.-.-_: .........
! H : EEH
¢ H :
’ i Ar A
7- i ’; ’; ’; '; ‘J' "f "l "? ”f J'J ‘.
— o H !:' 'a' .r" B R FUEL
/ / }”' ;" -’! "’ l" ll‘ I" "' -"’ )" J‘ -
XOCLY  [XPCLI+Ly) [22CeI+L,+L ] %
i

FIGURE 2,6. Effect of migrating fire zonmes on fusl loading.
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Region A will experiemce wvaporization from the moving excess
' fuel zone and consumption from the nﬂgrating'firéyirﬁnt. The
resulting fuel loading in this reglon can he caleslated From
equation (2,20) in the following way:

: : : v - t'(x) o
m(x-xlbz?tz) == t.n(x.t"rl) - Tﬁ_ [ [T(x,t) - Tvap] df: S i [tz'«- t"'(x)],
vap °t_, - T :

end this is true only for Xipzg S 2 = Wipy F.e for typ S E(x) =
ty. -One limit of integration in the above aquation is position
x dependent and 1s also evalusted from equation (2,20) as -

£ (R) = v, b m(R-Kyy €)Y

The value t'(X)<ty is the time the excess fuel .one spant over
the point x while the upstream end of the fire moved away from
x°(ty1}, and ty-t’(x) is the time the combustion zone spent
over x until the upstream end of the fire moved up to x°(ty),
Region B experiences only wvaporization from the moving excess
fuel zone and the resulting fuel loadlng is evaluated from,

t
| b, [
m(x-xlbz,tz) - m(x,tvl) - —§- _ {T(x,t) - Tvap] dt,
vap 'tvl

and this is true only far 2X;y,, = x 3 (2Xqp,,+X,6,).

Finally, region C will experience vaporizatlon due to the moving
vaporlzation temperature-front, In this region the fuel lecading
is ealculated from,

h t’ (x)
m(x~lez,t2) = m(x,tvl) - >;;- J [T(x,t) - Ivap] ac.

vap t'Vl

This is for (2Ryp,#¥ep,) = ¥ = (3Xyp, X ¢,). The condition for
this equation is that when T(x,t) 1s less than Tvap the Integral
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takes on a zero value. That is, condensation of fuel. vapour i=s -
not ¢onsidered. Downstream condensation is found to have a small
effect en fire propagation especially if Tyap is mot too iarga
(de Ris, 1970}, :

In all the above equations the gas temperature is a function of
time and distance In as much =as the temp?ratura profile
majntains the same shape but moves along the tunnel at some
speed V(t). Because ¥° vs t is always first calculated one can
evaluate T(t) nunerically in the algorithm. T(t) is purely
dependent on T(x) -nd x*(t) which are both known.

After Step 6 the fire comtinues its progress along the passage
from a sequence similar to that in figure 2,.5(b). From this
point onward both the fire process and the calculation procedurs
are repetitive. The calculation goes back to step 3 and the
respective steps are repeatad with the upgraded values of all
the variables.

The above sequence of calculations displays stability. Depending
on the system parameters a constant fire propagation speed may
be achieved after sufficient iterations are performed.
Inherently, the steady state speed 1s equal to the fire
propagation rate #. If the fuel wvola Ility abead of the fire
is high the fire propagation speed converges rapidiy te its
steady state. The other estreme is 1f fuel wvolatility ahead of
the fire is negligible, because of a high latent heat or poor
heat rransfer to the condensed phase. In such s case the fire
propagation speed may settle down to some type of periodic form.
Whatever the case the time dependent variables should converge
to a steady form. Some of these features are illustrated in the
next section with the aid of an example.

2,3.1 Typical modsl output
A systematic method of solving the solid-phase equations has

been pressnted and analytic solutions or simple numerical
tectiniques can be used o solve the gas-phase equations. Time



.' . Page 46 |

and position dePendent mode'L v,ariables can. be solved and o

displayed graph:.cally. ‘The va.r:l.ables t:o be analyzed in this
sectlon are . ' ' '

- Gas .-'temﬁefﬁ_turé "profil'a'_ T(x,t); '
- Fuel loading distribution along the duct m(x,t);
Fs;re'pns_iem 'msi:ae the duct x*(t).'

Dthar time - and distance dapandent variables emerge frmm the
todel equations, such as heat fluxes from the hot gas stream to -
fuel ahead of the fire and heat losses from the duct walls.
These fluxés are. directly'related te T{x,t) and x°(t) and can bs
' calcula.tad with relatively little effort. At this stage of the
analysis there is no apparent need to ﬂisplay these wvarilables
mainly because they will mot be 1ndapendent1y measured from fire
experiments and compared to the model,

Statement of duct fire problem

To illustrate the type of behaviour the mode) displays a typical
duct fire will be presented and the model equations will be
golved. The tables beslow show all of the vystem parameters that
will be used in this case study.

Grose~-Sectional Area : -3 -2

for Gas Flow X 1.556210 ~ m
_ HY

Perimeter of square duct 0.085 m

cross-~section Gd

Perimeter of Fuel 0.05 m

Oross-Section Gf'

TABLE 2.2(a). Duct Geomelry Parameters,
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B ||

v -12.76 % 10° 3/(kg 0,)
Hv.a‘p _ _8_.0 x 10 u}kg
Tvap- ' 99,2 %

B 0.947
"  9.3x 107 kg/nls

TABLE 2.2(b). Fuel Parameters.

Average Wind _
Speed ¥ ' 1.3 w/s
-]

Armbiant . FA
lemparaturs 2; C
Duet Hect Transfer 2
Coefficiants U,, U 30 W/m'R
| d’ "dg
' Gas Stream to Fuel 3
Surface Heat Transfer 2.8 W/m'K

Coafficient hf

TABLE 2.2(c). Flow Stream Parameters.

The initial condition to this problem is that there i# a uniform
flat fuel profile inside the duct hefore the fire starts,

al{x,0) = m" = 2 kg/mz.

Also & fully developed fuel-rich fire 1s established at ©=0.
That is, fire growth or spread is ignored in this casas,

Solution to the duct fire problem

It is possible tcv solve the model equations for each of the



ﬁariables using tachniques .déscri'béd in %ﬁtibn 2.3, ff.’he gas .
temperature profile inside the duct is shown in figure 2.7.
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DISTANCE ALONG DUCT .n)

FIGURE 2.7. @Gas temperature profile inside duct is shown in the
lagrangian coordinate system.

The fire and hence the above shown gas temperature profile will
migrate along the duct as fuel 1is progressively consumed,
Throughout this time the solid fuel profile will change In shape
and therefore Influence the fire propagation speed. The fual
distribution m(x) inside the duct i1s shown in figure 2.8 at
different moments in time throughout the propagation history.
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FIGURE 2.8. Tranclent model solution of fuel distribution along .
the duct length, :

After enocugh time has evolved a ccastant fire propagation speed
is achleved as a consequence of an invariant shape of fuel
profile, This motion prior to reachii.g steady-state is clearly
shown in figure 2.9. '
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FIG'U'RE 2.9, .F:I..re.-front history inside the duct,

The fuel profile inmside the duct takes on the steady-state fofm
ghowii In figure 2.10. A linear fuel profile emerges in the
combustion zone which has an invazlant slope with respect to
time. The fuel profile iIn the exuvess Fuel zone haz a specific
curvature so. that when it passes Into the combustion zone a
linear profile with the same slope results, This condition ls
achieved at gtaady-state,
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FIGURE 2,10. Steady-state fuel profile achleved after a long
time. Shovm in the eulerian coordinate system.

Digcussion

Whether fires behave in the way this model suggests is somathing
that ean only be answered through experiment involving real
firaes, The model suggests the fire "jumps" along the duct
moving incremantal distances equivalent to the combustion zone
length. This stepping or " jumping" motion comes as a result of
the initial flat fuel distribution along the duct and because of
the constant burning rate in the combustion goma,  Rach
subsequent "jump" appears to be different om the x° vs t plot
bacaune of tha ever changing shape of the condensed fuel profile
as time evolves. Eventually the Fire propagation speed V(i)
reaches a constant value which is equlvalent to the fire

propagation rate .

It is also interesting to see the effect of increasing or
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decreasing 'quI.'VOIEtility- by choosing differant 'values of
ﬁvap' Essentiaily; the game effect 1s achieved if hg is
adjusted, Figure 2.12 in sectiom 2.4 shows this effect. In
general, fires ocourring under conditions where fuel volatilizes
very easily should reach steady stawe very quickly (soon after
the first _ﬁjﬁmp“). The aother extreme occurs when fuel
volatility is minimal or esgentially zero and the Firc continues
to'“jum§? indafinitely. '

2.4 Dimenzional and Semsitivity Analysls of Model Equations

Since there are a number of parameters in this model it will be
beneficial to perform a dimensionzl analysis in order to
agcertaln exactly how many parameters characterise the gas
temperature T(x). To do this it is desirabls to express Ty £
(the fuel flowrate required to use all the oxygen) and m, (the
initial air Elowrate) in terms of the pressure and wind
velocity. .his is done using the ideal gas law. The equations
are as follows:

2

vy B Po Vm D an
i o= BT {2.23)
o
2
P V DT HM
. o © ailr -
m = RTO (2.24)

The meaning of all the symbols in the above equations are
explained in table 2.3 (Mozjair are the oxygen or ailx moleculaxr
masges), It 1s possible to sghow that the gas temperature
profiie inside the dv >t depends on 14 dimensional parameters and
two dimensionless numbers. Time t is not considered because the
gas temperature profile is assumed to not vary with time in the
lagrangian coordinate system. These parameters as well as their
dimensions, using the ml4T (mass, length, tiwe, temperature)
system, are tabulated in table 2.3. In their dimensional
analysis Young and Glasser (1990) did not comnsider Tv&p and Ugy.
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'-rmm - pmmszoy

¥ mole fraction of oxygen in the alr feed L -
B stochiometyrie coefficlent for cumbustion ' :

. reaction 3 : L : 2
P Atream. pressure _ L m/Lé"
v, wind 'Valocity ' o . L/6
D duct width (assumlng square cross ssc*ion)f _ -'L"
To amblent temperature = . : _ T
M : ) i

' Oﬁ gas mean sPecific.haat capacity S L2/62T
*&Hrs gaseous enthalpy of veaction - . L?/B?
-Hvap-gnthalpy of vapourizatiorn | : . L/
"r_vap fuel" vapoufiz'ation temperature o
] fuel burning rate o . _ m/Lzﬂ
: Ud ‘duet overall heat transfer coefficient for '/93T
the combustion zone -
Uyp duet overall heat transfer coefflcisnt for m/ﬁBT
the excess fuel and preheating zones :
'hf heat transfer coefficient batween tha m/ﬂaflf .
-7 gas and condeused fuel - .
distance coordinate ' L
Gf perimeter of Fuel cross-section L

TARLE 2.3. Gas-Phasa Model Parameters

There are 15 parameters and one variable which is the distance
coordinate X, Using tha Rayleigh method the above syetem may be
characterized by twelve dimensionless numbers. A set of
dimensionless numbers produced by this technique is not a unique
set sinca multiplying or dividing two dimensionless numbers
produces another. One possible set of dimensionlesss nuwmbers
is:

L = fg_ I = ?vag ' I = tho
1 Vo B T 9 2
™ o V”'f
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T ¢
R R s
Iy =2 I, =5 Lo=7
: |
A .
‘A o
r d o
I, = -5~ I, =3 m,=8
Ve V.Y
A
I, = —3F Iy = dg : M, =3
V2 : Yoy
-] o

The gas temperature in the duct now dependis on the eleven
dimensionless numbers listed hers and on the dimensionless
distance along the duct, =x/D. This anslysis eclearly indicates
that the model is complex., However, it Is useful to examine
these numbers, Ijo will usually be fixed for v at 0.21, Iy,
oy, O, g and Ny &are essentially fuel properties. Jlgz is
determined by ths ratio of fuel cireumference to the duct width.

For a given duct with a specified fuel type and geometry, amd
knowledge of the air flowrate the gas temperature profile
depends on three £ree parameters (lIy, g and Ifg). These
unknown parameters are heat transfer coefficients, The problem
may be Ffurther simplified in certain cases 1f a =zensitivity
analysis reveals that the equations are insensitive to one or
more of these parameters, Section 2.4.1 deals with this,

2.4.1 Sensitivity analysis of model

A simple sensitivity analysies 1= performed on the model. All
moedel parameters are set to values in the neighbourhood of those
conditions experienced in the experimental studies appearing in
later sections. This way sensitivity of model solutions to
changes in esach free paraneter is determined around the region
of interest in parametsr space, Model sensitivity to each
parameter may wvary Lif other regions of parameter space are
explored in this mammier. Of interest to the prasent study is
only that region where experimental studies of real fires are
conducted. The significance of such an analysis will become



I.‘a:ge_i'.. 55

clearer in later sect;uns whare the ‘Same parametars w111 ba_1 '*:'”
_estimated. by fitting tha mmdel to experlmental data. Thase o
- features of the model which ara most affected by small changasg3ff

in-a parameter wlll be. critical '11:1 datamim.ng the value of that -
paramater. Because of the large number of free paramatars
already identifiea in ‘the disiensional analysis ‘complicated
_npn-linsar least squares algorlthms will be av01dad.when fitting’
the model to data., L . Lo _ . '

A typicéi béﬁd'caéé is considered ﬁith'ﬁarémeters set close to
. those in the experimantal study of liquid fuels. SensitIV1;y is
" tested by varying the parameter of interest + and - 50% of its
'base_casa valua,..xhe effect 1s then ohservad in the modsi
 ‘solution of T(k) and x"(t). Base case values of all parémeﬁe'rs"
are listed in table 2.4{a) and (b). Duct gecmetric paxametern
are the same as thdse in table 2. Z(a)

My 2.76x10% 3/0eg o)
A o ey

Hop - 27.2%10° J/kg

Tvap 99.2 °¢

s 0.947

r 9.3 x 10°° kg/ms

TABLE 2.4(a). Fusl Properties,
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CBverage Wind . . .
_ Speed V_ 0.5 n/s
Aubient e O
Temparature _25 ) G 3

. "ﬁustnﬂéaf Traﬁsfer.” g i
" Qoefficiepts U=1_, 50 W/m'K ’
4 d2
~ Gas Stream _td' Fusl S
 Surface Heat Transfer 1.5 W/u'K

Coafficient hf _

Initial Fusl - s 2

TABLE 2.4(3)._Fixa conditions

Bensitivity analyses are performed on those free parameters used
to fit the model to data in later sectiona. Fuel burning rate 1,
mass stoichiometric coeffieient B, duet wall overall heat
transfer coefficiencs Uz and Uygy, and gas-to-fuel surface f£ilm
heat trausfer coefficlent hg will ba cxamined for semsitivity,
Results of this snalysls are shown below,
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Parameter ' xﬁ,z | Xg £ v P
' . x10
n m_ m/s_
Base Case  0.366 0.813°  0.229
he + 508 0.366 0.813 0.257
b, - 50% 0.366 0.813 0.200
¥ + 508 0.244 0.867 0.243
4 - 508 0.732 0.732  0.203
U, +50%  0.366 0.488 0.199
U, - 508 0.366 1.87 0.329
A + 508 0.548 0.792 0.299
8 - 502 0.183 0.854 0.167

TABLE 2.5. Duct fire features from sensitivity analysis,

Model parameter:, except hy, are shown to have profound effects
on the gas temperature profile and propagation history. hg
plays an insignificant role in the gas phase equations but b._3
marked effects on propagation histeries. The importance of this
result is seen later when the model is fitted to experimental
data. Compared to Uy and Udg- he plays no role in the gas
phase preciess. In the model H'vap has the inverse effect that
hg displays Lut with the exact same sensitivity on T(x} because
i.t always appears in the term (hf/uvap) . Such small effects of
H‘vap on the gas-phase energy balance {eqn. 2.2} justifies
neglecting the sensible heating of condensed fuel in equation
{2.2) since sensible heating of solid fuel would have 2 similax
i1f mnot smaller effect. Sensible heating of condensed fuel is
eften much smaller than the fuel latent heat.

v is inversely proportional and f 1is directly proporticnal to
the combustion zone length X,4,. These are obvious consequences
of the fuel-rich fire assumption, v 18 also iunversely
preportional to the length of the first jump shown by
propagation histories x° versus t in figure 2.13. Of course v
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and ﬁ w111 also affect the mathwm gas temperature since thqy-'
are reaction related proparties “Yong-terr effects of 7, B,
Uq, snd hf on propagatinn’histbries axre ‘also significant but:

not as obvious to predict without Ffirst ao«ving the system of
- model aquations._ The effect of Uy on E(x) is aignificant It
is likely that these temperature profiles contain anough'
information to fit to exparimantal da.ta and hence adequately
detarmine Ud and Udz

Relationships shown Betwéan'a parameter and those model features
discussed so far will provide a useful basis for modelling, real
fire data in later sections af this thesis. : - -

2.5 Effect of Haat Loass Dus te Thermal Radiation

Exclusion of thermal radiation from the gas phase model
syuations may result in excessively largs duct heat transfer
coefficients. This is because the convective tar: will have to
account for logsses due Lo radiation as well as convection., It is
possible to solve the combustion zone temperature profile if
thermal radistion and convection are the two domnant modes of
heat transfer from the duct walls. For the combustion zome, the
heat loss can therefore be modeiled as:

p-

S e G UT - T) + oeCy (T - T (2.25)

d(
where ¢ 1is the duct wall emisivity;
g 1is ths Stefan-Boltzmann constant;

U, is the duct convective heat transfer
coefficient determined from
correlations.

Equations (2.2}, (2.3) and (2.25) may be manipulated inte the
Zollowing differential equation describing the gas stream
temperxature profile for the combustion zone:
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A faurth order Runga -Rutta routine was programed ta solve
(2 26) Appandix A conta:.ns the Turbo Pascal code for this
routine. Equation (2.26) will be used to study data from fires
- in the following chaater. '
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3 LIQUID FUELLED FIRES IN NON-STRATIFIED FLOW

Duct fire problems are frequently addressed when trylng to
understand fire propagation In large scale tunnels. One of the
most striking features of large-scale confined fires is the
persistence of seversly stratified flow patterns induced by
riging hot combustion gases (Mewmar:;, 1984}, Whother there are
naturally induced or forced convective alr currvemts entering the
tumnel, stratified flow will occur depending on whether buoyaney
forces are greater than ctoss flow forces, This phenomenon has
been studied by Nevman (1984), who presents correlations. for
determining the degree of fire induced stratification. Acguiring
data from a Fire propagating within the confines of a paésagé
poses the problem that such stratification phenomena often
“~trude upon the effect of underlying fire spread and
propagation mechanismg. It 1s therefore necessary to study, in
isolition, such mechanisms prior to understanding the couplad
effect of Ffluid dynamics.

In this section the study is therefere restricted to scenarios
involving the horizontal wventilated fuml-lined duct where the
gas flow stream is radially well mixed, or at least the use of &
single average temperatura Is Jjustifiad., A well mixed flow
agsumption is based on the premisze that in asome cases large
Reynolds numbers (over 10000} are easily achieved in full scale
mine tummels with low wventilation currents (-~ 0.3 m/s). The
large duet diameter being an Iimportant parametar allowing
turbulence to prevail. Moreover, the Ffuel source is consldered
to be in its condensed form vhere burning is the result of
diffusion type flames burning over the fuel surface. Such a
study will provide an examination of the proposed model and will
laad to an improved understanding of fires occurring in thae well
mized £low regime.

Two experimental tunnels have been constructed and used in
studias for this thegis, The fixst is deveted bo investigating
fires without stratified flow, and the second is used to
investigate fires when three dimensional aerodynamic effects are
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jnherent. This section deals with the former case. -

3.1 Appsratus for Non-Stratified Conditions

Fire propagation experiments were carried out using a 5 metre
long, 43 mm wide, and 42 mm high mild steel duct as shown in
figure 3.1. A more detailed drawing appears in appendix D. With
these dimensions and alr velovities used in the experiments the
degree of gas stream teuperature stratification can be estimated
from a Froude number caleulated as (Newman, 1984)

v"avg

Fr = (3.1)

(E I v

Here H is the tummel height, Vayg i8 caleulated as the averags
“"hot* wvelocity through the duct ecdleculated at Tavg the average
gas temperature, AY g is the difference between the ceiling and
floor gas tempe:atures, and g the acceleration of gravity. In
this case Tavg was approximated to be equivalent to the msasured
gas stream temperature because it is measured approximately
along the centre-line of the duct flow styeam, This
appronimation 1s reasonable if stratification is not severe and
the gas temperature rises from floox to ceiling. Using this
information and a correlation developed by Newman (1984) which
relates AT,¢ to iU, Tavg and v'avg it is then possible to
calculate AT gy, For these vxperiments Fr ig found to lis within
the range 1 2 Fr < 10, a regime dominated by strong interactions
between cross flow and buoyancy forces (Newman, 1984). In this

regime severe stratification doss not prevall.

Thus it is likely that the present experimental flow conditlons
are mnet characteristic of two separate gas layers (oune hot
stream along the ceiling and » cold stream aleng the floor), a=s
in severe stratification. Instead a single hot gas stream flows
through the entire duct ctoss-section with a definite vertical
temperature gradient, B8Since the Reynolds number Ffor these
experiments is either within the laminar or transitional regime
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between fully dev -loped turbulence and laminar f£low (800 .< Re <
4500) the above  analysis guggests some radial temperatuxrs.
variation. _'Usiﬁg Newman’s (1984) correlation for these
experiments the estimated order of magnitude of AT.p, i
TE§ ~400°G, can range from 0 to 400°C, depending on alr speed,
However, the gas stream temperatures are measurad midway between
the duct fldor_.and 'ceiling_ and are therefore takem to be
aﬁprpximately;aqual to the averags gas temperature thus allowing
for comparison with the model which sgsumés good mixing.

A narrow duct was used because of Its economically desirable
scale with the phssibility of réducing stratification by virtue
of a lov .r duct height., The limitatior. being that a very narrow
duct  canmot . accommodate - suffieient fuel mass for
experimentation, and increasing air velocities in an attempt to
increase the Reynolds mumber may result in blowing the fire out.
The alternative is to work om a larger scale of duct diameter
({also allowing for a larger exposed fuel surface area) where the
Reynolds number can be ’ncreased well into the turbulent regime
without baving to operate at blow-out air velocities. For this
reason the well mixed slug flow assumption may be realistic for
full scale mine tunnel fires, The disadvantage of such large
apparatus is that long duet lengths would be required In order
to measure the entire gas stream tempsrature proflle, That is,
from the combustion zone up to a length where tha gas stream has
cooled to below Tvap‘ In this section of the study a compromise
ig made by using a duct with which one camnot guarantes good
mixing although stratification will be absen*, A subsequent
section will dasl with a study where stratification does indesd

ocour.

Also, a simple criterien (de Ris, 1970) baged on a variation of
the Froude number can be used to reduce the possibility of
bhack-flow of hot cowmbustion gases along the duct ceiling. For
the present arrangement and the range of air velocities used the
dimensionless group ang/pVE is found to lie between 0.12 and
3.5 when Ap/p=2/3 and V, is the ventilation air average
veloclity. Ideally this dimensionless group should be less than
unity te ensure no backflow, This exitevion for back-flow is
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fdoas not lie . above. the upper surface of the pnruus gsolid then
flame spraad behavlour is aimilar to ﬁhat over solid fuels.
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experiments, '
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Thirty ~-four chromel-alumel - thermpcouples (type K) are: 1n35rted'.f
half-way into the f£lowing stream, to measure the gds stream
temperaturs distrihutiong at 91 mm intervals over the 3-m test
section. Thetmocouple emfs are recorded ~with an H-P data
acquisition wunit,  controlled by a personal ° computer. Each .
measured témperaturé; accompanied with a distance and time is
tecorded  and stored on disc. Detalls on pas temperature
measurement, storage of data and a radiation shielding test are
placed in appendix c: ' ' ' '

Air istuppliad to the duct entrance at atmospheric pressure and
températﬁrek ‘The flowrate 1s measured with a rotameter and an
orifice plate meter dinserted upstrveam f£rom the duct. An
ignitidh i:or‘t_: is locatsd at the mtart of the teat section and ls
gealed with a threaded cap. '

3.2 Eﬁpefimmntal-rroeéduxa

The total mags of fuel is weighed and separated into 15 equal
portions. Each portion is evenly dlstributed along 20 cm
segments which constitute the tray length, This is done in order
to achieve a uniform fusl distribution along the tray. The fuel
tray is carefully loaded into the duet and the air supply set to
the required flowrate, By lmserting a burning torch inte the
ignition port the upstream end of the fuel tray is ignited and
the data logging set-up initiated simultanscusly. The ignition
port is sealed immediately.

The data acquiszition unit is oprogrammed te take all 34
thermocouple readings every 30 seconds, the first set taken 30
seconds after lgnitiom, It takes approximately 5 seconds to
read one set of thirty-four thermocouples.

3.3 Results

Exporiments were performed with a variety of fuals s1} of which
are pure organic liquids. The advantage being that their
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thermodynamic properties are well knownt so that the pgoverning
equations can be used to model the fires. Alsc, most liquid

fuels support rapidly growing  Sives, so that tha transient
period of fire pgrowth from an  ignition source to a fully
developed fuel-riech state is amall, The three substances used
are, isoocrane (Iso), n-butanol (Butol), and ethylene glycol
(Eg), chosen In order to have a range of fuels of decreasing.
volatility, Also these are substances with wvary simple
molecules and should t arefore wvaporize cleanly into the gas
phaze without intermediate complications such as pyrolysis

reactions.

For each experiment the gas temperature profile is measured as

the

fire ©propagates along the duct. Figure 3.2 shows

temperature distributions measured at three different times for
the same filre (run 5). The model was £fitted to the first
temp srature profile when the fire is stationary at the start of

the test section. The same fit is dsliberately placed oun the

temperature distribution data of the fire when it has prograssed
roughly 1 and 2 metres along the duct,

FIGURE 3.2.

880
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Gas temperature profiles from run 5 showing the stationary fire

soon after ignition (*) and the moving fire 750 seconds (EI) and 1200 seconds

(x) after ignition. Proposed model Fitg {

)} are also showm.
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In orde™ to sionitor the motion of the flze along the duct it wes
assumed that the Fire-front position can be determined as being
the position of the mmximmm*gas temperature. To estimate  the
position of this meximmm, parabolic interpolation was used on
each of the measured gas temperature proflles. Figure 3@3 shows
fire-front position versus t_‘.inie data. for three different fires
(including one replicate).

F.004

0.75

0.00

T ; T T i T 1
1] 300 60D 900 1200 1500 1800 2100
t (s}

FIGURE 3.3. Five-front history along the duct for rum 4 (xX), run 5 (%) and run

8 (A). BRun 8 was repeated (o) to test for the quality of reproduction of the
experiment. Proposed model fits (

) are also showm.

It is also helpful to see how this temperature profile changes
as time progresses. Because the gas temperature is changing
with time and distance the whole process wmay be viewed
graphically in three dimensions. A three dimensional display of
run 5 is shown in figure 3.4(a)., The result is a clear piecture
of the time evolving gas temperature profile inside the duct.
Figure 3.4(b) 1s the same surface "landscapa" shown f£rom aheve
in the form of & contour plot. Although these graphic
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represantations are not: necessarily useful in quant;l.t:at:we
analyses they provide a means of viewing the ant:.ra fire
propagation proaess at & glanca. ' S '
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o e v

FIGURE" 3.4¢a). Graphic display of esperimental data acquired
from rum 5. The surface shows the gas temperature profile
evolving with time.
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FIGURE 3.4(b). Contour plot of the time evolving temperature
profile inside the duct for rum 5. .
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Fitting the gas-phase model to gas temperature data provides
values of all unknown model parameters except for hy,  This is
pecause the temperatiire 'di_s.trib_ution is hardly influenced by
sigrificant changes in he. However, the firs propagation speed
V(t) is 'a =trong fumetion of the gas: stream-to-fuel heat
transfer coefficient hf So. it is this free pdrameter that is
used to Ffit the condensed- hase equations to fire-front history
data. . Figure 3.3 shows ths vresultiug mode]l €it to three
fire~front histories and table 3.l reports all model paramsters -
used in ‘the model fitting procedure together with the Fuel
loading and alr flowrates used, & Llisting of experiments
performed with reference to data files stored {in the thesis) on
disc appear in appendix B,

Run m v T g U T.T‘12 hf - b

Number, _ x;oz_ _ s x:0.2 *
Fusl kg/mz m/s kg/mzs ) W/mzl{ W/mZK l\‘/mzl{ m/s W/mzK
1Iso 2.0 150 9.30x10°> 0.947 50 35 2.8  0.972 3.9
2 Iso 2.0  31.0 7.27x107> ©0.892 S5 15 2.3 0.239 2.3
3 Iso 2,66 91.1 10.3x107> 1.69 31 31 3.4  0.676 3.3
4 Iso 3.66 65.3 12.0x10°> 1.63 38 25 4.0  0.409 . 3.0
5 Ise 3.66 31.. 11.0x10"> 1.2 50 17 3.6  0.193 2.3
6 Iso 3.66 111 15.9x10°> 2.20 26 40 5.0  0.806 3.3
7 Butol 3.34 64.4 8.44x10°> 1.42 30 "2 6.0  0.358 3.0
8 Butol 2.6 28.3 7.31x107> 0.962 51 15 3.5  0.134 2.2
9 Eg  3.34 27.% 6.95x10°° 0.937 50 15 4.8  0.093 2.3
10 Iso 3.66 3L.4 12.0x10-2 1.59 42 18 3.0  0.1% 2.3

[
|_-I

Butel 2.66 27.7 6.29x19°° 0.777 55 15 4.0 0.126 2.3

*Rapeat uns.
TABLE 3.1. Model parameter listing for all experiments. Also shown is h; the

duct inside £ilm heat transfer coefficlent as estimated from corralations Ffor
gir flowing in conduits. '

The reported values represent the "best™ fits. They were merely
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determined by wvisual comparison of the model curve and
experimental data of gas temperature wversus yx oxr Eire-front
versus t. Exach mathods used will be descrlbed later. It is ve:-:y
convenient that the parameters can be fitted individually
because every free parameter affects a unique featurs of the
curves "f(x) and x°(t). Table 3.1 also raports values of the
duct iInside heat transfer coefficilent, h;, estimated Z£rom
literatura correlations (Coulson aml Richardson, 1986). The
difference between hy and hy is that hy 1s estimated from the
model £it, whereas h; 1is calculated from heat transfer
correlations foxr hot alr flowing through conduits.

Fuel burning rate

The fuel burning rate determines the time ty,, the fire will
take before it "jumps™ from its initial pesition (the length of
the horizontal part of tha curves in Flg. 3.3). To calculate
the initial fuel loading m° is divided by the measured t.me
tras-
Reaction stoichiometry

For the resction stoichiometry there are a large number of
possible combustion reactions, The stoichiometric coefficient g
is therefore also calculated from data. Based on the fuel-rich
firxe assumption and usipe ue measured combustion zone length

Xpy+ B may be evaluated as
B = (chxlbz)/(mayox)'

The wvalue of J& cannot be predatermined since the exact
combination of cowbustion reactions occurring in fuel-rich fires
is unknown. Oxygen is limited in fuel-rich fires and a wvariety
of reactionm mechanisms may contribute to incomplete combustion
of Ffusl molecules, The expected combustion products are
therefore €0, G, large sooty hydrocarbon molscules and H,0. In
some cases Hy has also been obaerved as a combustion product
(Kennedy and Roberts, 964). A consequence of not knowing the
exdct chemical reactions in the combustion precess is that the
value of the heat of combustion will also remain unknowm. For
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the. purpnse of estimating an apprommate valus of ‘the heat of
reastion AH.L complete combustion is assumed, That 1s whan COg
and Hzo are the only products. '

1£ compl&te' combustion occurs the 'foll:owi_tig B values are

expected:
Gl + 220, —» 8 G0, + 9 H,0 B = 0,286
gts ¥ 7 9% 2 2 :
G,H, 10 + § 0, —— 4 G0, + 5 H0 g = 0,385
5. | _
czntoqu- 70, ——— 200, +3H0 0776

Incomplete combustion may result in very different g values
depending on the reactions. For example consider the following
possible reactions resulting iIn Incomplete combustion of
2,2,4-Trimethylpentane (isococtsane):

17

GgHlyg + 5~ 0, — 8 GO + 9 H,0 p = 0.420
9

CgHlyg + 5 0, — B C + 9 HO g =0.793

n . . Sn 1 5n
3 GBHJ.S + [Tg - 2] 02 — H( n+2) [ 1] H20

For any large m, B = 1.427

If the hydrocarbons that are formed .rom incomplete combustion
have an even higher H to ¢ ratio than shown above, the value of
B can be largev than 1,427, The same analysis can be appliad to
other fuels.

Duct beat traasfer coefficients Uy aud Ugp

Uy is estimated by adjusting its value until the combustion
zone model produces a maximum gas temperature close to that of
the data points on a T(x) plot. Uy, 1is adjusted until the
excess Fuel zone model produces a gas temperature decay that
matches the data. The heat tramnsfer coefficient for the
combustion 2zone2, Uy, is evaluated first because it 1is
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.independant of the axeess fuel and ptehea.ting zone heat transfer'
coeffi.nient Hdz : . S

Gumparisnn of thaae heat t:ransfer coefficients is posai’nle w:l.th'
corralat:ona from coulsan and. Richardson {1988). &ssuming a thin
duct wall the duct ovarall heat. transfer cuafﬂcient 18 written
ang : :

1 [1 .1} .
= oo s 4=,
_I_Iovarall h:l h‘r;. _

where hg is the filir heat transfer coefficient inside the duet;
“and. 1‘1c is the outside f1lm hsat transfer coefficient due to
outside natural convection.

Goulson and R:l.clmrdson (1986} is used to estimate bh;, and
Burrnws at al (1984) is used to estimate h, as

By = L [Ty - ' 1]1/3

Gas-to-fuel surface licat transfer coefficient hg

According to the sensitivity analysis in section 2.4.1 hgp hes &
very weak influence on the gas temperature profile. Figure 2.11
shows hy to have a strong effect on the fire propagation
history and speed., Thiz is purely because of its direct
influence on the rate at which fuel is volatilized ahead of the
fire. Therefoxe the valua of hy is best determined by varying
until the fire propagation rate v, predicted by the model,
matches the final slope suggested by fire-front versus time
data,

Stationary gas temperature profiles for two fires are shown in
figure 3.5, together with resulte fromw the gas-phane
temperature model, Also shown are results from the combustion
zone gas-phase tewperature model where thermal radiation is
included as a meins of heat loss from the duct walls. That is,
the selution t¢o equation (2.26) is shown. Im this case hy and



: '.-hr_, tha duct msz.de aml ouLsida heat transfer coefficients y are.' e
‘caleulated From correlations (Burrow:g et al, 1984;, Cou‘lson and

_ R:Lehardsom _ 1985) ‘and used to- estitnate Uy ?‘he 0veral.1 duct*'f
'~ heat t:ransfer coafficient. . The d.uct waJ.ZI. emiSS:Lvity ¢ is then S
used as the ‘only model Fitting . frea parameter, Table 3.2 shows -

o these rasults‘ It 18 worth mant:ton:!.ng that the combustion zone- "
modal, . equation (2 26) for gas temperature was_ found to be. vtry'
ensit:ive to _ colnpared to the much vreake:: affect of U,

. Bulssivities fcr various types of steel sturfaces can range from

--;-.Q 3 £or milrl stael to. 0 & fou’ oxidi:»:ed steel (Pem, 1934)

1000~
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* Cm)
FIGURE 3.5. Comparison of gaé tenpersturs profiles from run 1 ([]) and run 5

(*) with proposed model (—). Combustion zone model solved with the
radiation term is alsoc shown (-~--). '
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Run Number L 2 3 4 5 . & T - 8 9

U @/a’y 2.6 18 2.3 21 1.8 24 21 1.7 1.7
e . .0.42 0.60 0.30 0.42 0.60 0.60 0.60 0,60 0.60
X, (® 112 0.27 1.09 0,64 0.25 1.10 0,80 0.26 0.28

TABLE 3,2, Combustion gone ﬁaraméters wvhexe thermal radiation is included as
an important pathwsy for heat losses.

Ramaining model parameters are known a priori and dre reparted
in tables 3.3(a) and 3,3(b) below. o

P, = 0.84stn Gy = 0.085n C = 1400J/kgk X~ 1.556x10 3m2

Gy = 0.05m Y = 0,21 T =15 °C to 30 °¢
] ox _ o U _

TABLE 3,3(a), Parameters known for each rum.

A

AH
r A
FUEL 1 T
MOLECULAR [J/kg 02] Hvap za
FORMULA, Completa [I/kg) { c
Combustion

CgH, 4 -12.76x10%  27.2x10%  99.2

. ] 4
u43100 -13.07x10 58.3x10
6 4

~14.07x10 84.7x10

117.7

¢ 197.2

92H60

TABLE 3,3(b). Fuel parameters.
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3.4 Diseussion

In the light of the present theory the self-similar form of the
gas temperature profiles displayed by data in figurs 3.2 provide
conclusive evidence for a steady state gas phase process.
Figures 2.4(a), 3.4(b) and 3.2 also show that the stationary
fire (first temperature profile) 1s almost identical to the
migra.ting' fire (second and third profiles). The regular
strycture in Ffigure 3.4(b) is a very clear indication of a
steady-stai:a gas-phasé process. Therefora na‘glect{ng to correet
for the air flowing into the contrel wvolume, as a result of
adopting the lagranglan coordinate system, 1s a valid and useful
simplification for modelling such systems. Figure 3.2 also shows
that preheating of the alr entering the bwrning zone 1s minimal
and this justifies the thin wall assumption,

Although the gas-phase equations suggest a sudden change in
temperature gradlent at the end of the combustion zone this
behaviour is only observed in small fires such as run 5 and not
in fires with large air veloecities. Run 1 in figure 3.5, for
instance, shows a rela:ively smooth temperature transition from
the combustion zZone to the excess fuel zone. The discontlinuity
in the model equations comes from the assumption that the fuel
burning rate is independent of position and that burning halts
at  x4. Neglecting radiation also makes a more distinct
discontinuity. Realistically, the gas-phase reactinon rate 1is
likely to slow down significantly as oxygen concentrations
become smaller at regions near the end of the combustion zonas,
In this regime a constant vy assumption is likely to break down
as reaction kinetics may control the rate of burning. The
result is & more gradual temperature transition from the
combugtion to the excess fuel zone. D1 Blasl et al (1989) show
this concentration effect near the flame tip of a wind aided
fire. In spite of this asswmption the model £its the
experimental data very well.

Duct heat transfer coefficlents used in medel fitting suggest
that thermal radiation is a 1llkely mechanism for heat losses
from the duct walls. Uy and Uyy are clearly teo large when
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compared to literature values U,. Excepting “run 6, Yaz As
smaller than Uy probably because of the lower gas temperatures,
and hetice less radiation, in the excess fuel and preheating
zopes. When the model includes theyxmal . radiastion duct surface
emlssivities correspond reasonably with litersture values, One
can in principle readily includé radiation in the model but with
an increased complexity in solving the aquationsg, '

U, in table 3.2 is purély for convective heat transfer and does
not include radi tivé effects, If comparison of Uy and Udé' 1s
to be pade with predicted values then radlative heat transfet
effects nust be added to U, and only then compared, For
example run 2 has its average gas temperature closs to about
400°C, but the outer surface tempervature of the duct would be
gomewhat cooler. If the surface temperature is about 300°C and
e=0.6 then one should add about 12.4 W/mzl( to U, in order to
acecount for radiation, This is estimated only for the decaying
portion of T(x) £for run 2. This radiation term Is caleulated
from an expansion of the Stefan-Boltzmann equation in the form
of the convection-type eguation. See equation (E.3) appendix E.
It iy only approximate because it is based on the average
surface temperature, The model estimated value of Ugzp=15 W/mzK
is close to the predicted estimate of asbout 14.2 W/mzK
(=U,+12.4 W/mK) which is quite reassuring.

It should be mentioned at thig stage that the exact reactions
occurring are unknown. Comparison of model estimates of S with
those daterminaed from complete combustion indfcates that actual
reaction stoichiometry i1s unknown. It was demonstrated in
section 3,3 that there is a large range or combination of
possible reactions that may contribute to these B wvalues,
Consequently, bﬁr is only a rough estimate of its true value,
This will certainly affect estimates of Uy and ¢, causing
inaccurate estimates that do not display trends with V,. Also,
rung 1 and 6 were performed with air wveloecities mnear to
extinction (blow-out) cenditions and in the case of run 6 the
fire actually died out before reaching the end of the test
section. It is probable that this rsflected poor estimates of v
and § and would strongly influence fits of Uy since the model
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1s not formulated to- 'accou_nt for blow'--out- effects or "cbhditidns'i-

Transient grthh of Fires from igniti:an to a state of maximum
gize is a problam that has received no attention in davaloping '
the mathematical wodel,  Most experiments showed that such
growth rates are vapld in comparison to fire propagation: along
the  duct, - Transient growth behaviour becomes important when
larger air flowrates are usad and the fire is allowed to expand
over a long burning zone, The growth rate 1s slowed down even
further 1f low volatility fuels are uged., Under such conditions
fire growth is slow enough to be obssrved in fire-front history
dsta, The initial part of run 4 in figure 3.3 shows this
transient growth phenomencn. This effect 15 not reflected ia
runs 5 and 8 probably because the burning zonmes are small and
the igm‘.tion source 1s sufficiently large to cover this distance
rapidly.

All results in figure 3.3 show the fires growing from ignition
to a maximum size and thereafter remaining in their orxiginal
locatjon inside the duct, As gsoon as the fuel In this region is
consumad the fire "jumps" displacing approximately omne
combustion zone length along the duct. Then the jumping
attenuates rapidly te a relatively constant speed. All of these
fire propagation characteristics are in complete agreement with
the model. What is most reagsuring 1z the value of hy that
would generate this model prediction. Although fitted hg
values do not follow a general trend with respect to V, they
are very close to literature correlations of internal film heat
transfer coafficients for nonreactive flows in conduits. The
use of liquid fuels results in large vaporization rates shead of
the fire consequently rapidly shaping the fuel profile to such
an extent that (3m/Jy) |x=-0 reaches its steady state value soon
after the first "jump®. Clearly then, if fuels are chosen to be
less volatile, perhaps solid fuels, the model would suggest
unsteady fire propagation for longer periods of time., This
merits Ffurther experimentation and will be examined in later
sections.
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The effect of alr flowrate on combustlon zone length is seen in
table 3.2. A graph representing this relationship iz seen .in
figure 3.6, There seeis to be a linear direct dependence between
air flowrate .and combustion 2one length as expected f£rom
fuel-rich fires. Toward higher air velocities though, ¢lose to
blow-out conditions prevail and vy may change, leading to the
observed deviation from linear dependence as shown in figure

3.6,
L20
- G890
£
j
M
2
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0.30 [
5.00 | 1 ] | - H 1 1
0.0 30.0 60.0 90.0 120 150 180 210
Vo {cm/s)

FIGURE 3.6, Alr flow effect on combustion zone length for iscnetane
fuelled fires in non-stratified flow.

This analysis is devoted to fitring modul equations to
experimental data and thereafter examining the resulting
parameter estimates with respect to their physical significance,
For t.e most there is good agreement between model estimates of
free parameters and literature values. The sensitivity of model
predictiong to the various free parameters is alse critical in
determining whether rellable a priori predictions are poasibla.
Such predictions would also require good estimates of the
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combustion remetion stoichiometry and burning rates. A simple
but crude sensitivity analysis has been performed by sattipg all
free parameters to typical values as estimated from such
exparinents  (see section 2.4.1), Thereafter one may vary each
parameter individually to obtain an indication of its effect on
the gas temperature profile and £ire-front hiscory, Secticm
2.4.1 presents such a study and is adequate if predictions are
required at similar conditions. The ‘foellowing chapter will
present an exparimental study of duct fires supported by seclid
fuels. Parameters will be estimated in the same manner presented
here and the fuel mess profile m(x) of Polymethylmethaurylate
(i’HI-i&), ‘measured at steady state, will be predicted without any
further adjustments to the fitted model parameters, This
analysis will reveal useful information about the predictive
capabilities of the proposed model and help to im:erprét some of
its assumpticne,

3.5 Conclusion

A one dimepsional theory with a pseudo-steady-state gas
temperature profile for the propagation of fires in fuel-lined
ducts has been derived. A set of experimental results on thres
fuels in a small duct have been obtained,

The model accurately describes the centre-line (average) gas
temperature profiles inside the duct as well as fire propagation
histories, This analysls has revealed that for the scale and
clags of filres studied convective heat transfer from the . gas
stream to the condensed fuel governs to a great degree the fire
propagation history and average propagation speed. For the case
of thin duet walls heat losses from the system to the
surroundings is significantly dominated by radiative heat
transfer especially from the flaming region of the duct:. One
wight therefore speculate that radiative heat transfer from the
fire-front to condensed fuel could become significantly
important in larger scale fires where the fuel surface-to-fire
front view factor 1is dramatically enhanced. Use of the present
model for deterministic predictions of duct Fire dynamies
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requires further knowladge of fuel burning rates and reaction

stoichiometry. -

A Hundsmental comcept arising in theory is illustrated .By via_:tiia
of ezperiment, nameiy ‘the important distinetion between fire
propagation rate # and . fire propagation speed V(t) defined
herein, Emerging from this study 1s the result that the
condensed fuel profile m(x,t) is the key to understanding how a
fire traverses through the confines of & duct, The familiar
assumption of constant fire propagation speed in typical duct
fire scenariec can break down and the possibilit of a periodic
fire propagation motion is shown to exist. One may conclude
from the observed "jump™ phenomenon that the assumption of
constant - burning rate with respect to distance inside the

combustion zone is realistie for the major part of this region,

Theoretical considerations and mechanisms which have been
identified in this study suggest that if fuel wvolatility is
increased steady-state is achieved sooner Ian the propagation
history. The same effect is expected if heat trensfer from fire

to fuel is enhanced.

It is clear from a simplified Froude number analysis and the
experimental and model .omparison that although the reactive
flow stream is not well mixed it is plausible, in this case, to
work with the approximation of an average gas temperature. This
approximation elearly simplifies the mathematical analysis from
solving thrae-dimensicvnal equatlons describing the gas phase
processes to the much simpl- ne dimensional model presented
here. It is 1ikel; that . 3 case of large scale mnine
tummels, with moderate ventilakloa currents, the one dimensional
approach may provide an adequate deseription of the process
because of the larger Reynolds nwnbers. If more detail is
required to describe duect fires with laminar flow conditions
then clearly = more rigorous analysis with the inclusion of
mixing would be necessary. The case where the flow is poorly
mixed and severe stratification oceurs will be considered in

detail in chapter 5.
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One can 11:1 conclusion say that tha fundamEntal aasumptians off
the modsl (fual-r-rich f:[rga steadydstabe gas profiles, heat

transfer doﬁinated proc 2ss8) seem to hold- up wall in pract:.ca o

'J.’his leads to a reasonably gimple model with good powers. of
pradiction._ Hany of the parameters used In th.ts model can be
'estimated from exlsting currelatz.ans. N e e

” At" thi's éi:agé' it may"also be of"'interest" to n'o.te ‘that ‘much of
the work prasentad i.n cnaptera 2 and 3 has also bean pu'bl:.sheé
(Gomitls et al, 19945 ‘as part T o:E a series of three pa.pars
‘I‘his should provide 'a ‘moyé concise presentatian of the main
featu*'as explared up- to this gtage in the thesis, A copy of thls".
publicatlon is provided in appendiz F. Parts II. and III {Comitis
T ek al, 19941)' CGomitis et al, 19%¢; of this series of ‘papers
have been de_rived from work _ex'plored in chapters 4 and 5 of this
' thésis-'arid shall be submitted to the same journsl, -
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4 SOLID FUELLED FIRES

The topic of this chapter is to extend the analyses of chapters
2 and 3 to a case of fires in a veantilated duct lined with solid
instead of liquid fuels, Most confined firas in self sustained
or foreed convective flows are supported by solid fuels such as
plastias, fogeil fuels or flammable liquids frequently sosked in
porous medfa (e.g., carpet, wood). The proposed wodel has
alrsady been analyzed with experiments using liquld fuels soaked
in a porous solid inert. The use of solid aaterial as fuel
lining provides a system where an independent measzura of the
fuel loading distribution m{(x) is alse practically possible. An
experimental study of this wvariable aids to corroborate the
phenomenology proposed in the model to a greater extent, m{x,t}
is identified in the formlation as heing directly related to
transient fire propagation along the duct.

Inherent in most models (Roberts and Clough, 1967; Hunter and
Favin, 1981; de Ris, 1970), including the preseunt, 1is the
assumption of a radially well mixed flow stream moving in the
direction of fire propagation. A direct conssqurnce is the
asgunption of maximised heat feedback to the sollid fuel sgource
resulting in rapid fire propagation. A condition of maximized
heat feedback has already been studied with ligquid fuels in
chapter 3 and will now receive attention in a =solid fuel
analysis. This study may provide useful clues as to whether the
digscovered jump phenomenon is repeated if fuel vwvolatility is
decreased by using solid Fuels.

In chapter 2 it was shown that fire motion at any moment in time
is governed by the fuel distribution inside the combustion zone
at that moment. Studies in chapter 3 wverify the wuseful
agsumpt.on that each model zone is constant in size as the fire
propagates along the duct (pseudo-steady-state gas phade
assumption). As the combustion zcne progresses aloug the duct it
encounters a fuel profil. alrxeady shaped by the excess fuel
zone. This fuel profile is consumed uniformly in tl.e combustion
zgone (constant 4} and the fire moves in a manner desciibed by
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equation (2.22), In turn, this motion determines the way in
which the excess fuel zone will shape the fuel lining shead of
the combustion zone, This provides a newly shaped fuel profile
to ba encountered by the combustion zone at a later stage.
Clearly this ies a mrmifestation of the familiar feedback cycle
through which fires propagate., This same feedback mechanism
therefore also has a profound influence om the fusl profile
history and consequently fire motion along the duct.

It 1s worth noting that fire propagatien in this context implies
the forward migration of a fully developnd fire along the duct
and not fire gpread or growth from av ipnition source to a fully
developed state, Although both these processes result in forward
motion of the fire-front they are essentially different
dynanics. It will also be shown in this section that fire
spread is a more prominent feature when solid or less volatile
fuels are in question., A brief analysis of fire spread will ba
conducted in this chapter because of its importance on the fire
process. Specifically to assess the concept of wvaporization
temperature as a Cire spread contrelling wechanism, Of course
flame spread over fuel surfaces has received much experimental
and theoretical attention by various researchers
(Fernandez~-Pello, 1979; Pernandez-Pello and Mao, 1981; Loh and
Farnandez-Pello, 1984; Apte et al, 1991; Di Blasl et =i, 1989;
Ishida, 1986; Ishida, 1988; Ishida, 1992).

4.]. Bxperimental

Solid strips and shavings of polymethylmethacrylate (PMMA) wera
used as solid fuel lining. PMMA is widely used in experimental
studies of fire phenomena and is therefore a famlliar substance
with known burning properties. Such properties are often quoted
In the litexrature. It ls therefore desirable to work with PMMA
from a modelling point of view. A trial run was also conducted
using charcoal but this will be discussed later, 4 schematic of
the equipment and fire duct arrangement are shown in figura 3.)
of chapter 3. Experiments were carried out in the same duct as
that used for liquid fuel studies. The only difference ig the
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sbsence of the asbestos wick from the 3 meter long fuel tray. - .

Fuel strips were cut from sheets of clear PMMA, each strip being
20 ecm long and laid down end to end in the Ffuel tray floor
forming a continuous constant (flat) fuel mass distribution with
respect to distance., Each strip is 1 em thick and I or 1.3 cm
wide, depeunding on the specific run performed. Iu the case of
experiments with PMMA shavings the shavings were collacted from
machined sheets of clear PMMA. Fifteen portions of equal mass of
shavings were then weighed. Each equal portion was distributed
evenly over a 20 cm segment that constitutes the fuel tray
length.

To examine the model it is necessary to conduct experiuments in
such a way that initial conditiong are well known. Since the
model is deterministic in nature and attempts to deseribe the
system variables with respect to time, setting the desired
initial condition iz absolutely sssential. This work will focus
on a typical cuse where iInitially fuel is eveniy distributed
with a constant loading with respect to duct length. The model
does not address the phenomenon of fire growth and assumes the
fire to grow to its fully developed size almost immediately
after ignition. 1In chapter 3 this was shown to be a good
asgumption for liquid fuels szoaked in a porous solid. However,
for solid fuels transient growth is more significant (see figure
4.1) and will therefore affect the initial Ffuel distribution in
a way not accounted for by the model. For this reason it is
necesgary to avolid the pgrowth pattern by igniting the £fuel
lining over a length equivalent to the combustion zone length.
That is, instead of employing a point ignition source at x=0 and
allowing the fire to grow as in the case of studies in chapter
3.

The fully developed combustion zome length was estimated froam
trial experiments on PMMA where the fire was zllowed to grow to
its fully developed size. This i3 achleved when the combustion
zone reaches its maximum length, contreolled by the rate of airx
supplied to the duct. An oxy-acetylene torch was used as the
ignition source. As soon as the alir supply to the duct is rat
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and a desired lemgth of fuel lining 1s set alight, the fusl tray
is inserted into the duct and the data logging arrangement
initiated to record gas stream temperatures, This technique was
adopted for both PMMA strip and shaving experiments,

In the case of PMMA stripae it was possible to measure the solid
fuel profile, This was dome by cutting tha air supply at any
moment when the flre was propagating at a steady rate
(steady-state}. By doing this it Is possible to examine the
steady state fuel distribution in the light of the proposed
theory. The fuel lining resulting from steady fire propagation
is removed and cut into small segments of about 2 to 3 em. Each
segment is weighed and measured seo that an independent measure
of m(x) i1s ecalculated at the end of each experiment. This
represents the measured steady state fuel profile for each fira.

A trial run was also conducted with smal) charcoal particles
{~0.5 em diameter) uniformly distributed along the fuel tray,
Start-up procedure was similar to that of PMMA studies.

4,2 Results
%4.2.1 Polymethylmethacrylate (PMMA)

Measurements of three system wvarilables were acquired from sach
experiment, namely the gas stream tewperature profile T{x,t),
fire propagation history x,(f), and the steady-state solid fuel
profile m(x,t). Most model parameters are known a priori to the
analysis. The latent heat of pyrolysis for PMMA is taken to be
903.7 kI/kg. This is taken From Kamiry (1974) where the sensible
heat raising the fuel from ambient to pyrolysis temperature has
been subtracted. The vaporization temperature and heat of
combustion for FMMA iz taken from Fernandez-Pello (1979) to be
363 °C and -13.57x106 J/kg of 0O, respectively. Other
parameters zre known from tha duct geometxry or estimated by
fitting the model equation to experimental data. Simplified
techniquas for eastimating each fres parameter have heen
discussed in chapter 3. Parameters estimated from the model-fit
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are the fuel burning rata 2 ' raactian mass stoichwmatrié
coafficiant B, duct wal]. hieat: tranafar coaff;.uients Ug and Ud2' '
_duct wall gurface emissi‘vity £, and gas stream-to fuel" surfaca_:

- film heat transfer coefficient hf. The value of Bg detemines .
~ the rate of fual vapuri.zatian in- the excess | fuel : zone and_
: _therefoxa has a divect: influenca on the average f:txe propggation

' spead and propagation histary; -

Fire growth frcbin d point: 'igﬁition 'sfour'ca' te & :Eully dawluped
fire ovar aurfacas soaked 111 flammable liquids was found to be
rapid and nut significant in comparison ta . the remainmg Firs
9r¢pagation process (chapter 3) In the case of ?mm rranai.ant :
fixe growth shown in figures. 4.1 and 4. 2 is. qu ta s:.gnif:icant:'_' :
and wnuld elearly affect the’ 1nitial fusl profila. %man,g others -
Loh and Fernandez-Pello (1984) have studded Fire grawth ot
spread over Pmm.__surf_acjas in wind-aided enviromments, Fi e
4,2 shows the f:l._ré#front history xg(t) of the same PMMA
Supportéd fire of figure 4.1. Figure 4.2 is a plot of the
maximum temperature position X Vversus time ©. Maxiwm
 temperature positions  are determined - from - parsbolic
'int'arpolation of temperat:ure data’ and are assumed equ&l to the
fire-Efront pasition. The plot (Figure 4. 2) is used to detazmine
the initisl fire growth or spread rate. Initially xe(t) 1is
horizont:al during the ignition period when an external! heat
source {natural gas burner) iz used. After sufficient. heating
the external heat source is removed and the Flre spreads over
the PMMA surface (sloped section of xg(t) data). An arml}fsis- '
referring to fire growth over PMMA will appear later in the
discussion section. : :

As discussed In the experimental section fire growth iIs avclded
in the main tests by intenticnally setting the entixs combustion
zone alight at the start of each run. This study will focus mors
attention on propagation than spread or growth. |
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FIGURE 4.1. Fire growth from point igﬁition source to fully devsloped size

over a PMMA sheet 6 mm thick, 30 mm wide, lying :Elat on f.ual tray floor. Gag
temperature profilea shown at 2 minute intervals.
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Steady state gas temperature profiles for two fﬁlly develdped

PMMA fires are shown in Figure 4.3, The model-fit is shown in
each case. Also shown are estimated gas temperature profiles in
the combustion zopne 1f thermal radiation is incorporated into
the model equation as a mode of heat loss, That is, when, 5#0 in
equatlon (2 25).
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FIGURE 4.3. | Ga's stream tewmperature profiles fox two typical Eully --dexialop_ed
duct fires supported by EMMA (run 3 (x) and 5 ((])). Proposed model Fit is also
shown in each case with radiative (---~Y or without ( Y radiative model,

The profiles shown in Figure 4.3 arxe for stationary fires at the
start of the duct section when the motion of the combustion zone
has not yet begun. By esatimating the position of the maximum
temperature for each measured temperature profile it is possible
to follow the fire from position in the duct as a function of
time, The maximum Ffor each profﬂe 1s again estimated using
parabolic interpolation and taken to represent the end of the
combustion zone., Fire propagaticn history data are shown in
figure 4.4 for three typical PMMA firea. Figure 4.5 shows a
contour diagram of the time evolving gas temperatures profile for
run 2 and may be compared to figure 3.4(b) in chapter 3. T-is
comparison is discussed latex.
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The system variables  and astimated parameters for all '_

expariments are. ‘shown in ta‘ble 4.1, In the case of fitt’ing the:' |
combustion zone aquatian with e»0 the. ovarall duet wall hea31 5'
transfer cuefficient U, is estima.tﬂd from ty'p::.cal li'l:eratu:r:e-"_'_
corralations (Burruw at al 1982} d the _valpa_'qf__ 13 '

'evalua.tad :Ercsm the fit.

h

gm % Ve Y B Wy o Uy ke o By

e v’ s wmd T ek wplk  plk el

1 Strips = 4.52 3.3 6.50x10"0 0.5 s0 17 . 9.5 1.8
2 Cerips 4,78 . 29.8  6.60x167°  0.53 60 17 9.0 1.4 .
4 strips  3.86  29.3 7.56x107° ©0.63 60 18 9.5  Ll.4

4 Strips 3,82 29.1 6.97x10°° 0.60 59 . 1§ 9.5 1.4

5 Flakes 1.74 36,3 3.03x10"> 0.67. 31 12 5.3 1.7

6 Flakes 1.74 32.3  4.11x107° 0.5 50 17 7.0 - 1.5

7 Flakes 1.74 32.0 4.11x10"> 0.58 52 17 8.3 1.5
TABLE 4.1. Duct fire conditions and estimated model parameters for all

experiments. Also shown is h; the duet inside film heat transfer coefficient

as estimated from correlations for alr flowing in conduits,

Table 4.2 shows wvalues of e used to fit the combustion =zone
model for the case when radiative heat loss is incorporatad.
"lso shown are szome general Fire charactaristicé, naniely the
length of each =zome Xx; and X, =~ Xy, steady-state Ffire
propagation speed V,., and percentage of heat generated by
combustion that is fed back to the solid fuel up te the end of
the combustion (@) and excess fuel (ap) zomnes according' to
equation {2.2), These fire characteristics are determined using
the model-fit,
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T R S <==z ==1> Ve M
Numbet = - o 2 - s L
e e w w W

1 erips . 1.6 . 0.65 . 0.45 . 0.70 1.00. 3.9 el
2strips 1.2 0.70 - 0,28 0.47 . 0.59 3.5 5.4
3 strips 1.2 0.76  0.32 040 0,83 4.2 55
‘4 strips” 1.2 0.76 _0.33  0.40  0.80 4.0 - 5.3
5"?151%# W 6,33 '_r.\_.'s"s 6,72 1.66 4,5 6.3
6 Flakes . 1.3 . 0.65 0,35  0.47 ° 1.2l 3.6 5.4
7 Flakes 1.3 070 0,38  0.42 1.27 - 3.9 - 55

TABLE e 2. . Duct Wall emissiv:l.tiea est:.mated :Erom ‘model fit Sq_n_zé 'f:I_,'ra'
characteristica determinad f:l:'om the modal are also shownt ' EER

411 modsl parﬁ;ixsters are known after fitting the model to gas
o stream temperature date and f£ire 'pl:op.a.gat.:l'on histories. It is
- oW possibla to solve the fuel loading profile m(x,t): using the
model equations on. the basi.s of the estimated model parameters.
Figure 4.6 shows predicted fuel profiles for approximataly
steady state conditiong together with measured 'pi:ofiléé from -
four PMMA strip experiments. These are the profiles, measured
and predicted, at a time when the fire is .pr'upaga;ting' at
relatively conatant .peed. Constant fire propagation speeds are
identified as straight lines from plots such as those in figuxa
L - -
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FIGURE 4.6, Measured fuel mass distributions for rua 1 ([]), 2 (*¥), 3 (o), and 4
(+) after sufficient time has evolved to allow relatively constant £ire

propagation speeds. Model prediction { ) iz compared in each case,

A murmber of trial experiments were performed in order to
estgblish combustion zone lengths for all of the truns. As
described earlier this information was used when setting. the
desired initial condition for each run, Trial experiments with
flakes together with run 5, & and 7 have also been used to
examine the effect of alr mass flow and fuel loadine on ths
final steady fire propagation speed v . (figure 4.7). In this
case V., 1s estimated from linear least squares fits on the
straight line section of plots such as those in figure 4.4, Aix
flowrate and mass fual loading wvary from one data peint to
anothex in figure 4.7, For a ligt of data files from experimenta
in this chapter see appendix B which also containg stored files
on a dise.
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FIGURE 4.7. Effect of air mass flowrate supplied to the duct and solid Ffuel
mass loading on steady five propagation speed,

4,2.2 Char-Coal

A trial run showed that char-enal burnt over approximately 1.8
meters of lining for a significant period and then extinguished
without progressing foerward. Chayr-coal experiments in the
present appar-tus were wvery difficult to perform primarily
because of ignition problems due to large heat losses that may
have also resulted in tha above observation. On inspection the
coal bed lining the duct was mostly consumed in the combustion
zone but ahead there was no evidence of bhurnt eccal. From
coybustion zone to "excess" fuel zone there was a step in fuel
mass Jeading f£xom almost no coal up to the initial mass loading
which appeared unaffected, This feature was rlearly evident by
observation. Implications of such findings will be discussed
later in vilew of the proposed model,
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4.3 Discussion
4.3.1 Fire prcpagation

Evident in model predictions of fuel profiles of runs 3 and 4
(figure 4.6) are gamall steps occurring at the end of the
combustion zone. This iz because the model solntion has not
guite reached steady state though the difference would be small,
The model prediction of rum 1 ghows a discontimueocus bend inside
the combustion zone. This is because the mechanism for fuel
vapoxrization in the combustion =zona differs Y{unectionally from
that in the axeass fusl zone. As a consequence of thers zone

also ne” = 1 in length the excess fuel zone affectsa a
longer £+ % tta combustion zone eventually burns
over as & .. =es forward. This discontinuity is
inherent i: . “tions but 1s more svident in the
model output of ue steady state the bend is mno
longer prusent. Beo.. sve desceribed features are small

and therefore not expected to appear in measured data. Despite
this, model predictions of fuel distributions inside the duct
for steady propagating fires are very close to measured data.
Since none of the parameters are ever fitted by using the fuel
profile data, close agreement between the model prediction and
measured fuel muis distributions is further evidence to validate
the model. These are therefore good a priori predictions of
gteady state Zuel profiles.

The present study also confirms that ewnerpgy feedback in small
scale duct fires iz domlnatad by convective heat transfer. Such
a conclusion comes from consilstently pgood predictions of steady
state fuel distributions that are ultimately determined by a
convective heat transfer mode: at the fuel surface This
conclusion wes also errived at from liquid fuel studies in
chapter 3. If a constant fire propagation speed is achieved at
steady-. ate then fuel vaporization shead of the Fire must be
position dependent. This is understood €rom explanations
provrided in chapter Z. If fuel loss rate shead of tha fire was
constant with tespect to position the fire would continue
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jumping all the way. Because fuel loss ahead of the fire is
slower than inside the firs the initially flat profile would
merely be transformed into a series of steps and would never
form 2 line of constant slope, That i1, constant fire
propagation speed would never be achieved., In this study and in
the previous chapter convectlve heat trapsfer 1s found to
control fuel loss rates which result in a vosition (h.mperature)
dependence ahead of the fire. Constant fuel loss rstes ghead of
the fire were propuvsed by de Ris (1970) and Roberts and Clough
(1967} but are clearly not justified by present findings.

When the fire reaches its fully-developed size the gas strean
temperature profile Is rapldly achieved and maintained while the
fire migrates along the duct, Equation (2.2) makes this pseudo~
steady-state assumption, shown to be walld for fires supported
by liquid fuels scaked in a porous sollid {(chapter 3). PMMA
reaults reflect similar behaviour excepting when the fire moves
rapidly in a step-like motion indicated in figure 4.4 and figure
4.5, During this rapid motion the net flow of air into the
moving combustion zone 1is significantly reduced thereby
instantaneously adjusting the gas temperature profile, Also, the
solid PMMA temperature profile may take longer to readjust to
such rapid effects and momentarily affect the fuel burning rate
since this is controlled by heating effects. If this motion is
rapid enough the effect on the gas snd solld temperature
structure should not last long enough to Influence the solid
significrntly,

A peseudo~steady-state assumption is therefore also walid for tha
solid fuel rase but te a somewhat lesser extent. Figure 4.5
gshows the time evolving gas temperature profile for run 2 and
ghould be compared to the more regular structure In figure
3.4(b). The liquida fuelled fire hag a steadier tempersture
profile with respect to time, whereas that of PMMA in figure 4.5
is less steady as it moves, This ef.ect is small but evid:nt
and 1s probably dominated by an interplay betwsen propagation
mechanisms described in the model and growth-type dynamics as
the fire shrinks and grows slightly while propagating.
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Madel - gas temparamre' profiles. and f£ire. €£ront his.tqri-as '
correlate with the measured data very well, Estimated model
parameters from fitting procedures vesult ‘in values that
correspond closely to litersture or expected walues. For .
example the estimated duet wall emissivities wuwsing the
combustion zone model range from.0.65 to 0.76 (excepting rum 5),
which corresponds to literature values for mild steel in this
temperature. range. This result explains why the duct overall
heat transfer coefficlents Uy and Uygy arve so much larger when
radiation is execluded from the wmodel formulation. Run 5
represents the highest air flow condition of the PMMA flakes
experiments and is net as consistent with this conclusion and
particular set of results. It 1s Llikely that estimates of # and
ﬂﬁr' are inacourate and do not represent the trus combustion
properties, ultimately resulting in a poor estimate of ¢ and
Uy. Complete combustion would result in a value of § equal to
0.52. Tsble 4.1 shows that rw 5 has f=0.67 and represents the
largest deviation from the complete combustion assumption,
Therefore L\flr, caleulated for complste combustion conditions,
iz Llikely to be more inaccurate in this case than in any of the
othors, resulting in a poor model estimate of s, Most of the
other runs have resulted in B wvalues that are closer to that of
complete combustion, hence the assumed wvslue of Aﬁr {complete
comhbustion) ie closar to the tiyue values pravailing in those
fires, Good estimates of ¢ are thexefore ohtained from these
runs, It may alse be that at higher air flowrates (zun 5) the
constant +y approximation breaks down. Gas streai cuncentration
profiles would begin to control the reaction rate to an extent
that vaporization kinetics need not dominate alona.

1f v is measured independently it may be compared to fitted
values of tsble 4.1, By burning In an open envir.ament a knowm
mass of PMMA strip with known surface area and measuring the
time taken to burn completely a wvalue of 6.84::10'31:5/1323 is
obtained, This is wvery similar to those estimated using the
model (see table 4.1).

Cas stream-to-fuel surface fllm beat transfer coefficients are
almost 5 times larger than the expected values. Because this
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parameter represents the degree of heat feedback to the solid’
fuel its estimate is strengly influenced by the value of the
fuel latent heat of pyrolysis used In the model equations.
Evidently, consistent estimates of the latent heat of pyrolysis
for PMMA seem to be lacking In the literature. This ism evident
from varying estimates quotea by Xamury (1974), Therefore mno
£irm conclusion may be drawn from this result. However, model
estimates of hy compared very well with h; in liquid fuel
studies of chapter 3 where the latent heat was well known.

It ig interssting to note that although these duct fire results
represent the case where heat feedback is maximized, only about
6 percent of the total heat generated goes back into the
vaporization process. Despite the Llow percentage this walue
re; casanty an upper limit tresulting in rapid achievement of a
constant fire propagation speed soon after the first fire "jump"
is obaerved (figure 4.4). Most of the heat generated is lost te
the surroundings or used to heat the flow stream. Clearly, fire
propagation dynamics of this type must be extramely sensitive to
energy feedback slnce it was also shown in chapter 2 that the
exact distribution of heat flux at the fuel surface is critical
in determining the migration history of a fully developed fire.
For the liquid fuelled fires of chapter 3, =4 and ay=7
percent on average Ffor all the fires, which is similar to what
is seen in PMMA fires, The 6 percent of energy feedback is also
in good agreement with results obtalned by Sibulkin and Lee
(1974) who studied energy feedback in flames spreading over PMMA
cylindars,

The exé.ct dependence of each estimated model pavemeter on aix
flowrate is not clearly evident, To observe such trends one
would probably have to explore a wider range of air flowrates.
Also, the model fitting procedure is only approximate. That is,
the sum of the squared errors is not exactly minimised in each
case, In splte of thls, estimated parameters are relatively
consistent in relation to expected values, However, ¥,, does
indeed follow a definite trend with respeat to mass flow of alr
and fuel loading as figure 4.7 illustrates. The observed closs
to linear behaviour 1s also in agreement with the model as
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equation (2.,16) mupgests. This behaviour also comes from the
fuel-rich fire agsumption. More specifically the combustion
zone length is directly proportional to air flowrste and the
excess fuel zone length is also near’y directly proportional to
air rlowrate. Hence Fuel mass loss rates are directly related to
these zone langths and therefore air flowrate. As In the
combustion zone lengths of chapter 3, combustion and excess fuel
zone lengths in this study also Increase with alr flowrate as
table 4.2 suggests. '

4.,3,2 Pive growth

Filre growth has been avaided by setting the appropriate initial
condition as described in the experimental saction, However it
doss form part of the natural £ire phenomenen - and would
otherwise dominate the initial stages of the Fire process.
Aceording to Loh and Pernmandez-Pelle (1984) flre gpread rate Vp
is correlated well with a heat transfer based model, The spread
rate 1s determined by conduction through the gas and solid

phases and the following rel tlonship was developed

2
p G A (T T )
Vp ~BREE Vg, (4.1)
POA(T,~T,)

whers Py Gp, Ag, are the gas density, specific heat ecapacity
and thermal cimductivity respeetively. p, € and X are the nolid
PMMA density, specific heat capacity and thermal conductivity
raespectively. Ty, Ty, Tg and V, are the iInitial
temperaturs, FMMA pyrolysis  temperature, adiabati¢ flame
temperature and average wind spead respsctively. The constant of
proportionality can be caleulated from their data to be
approgimately 0,29, If the flame spread rate of the fire in
figure 4.2 is calculated using relationship (4.1) a wvalue of
1,3210"% ms"l is obtained. Compared to the measured spread rate
of 3.Bx10'4 ms'l. aqual to the slope of the data shown in fipure
4.2, the prediction is siynificantly smaller. Equation (4.1) is
formulated so that gas and solid thermal conductivities control
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the rate of heat transfer and henmce the spread rate. Appavently
the controlling mechanism is not yet known for the. present fire
gpread conditions, : :

According to Williams (1$76) spread rates mey be modelled with a
simple but fundamental energy equation {egqn, 4.2). Also
introduced is the concept that the flame-front progresses
forward to reglons whers the solid fuel temperature reaches its
ipnition temperature. The ignition temperature Tig is usually
equated to the fuel pyrolysis or vaporization temperature Tvap‘

pUpth = § - C (4.2)
Spread rate Vp is therefore expressed in terms of q, the net
heating rate per unit area Into the solid fuel source from the
fire. As described in section 1.2 this ils the heat flow through
the surface of fire inception. In equation (4.2) p is the solid
fuel density, Ah is the difference in enthalpy (per unit mass)
batween the fuel at its ignition temperature and the virgin fuel
at: amblent temperature, That is

Ah = Cp('rig - 1) (4.3}
One may prescibe any heat transfer mechanisi(s) for q and test
its effect on szpread rate predictions with equation (4.2). For
convective heat tramsfer q=hg(Tp-T,) whexe Ty is the
adiabatic flame temperature and T, is awblent temperature. If
radiative heat twxangfer is assumed to control the spread rate a
value that is about half the measursd value is predicted
(1.78x10"% ms~1)., And this is when view factor and emissivity
ara gset at unity Iin the expresaion Q=ae(T§-Tﬁ). Clearly
theve is no other possible enhancement of heat tramnsfer that
wil) account for such a rapid spread rate as that measured in
figure 4.2. One car only suspect that the igaition temperature
responsible for fire-front progress is in this case
gsignificantly lower than T vap More precisely if ‘J’p ig sget at
the measured value Tig iz found to equal 197.2°C compared to
vap=390°"‘. Of course convective/conductive heating would add to
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ig is likely to be somevhere
between 197.2 and 390°C. It is therefore suggested that the
fire-front might spread onte fresh fuel even if its temperature
is not as high as T,,;. Another cbservation from figure 4.2 is
that the xg is. linear with respect to t during the spread or
growth period. From equation (4.2) this implies that
fire-to-fusl surface heat flux is time independent for this
scale of spread.

the total heat transfer and T.

4.3.3 Char-ceal

Char-coal has a very low volatility so that there 1is mno fuel
loss ghead of the fire. When the fuel was consumed in the
combustion zone the fire would have jruped except that chs pest
fire zone is not volatile encugh due to insufficient prehaating
and low volatility, From the cobservations made this fuel hasg a
low enough volatility for repeated jumping but not -rolatile
enough for the fire to self ignita ahead of 1itszelf (propagate)
during the jump period. Hance, the fire dies before it can jump
forward ento fresh fuel. A 2 kW, 3 meter long heating coil was
added in a second attempt to assist propagation but this too was
not adequate. A careful choice of duct/fuel system is zequired
for the anticipated repeated jumping to oceur, Wood was also
tezted In the present duct in an attempt to study its behevieur
but thiz teco was unsuccessful since only charred wood was left
inside the duct after each attempt,

Presently the fire does not jump because of insufficient heat
feedback (prsheating) ahead of the fire. Reducing heat losses by
insulation (which was also attempted) and decreasing the ratio
of exposed surface area to fuel bed thickness should enhance
heat feedback, The present ratio of surface area to bed
thickness is probably too large to sustain propagation of
char-coal or wood fires. Only A mere 6 percent total heat
feedback occurs (see table 4.2), which compares to open fire
studies conducted by Sibulkin and Lee (1%74). Improvements on
this percentage may therefore be possible in larger and more
insulated passages,
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4.4 Qonelusion

A one dimensional model describing fire propagation dynamics in
fuel-lined ducts hes been studied with solid fuels. These
resulcs show that a solid fuel such az FPMMA can suppert fires in
a manner that is essentially no different to liquid fuels soaked
in a porous inert solid., Solid fuels were chesen because of
their lower volatility zelative to liqv s, This was done in an
attempt to study the possibility of different fire dynamics from
that observed with liguid £..7- Repatitive fire-front
*jumping", appearing only once in - : propagation histories of
PMMA rurs, results from the model if high latent heats are used,
or when very low <wvalues of hy prevail., That 1z, low
vaperization or pyrolysis rate shead of the fire. Evidently the
obsexrved duct fire behavior places PMMA In the same general
eategory as volatile ligquids., Despite a mere 6 pexcent feedback

of the heat generated in these f£fi- steady atate is rapidly
achisved and, at most, one “jump' he fire-front history is
observed.

Fira erowth resulting from a point ignition source would indeed
adjust the fuel profile to an extent that even the Ffirst "jump"
{a consequence requiring an initially flat fuel profile in tne
combustion zone) may not be okserved. In this respect solid
fuels can behave differently.

A trial test on char-coal, being less wvolatlle than PMMA, shows
that conditions for repeated fire jumping are possible bhut a new
duct design 1s required to prevent extinction during the jump
perlod.

The steady-state gas-phase assumption alse works with PMMA fires
but tc a lesser extent than liquid fuels, Fire growth dynamics
are likely to Interfere with propagation during rapid motion
such as jumping, as the fire needs to re-establish itself after
it jumps onto fresh ".iel, T i sugumption may therefore require
further assessment for other typleally less volatile solid fuels
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As In the sase of 1iquid :Euals the model ancurataly descr:.beau
- ga& temperiture. profilas and fire-front histories. Gontri.buting =

to the study of ‘the originally proposed model, experiments with = -

PMMA ptovide physical measuremer.:: of - :Eu.al mass &iatrﬂmt*ons_ _
u(x,t) inside the duct. “This var:l.ahle providas an ‘independent:
check on the propose:d fuel . vaporization mechanisms.-_- Closa _
3 agraement 'betwaen predict:sd and maasursd fua]. distributions

a suggest that - t:he ‘proposed mechanism for fuel vaporizal:ion, S
 namely " convective ‘heat - tranafer,_ provides an’ acourate.

| 'desariptian of the. physical proces:s. ; The fuel-rich duct: fire L
'assumption has  also been :Eurther validated by this study. A
lineay dapendance between steady»atata propagation speed (or
rnp.agati.on rate’ ) and air- flow/fuel loading verifi.as the
fual rich fire. assumptian. '

Horizﬁntal -'fiam_e' spread over o PMMA guxface iz controlled by a
surface ignition temperature that is feund to be considerably
lower than previously measured fuel vaporization or pyrolysis
temperatures. It might be a sufficiently high temperature such
that sufficlent fuel vapors will issue from the solid surface to
sustain burning. Also for the present scale of fire,
fire-to-fuel surface heat £lux is time 1ndependant &uri.ng the
growth perioed, '
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5 FIRE-INDUCED STRATIFICATION EFFECTS

Fire induced stratification iIn passages implies layering _b'r
sapara_t:ion of a hot gas stream from & cooler. stream that
bypa_s'seé the fire and _eventually runs aiong the tunnel floor.
The result being in effect two almost immiseible layers of gas
travélling along the duct in the direction of ventilation, which
is either forced or naturally induced. Newman (1984)' performed
experimental evalua'ions of stratified flow where the degree of
stratification is correlated with the Froude _;iumbaf; " The
pregent work concentrates on stra.t.ified flow ahead of and within
the fire. The phenomenon of reverse stratified flow occurring as
hot -combustion gases travel along the tumnel eceiling in a
direction . oppesing the direction of ventilation is . not
considerec,. A two dimensional analysis of reverse stratified
phenomena was presented by Hwang et al (1977) but will not be
considered here,

The purpose of this section is to present an analysis deseribing
stratified gas flow during & typical tumnel fire and to study
ity effect on propagation, Tha analysis is aided with the one
dimensional model that has besn developed and will be used to
deseribe the reactive £low stream iunside a tunnel under
stratified conditions. Propagation will be deseribed by the same
model. Although many simplifying assumptions are wmade, the
present analysls should prove useful for interpreting results
for this class of fires. Developing more sophisticated modelsd
and simulations would also be aided hy £indings in this study.
In this chapter more attention is focused on the flow rtegime
where stratification is severe. The case of close to well mixzed
or non-layered flow has been explored in chapters 3 and 4 and
will also be conzidered here to some degree,

5.1 Experimental

A diagram of the tunnel used for studying duct fires with
stratified flow is shown in figure 5,1, A detall drawing appears
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in appendix D, The tunnel geometry is such that fire induced
buoyancy forces can overcome ventilation crossflow Forces. By
allowing the fire plume to rise high '.nnnugh a large vertical
momentum can be achieved and- a buoyancy dominated plume nay
develop if crossflow forces are small, This arg;ime_’mt can be
quantified in terms of a Froude number (Fr) analysis which hias
been prs'k_'sénted by Newman (1984), The analysis is based on a
correlation where Fr is written us '

Fr

NI . ) (5.1)
172 :
.[(éch/Tavg)gH] /

AT ¢ ig the gas temparature differemce from floor tn ceiling,
Vavg is the average gas stream velocity evaluated at the average
gas temperature Tavg’ and g and H are the acceleration dus to

gravity and duct height respectively,

According to Newman (1%84) three distinet regines are
identifled, each assoclat:d with different degrees of gas
temperature and composition stratification. The First region is
associated with small Froude numbers {Fr = 0.9) resulting in
severe stratification where hot combustion gases travel along
the duet ceiling, The ricond region, with larger Froude numbers
{0.9 <« Fr = 10), 1is dominated by strong interactions between
crossflow und buoyancy forces. This region, although not
severely stratified or layered, involves wvertical temperature
gradients and is mixing dominated. The third region hax
insignificant wvertical temperature gradients (Fr > 10). This
does not necessarily imply that the flow is turbulent.

Work in thisg chapter inveolves duct fire conditions in the first
two reglons (Fr = 10). Gas stream temperatures are measured
along the tunnel length at three different heights; 50 mm, 147
mn and 250 mm above the flaor. Thisz provides a two dimensional
gas temperature grid which will aid analysis of the flow
structure. Thermocouple positions and an ignition port are alsa
sbown In figure 5.1. The duct is constructed of mild steel and
a three metar metal fuel txay rests along its Ffloor. Liquid
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C=0.06 m, C4=0.75 m.
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fuels are distributed along the tray Llength by sosking the
required amount along an asbestos wick residing inside the tray.
Thirty four chromel-alumel thermocouples are uséd to measure
stream temperatures. The tummel also includes glass windows to
allow visual inspection of the fire, To eliminate end effects
two meters of tumnmel length was added to the tumnmel end. A ome
meter calming section is placed before the test section to
ntraighten the air stream originating from the mains air supply.

m . 7.5 em
END SECTION ,4—9‘

3 m TEST
SECTION.

.....

THERMOCOUPLE
PORTS

1GNITION
PORT

- TRAY POBITION 3
e T N Y

TRAY PESITION

3 m FUEL TRAY WITH
ASBESTOS WICK

Ethanel (Etoh), iscoctane (Iso; and ethylene glycol (Eg) fires
were studied. For sach fuel, mass fuel loading arnd ventilation
alr flowrate are varied. One can therefore study the effect of
air flewrate and fuel l.ading on the gas phase process as well
as on fire propagatien. Experimental procedure follows that »f
the non-stratified flow experiments when liquid fuels were used
(chapter 3). All experiments are given in table 5.1 with their

respective conditions,

Fire tunnel apparatus used for stratified fFflow experiments,.
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Run o ' '
Nomber, ™ v, , ¥ (1-391) a Cg(est) Ua v,
Fuel 9 x10 9 mass arcra : 2 9
kg/m n/& kg/m s  fraction fraction n WaK  WmK

1Iso 1.11 9,31 4.51x107 0,35  0.25 023 73 3.0

2 Iso  1.12° 12,8  4.85x10°7 0.32 0.32  0.26 62 3.1
3Iso 1.25 10,8 4.17x10 ; 0.29 0.23 0.21 70 3.0
4 Iso 1.33  9.20 4.87x10 7 0.38 0.29  0.25 81 3.0
5Ise 1.33 12.7 5.56x10; 0.35 0.40  0.32 54 3.1

6 Etoh 1,11  9.00 4.54x1070 0.22 6.08 0.12 a8 3.0

7 Etoh 1.11  17.0 5.70x10_; 0.27 0.26  0.23 49 3.2

8 Etoh 1.25 12,9 5.10x10, 0.22 0.13 0,15 85 3.1

9 Etoh 1,33 9.10 " 4.87x10°5  0.25 0.11 0,14 86 3.1
10 Etof 1.33  17.0 6.82x107; 0,29 0.29  0.25 63 3.1
11 Eg, 0.560 17.2 4.47x107; 0.13 0.07  0.12 3 3.3
12 Eg, 0.569 25.2 4.47x107, .09 0.01  0.08 254 3.6
13 Eg, 0.570 50.0 4.47x107; 0.04  -0.09  0.02 940 3.8
14 Eg, 0.667 17.1 4.47x10°, 0,12 0.06 0.11 171 3.3
15 Eg 0.83% 50.0 4.47x10 0.04 -0.09 0.02 825 3.8

® Uy caleulated uaing estimated C and not C4=0.75m,
d d(est% d
* 4 escimated from asbestos tray open fire tests.

TABLE 5.1. Listing of experiments performed together with results obtained
from flow analysis,

5.2 Results

For each duet fire pgas temperature distributions may be
represented on an x-y grid. Measured grid tewmperatures are
interpolated and a two dimensional gas temperature structure is
constructed with contour isotherms. Figure 5.2 ghows contour
isotherms for runs 1, 2, 7 and 13, The first ec.ntour diagrem
shows the thermocouple grid, Rums 2, 7 and 13 in figure 5.2 are
gas temperature distributions for stationary fires., Stationary
because sufficient fuel remains at the begimming of the fuel
tray and the fire therefore continuse to burn for some time at
its starting position. Run 1 (figure 5.2(a)) is shown when the
fire has moved some distance along the tummel. A degres of
reverse stratification 1s evident on the x-y grid but this will
not be discussed any further.
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FIGURE 5.2. Contour plots of 2-D gas temparature profile inside duct for (a)

run 1 (iscoctane), (b) run 2 (isooctane), '¢) run 7 (ethanol) and (d) runm \3

(ethylene glycol}.
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Flgures 5.2 (a), (b) and (c)  displey a striking feature
consistent with the &ssumption that extreme stratification
occurs and results in g&s stream 1&yéring. This feature is seen
if one follows the likely path of the hot fire plume, from floor
to ceiling, along the maximum temperatite ridge. The ridge
starts at a high temperature near the floox and, as it rises
toward the ceiling the temparature drops pradually. Further
upward towards the celling, the temperature rises to 2 high
value again, Clearly it is impossible for the hot fire plume to
blend with the cold cxos:flow stream and then reappear at the
csiliﬁg ay t_:hé contours suggest. It is more likely that the
fire plume rises past the cold stream, but in se doing bypasses
the thermodouples in that region of the tummel., Hut piume gases
would thersafore avoid mixing and eventually collect at the
ceiling where the measured pesk celling tempsrature is located.
Sea figures 5.2 (&) and (b). Such tendencies for Lwo fluids of
different transport nroperties to aveid mixing while flowing
rast each other are often observed In meteorological and
oceanographic processes, As already suggested by de Ris (1970),
similar mechanisms may control such stratification results.

The plume uses the third physical dimension of tunnel width as
it avoids mixing with the bypass stream. Hot plume gases
collect where a maximum ceiling temperature is recorded and
travel along the ceiling in the direction of the ventilation
current. This is not seen direactly or the contonr (lagram which
is just ona 2-D planar cross-section of the 3-D temperature
structure inside the tunnel. Together with the above discussion
this explains the "saddle" festure appearing along the maximum
temperature ridge somewhere between the floor and ceiling, It
iz likely that wost of the Interchange betwesen the streams
occurs in this region of the tunnel where the "saddle" appears.

Figure 5.3 provides a means ef distinguishing severely
stratified cases (such as yun 1 and 2} frowm those dominated by
strong interactions between crossflow and buoyancy forces (such
as run 13). The plot is based on the correlation developed by
Newman (1984) who estimated from tunnel fire tests that
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0.77
.(Ach(4¢h) - 9'6?(a?cf/éTavg) T : (5'2?

for the strong interaction regime (0.9 < Fr = 10), and ATy AT ¢
for the severely stratified regime (Fr x 0,9), €as temperature
rise, above ambient, elong the ceiling is written as ATy and
the average gas temperature rise abo#e.ambient is-AE&vg. _Iﬁ can
be seen that present tresults follow the proposed correlation:
Iscoctane and ethansl supported duct firves resulted in extremsly
stratified:floﬁ, vhereas ethylana.glydoi fires lie in the strong
intar&ctiaﬂ-region as well as in the buoyancy domirated reglom.
This 1s expected as ethylene glycol is the least flammable fuel
used and would support a smaller fire with weaker buoyancy
forces, Also the air velocities usand for ethylene glycol- fires
wera on average much larger in order to achleve strong
intersction between crossflow and buoyancy.

AT /AT,
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FIGURE 5.3, A comparison between the correlation (

) developed by KNewman

(1984) to predict fire induced stratification and present results, Isooctane

(*), Ethanol (|}, and Ethyleme Glycol (o) results.



" As streamlines of fluid £low -canmot intersect it is impos:;ible

As - previously mantioned extrema stratifmation as 1t: is o’bsertrad B Rt
in these proflles is unavoids.hly a threa dimensional phenomanon. I : o

for a. risi‘ng plume, on ita wa.y to. the ceiling, to pass by (or
through) tha bypass ‘Stream without using tha tha.rd physical'
dime‘nsior of tumnel width, To model this fi‘re &ystem the
_complex:.ty nf the problem has been re&ucm. to one schematically
representad in figune 5.k, In this simplified analysis,_cold
air that. flows over alre&dy vaporizing fuel is assumed ‘to
instant:anenusly react with- tha ve,pour as it is. proﬂuced ‘Heat is
generated ]oua.lly and a signifiaam: :Lm'.rease in 10:-.&1 ga;s
temperatire _occurs_' An upward plume develops which, on’ :Lts way
 to the t‘u:rinel' ceil:.ng, passes the remsining unreacted air,
Effectively the twa gas 1a}rers, in order to achieve stable fl.ow
uniergo irwars:.on In doing so some mixing and heat transfer
ocours between them. Also, as the hot plume rises it loses heat
to the duet walls, Beyond thiz reglon the two gas layers are
stable and lose h: . to the tunnel walls as they travel with the
‘ventilation current, FPurther evidence supporting this wodel is . -
" eleaxrly seen in figure 5.5,

5.2.1. Modelling

Aided by the one dimensional model from chapter 2 the sghove
descripcion of the flow process provides the basis for analyzing
fires in extremely stratified flow. The one dimensional burning
region in Figure 5.4 1s made to follow the fire plume inside the
tunpsl for cases of severely stratified flow,
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FIGURE 5.4. Flow pattern expected from severaly stratified flow inside a
flaming tunmel.

The one-dimensional model, as it Is described in chapter 2, will
be used to model the pgas phase processes inside the one
dimensiopal burning region shown in figure 5.4. In the severely
gtratified case the burning region starts along the tummel floor
and is assumed to xlse virtually instantansously at the end of
the burning zone. It then continues its path along the tunnel
ceiling., The analysis assumes the conservation equation of
mass, as it is written in the original model, holds for the one
dimensional burning region. Tt ig assumed at the interchange
point, where the fire plume rises, some plume mass iz lost to
the bypass stream, and the bypass in return loses some of its
cocler mass to the plume. A net mass galn or loss, in either of
these streams, due to this process would cause some deviation
from the original model though this difference is assumed small,
An attempt to quantify this mixing 1s in principle possible
using simple mass and epergy balances on the hot and cold

Bl =t s
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streamas after reaction has ocecurred. Such c:alculations' wera
done but. were not revealing for reasons explained in Appendix E.

Exchanre of hot and  cold mass bstweeu the twe streams will
result in a mismatch in enthalpy from the end of the floor
burning region to the start of the ceiling region. Because of
this _discoﬁtinuity, the energy balance, which is the gas-phase
model squation, is first used from the entrance of the burning
ragion up to the start of the mixing region. Another balance is
used from the end of the mixing region up to any x in the
‘ceiling layer. These calculations involve firat f£itting the
gds-phase _eqtiations te floor temperature data up to the maximum
floor temperature. Then the gas-phase equations are fitted to
ceiling temperdture data starting from a point shead of the
nizxing 2one,  Floor .temperatures thersfora rpresent. the
cothustion zone while ceiling temperatures represent 3 excess
fuel and preheating zones of the original model. The difference
between the floor and ceiling maximum temperatures at the end of
the combustion zone is thersefore related to mixing and heat loss
cccurring between the two streams.

Parameter estimation and plume model evaluation

Fuel burning rate

Except for ethylene glycol fires fuel bvrming rates v are
estimated in the same marmer as non-stratified ansalyses in
chapters 3 and 4. All ethylene glycol experiments resulted in
slow initial f£fire growth, Initial fuel distributions were
affected to an extent that flre-front history data displayed no
stationary period at the start of the tumel (t.. ., of 7y could
net be determined). For ethylene glycol v was estimated by
measuring the time taken for a flame to burn over a kaown
platform area of wick sosked in a weighed quantity of fuel
{outslide the tunnel). Thig wvalue of v is then used in the model.
To check this assumption ¢ for isococtane and ethanol was alse
measured In this mammer. Comparizon between wvalues estimated
from the model-fit (tabls 35.1) and independent testa are
reported in table 5.2. ‘The same comparisom is done for =
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estimated from modelling non-stratified fires of chapters 3 and
&4, 1t can be seen that estimated parameters from fits of large
(stratified} tunnel fires agres well with those measured
independently (outside duct) and those estimated from medel fits
of small duct Ffires are on average somawhat larger. This is
because in the slim (non-stratified, chapters 3 and 4} cuct heat
feedback within the combustion zone Is likely to be larger than
in the stratified cases, hence more rapid vaporization or fuel
burning occurs. Large tummel results in table 5.2 therefore
juseify using T (measured) for modelling ethylene glyeel fires
instead of fitting 4 as it is done for isooctane and ethanol

fires.
_ Outsids Duct Large Tumnel Small Duet
Fuel T(maasu:cad) 7(mnde1) T(model)
kg/mzs kg/m25 kg/mzs
Isococtans 5.39%107° 4.80x10"> 11.1x1073
Ethanol 5.40%10"° 5.41x10"> -
Ethylene Glycol  4.47x107° - 6.95%10">
n-Butanol 6.76%10" 2 - 7.355107°
PMMA (strip) 6.84x10"> . 6.91x10">
TABLE 5.2. Comparison hetwsen measured burnlng rstes

7 (measured) and.avaraged values (7(mode1)) from table 5.1 and
non-stratified fires (table 3.1 and 4.2) in chapter 3 and 4.

Air bypass fraction

The reaction stoichiometric coefficient § is assumed as bhelng
that for complete combustion (pruduction of COy and Hy0). This
may be a poor assumption and is not backed by experiment.
Therefore, only trends will be considered from calculations
which involve this assumption. Using the known air flowrate
m, entering the tunnel, v, A, and the estimated combustion
zone length Xy ., one can calculate the fraction Bpl of alr mass
flowrate bypassing the reaction. Bypass fractioms are

caleulated as

At -
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Bpl e (maYox '}'Cfxlbzfﬂ)/ma (ox * o R (5.3} ..

' Bp]_ is hased on the comhustion Zzone lengths lez estimated from
floor temperature profiles. This the fraction of alr that
crosses the rising fire plume, The .« dimensiona.l model will be
used with the fraetion  (1- Bpl) of air :Elowra.te that reacta
Ba.sed on this fraction of air the ecmbustmn zone model is

t_':.tted to floor temperatura data up to a. point .whe__re the
'témperature 1s & meEximunm. The remainiﬁg medel te.mperafure
'profila iz then fitted to measured ceiling temperatures (a
temperatura decay) :

00 -

. 450 —

T (°C)

300 -

. 50—

FAGURE 3.5, Model fit to plume of run 1. Temperature profiles at three
diffarent heights are shown (0.05m (¥), 0.14?:11 (o), and 0.25m (A) akove floer)}.
First the fleor ( ) and then the ceiling (----) section of ths plume are
followed with *he one dimensional model.

FPigure 5.5 shows a typlecal meodel f£it to a sewerely stratified
isooctane fire. The profile 1is measured while the Ffire is
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stationa,ry A tima a:Veraged praf‘? la is shovm bacause tha fire o

remains statimary for euough time to measura the same profi.le

several times,. 'ltabla 5.1 shows results obtained aftar *.Ea.tta.ng-f" '
model paramaters. AR

Area fractz.oxz oocupied by p.hzme Iayer

Sevara flow - suratification takes the hot ‘gas awg,y from the Eua 1. R

- and thus Bffectively stops fuel vaporizatlon dhaad of ﬁhe
'fi:e-fro‘nt In this case the wvalue of hf ‘can be set to zero,'

‘whers hf 1s tha haat transfer coefficient from the hot - ‘gas to .

 the . fual in the "excess Fuel® zone (along the ceil:'.ng) The :'

. "'-mndel equation for this section then veduces to that of -the

: p:;:ghe_ai;:.ng_ Zone. A sim_ple linear least squa.rg.s fit is used to
" determine dli’&- for this section. G4 is the périmetéf of duet
cross- section (thin walls) and Uyy is. the duct overall heat
transfer ceefficient a.long the "excess iuel™ and "preheating _
zones".,  Slopes from & - linesr least squazes fit of the
temperatuxe decay data along the tuanal ceiling give this
informatinn from

'chdZ /7 [(ﬁa(luByl? + th}GP]- = glope,

where (’i&'(l‘"Bpl)"'ﬁmJ) ig the mass flow of the hot laysr and
requires bypass fraction data. Note that -Biﬁ depends on B
which, as previously discussed, is assumed equal te that for
‘complete combustion. - Therefore C4Uys and any number derived
from it will only be an estimate, Despite this the analysis may
still prove useful and revesling 1f twrends are considsred with
respect to (l-Bpl).
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FIGURE 5.6. Fraction of cross-sectional area o occupied by hot gas layer as a

function of bypass mass fraction Bpl'

Assuming the two layers are Immiscible and of constant thickness
throughout, the fractlon &« of tummel cross-section occupied by
the hot gas layer can be calculated. An estimate of the hot
layer perimeter of cross-section Ca(est) =& used to caleulate «.
See appendix E for details of these caleculations.

Values of o and Ci(est) are shown in table 5.1, Figure 5.6 shows
a increasing as (l-Bpl) increases. This relationship should be
trua if the relative average tempersture and velocity of eacn
layer does mot vary much between runs. As Bpl decreases the hot
plume Jlayer gets thicker and hence o should ineresase as
indicated In figure 5.6, A theoretical relationghip bhetween o
and Bpl is derived in appendix B and possible cases for each
fuel are compared in fipure 5.6.

While there is some ressmblance between the theoretical and the
experimental results there is not much data so that figure 5.6
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should be interpreted with some caution.

HAeat transfer coefficient fn combustion zonme

Gd(est) can alse be usad to estimate the combustion Zzone heat
transfer coefficient Uy. The fitted value U Gy (fitted to
floor temperature profiles in the same mammer to fits of studies
from chapters 3 and 4) is simply divided by Ggroop) te get an
estimate Uz, Values of Uy are listed in table 5.1.

Quenching of the hot plume layer >y entraimment of ecold air
might explain why for ethylene glyeol fires the estimated Uy in
table 5.1 increases dramatically with increasing air veloeity.
This effect 1s more noticeable with ethylene glycol fires
probably because a wider range of air velocities were examined.
Alsc, these were the ‘least buoyant of 211 fires studied,
pernitting more entralnment,

Fire propagation and averaging gas temperature profiles

Hot gases traveling along the duct ceiling do not significantly
vaporise unburned fuel, and hence do not affect the fuel profile
ahead of the fire. This was not found in chapters 3 and 4 vharae
flow was non-stratified. Here, energy feedback to fuel is at a
minimm. Fuel loss rates shead of the fire are consequently
reduced, even though volatile fuels are used. One mipht e.apect
more jumping, a phenomenon already explored in chapters 2, 3 and
4, In earlier chapters it was shown that evaporation of fuel
ahead of the fire attenuated fire jumping.

Fipure 5.7 shows the fire propagation history of a sevc->iy
stratified fire, In meny of the experimentsa]l fires the i..e
length was shorter than the distance bLrtween thermocouples,
Since parabolic interpelation is used to estimate the position
of the maximum temperature the step-wise motion observed in
those c¢ases could be an artifact of over-spaced thermocouples.
The propagation history showm in tigure 5.7, however, is for a
case vhen the fire length, as measured along the center-line
thermocouples, 1s about twice the distance between each
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thermocouple. Measurements of this kind are therefore more
representative of the propagation history and clearly show

jurping.

2-\40'—1

mJ

1.80 =
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0 150 300 450 s00 750 900 1050
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FIGURE 5.7. ¥ilre-front hirtory of an iscoctane fire (run 2) measured frop the
floor and from the center-line gas temperature probes, Model fit is also shown.

Figure 5.7 also shows the fire propagation history measured with
floor thermocouples. An observable difference between the two
measurements is the combustion zZone length. The reason for this
becomes apparent if one examines figure 5.2(b). The length
appears longer from the center-line because the plume is
inclined, a consequence of flow foreing the fire plume Fforward.
Also evident in figure 5.7 is a juwp length longer than the
conbustion zone length measured from floor thermocouples. This
would occur if the plume bends over and above the fuel surface
and significantly heats and evaporates fuel ahead of the
conbustion zone length measured from the fle-v., Thus fuel willl
be depleted over a longer length than thau ..easured from the
floor thermocouples and so the measured length of the jump will
be longer than the fire length as measured from the floor.
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In order to ‘;Ekishri'bﬁ fire jgrbpag;a’t’icn usiﬁg the one d‘iﬁiansioﬁal.__ _ o

model fuel vaporization ptcfﬂes “shesd of  the fire must be
known. This. determines the propagation history ‘The gna-V
tamperature prnfile dstermines the hsat transfer rate from gas-
ko fuel which in turn de.termines fuel vaporizatmn. ‘TIf the _
'amarage gas temparature profile is used to obtain & descriptlon:; 
cf fuel- loss rates (heat transfer rates) then the model is found.
to describs propagat:.on histories quite well, - The gas-phase- :
mode1 equatian is first fitted to the maasured'ameragé& gas'.
tamparature pxofila (average profiles from 3 helghts) Then the_
propagation history is fitted to x° vs t data hy adjustmg hy
in the model. hy determines heat transfer from the gas- phase'
to the fuel surface : ' ) :

Propﬁ_gai:i.dn of severely stratified fires is then modelled in ths
$ame way as propagation in chapters 3 and 4 (i.e., hg#0) sinc.e"
some fuel will still vanorize shead of the fire desplite the.hot'
layer being far sbove the floor. For the purpose of modelling
gas temperaturs profiles in severe stratification he was set to
- zero. as already described in the previous section, This is
because the effect of hy is alwoat negligible on the gas-phase
energy balance (see figure Z2.11) and this clearly simplifies
moedel fitting. In dealing with propagation (fuel loss rates)
ene cammot ignore hg sinee its effect is very gignificant as
figuve 2.11 indicates.
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FIGURE 5.8, Floor temperature profile (¥;~——} and ceiling profile (o of run

5 meet with no discontinuity. Average gas temperature profile (A) and model fit
(----- } are also shown.

Results of propagation modelling are shown In table 5.3. This
is identical to analyses from non-stratified flow experiments.
The gas-phase energy balance involves the entire flow stream.
Bypass fractlons sz are now used to determine the amount of
heat generated by combustion and mot to split the flow into &
hot and cold layer. Xj;3., from average temperature profiles (mot
fluor prefiles) are used to calculate BP2 from equation (5.3).
sz is determined f£rom combustion =zone lengths that are
estimated from average gas temperature profiles as opposed to
floor profiies used for Bp]_. Average gas temperature profiles
are used also in the fitting procedure. TFigure 5.8 shows an
average sas temperature profile for run 5 together with a model
fit, Values of hy fitted to propagation history data appear in
table 5.3 and are compared to estimates h; from a correlation
(Coulgon and Richardson, 1386),. Tahle 5.3 also shows



eorrelation estimates of o'Verall heat: transfer coefficients II .

whieh imlude. rad:(.ation effects See Appendix E - for radia,tiva S

_affects of U

 For the cnmbustion zone Ui i.s fit:ta& to everage gas. temperatura '
profilas i exaetly the same manner a8 was done in: chapters 3 -
and 4 and values are reported in table 5.3, Gdno ?Sm in. this- '

case and is not an ‘astimate smce all the flow is used .’m_.’- "
'calculating the average .. gas tamperature profile.7 Ud can E

therafnra be comparad to U, in tfnble 5. 3.

For ethylene glycol firea avs::ege gaa temperatures were always.
below or just abmre the fuel bolling ‘point. Evdluation of. hf'
from the model is therefbre nod poasiule for these cases besause

~hg has little or no effect on propagation in the model. The
value oi he is therefore set td zexo and the model equatlcn fox
 thie excéss fuel zone' ‘reduces to that of the preheat;tng_ Zona,

Values of Ug, can therefore be: determined from linear lasst

squares Fits of the gas temperature decay using a valus of
.'Gd='=t__j .75 because the entire gas stream is invvlved with average"-
gas temperaiutes. Model -emnpafis.cms ta data using fitted values

of Ujp in the model, for some ethylene gilycn'l rires, appear in

figure 5.9. Figure 5.9 also shows the effect of inecreasing air
velocity on the goodness of model-fit to measured average ges

temperature profiles. Ethylene glycol runs represent the poorest

of all fits obtained frem all fuels studied but display an
improvement at increased air velocities,
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of ¥* vs € data(, L . : . _
Table 5.3. _:Bgrametéxs estimated from fire prnpagation ahalysis whare the
average gas temperature is used to deseribe the gas phase process, '

It is alsc peossible to examine the sffect of air Flswrats
(total) and fusl mass loading or the average fire propagation
speed P, TPigure 5.10 shows this for 1iscoctans and ethanol
fires. Because the daily awblent temperature T, can -vary,
propagation rate data in figure 5.10 display some errvor, Thi.s
effect was observable on x° vs t plots of some reproducibility
runs performed in tha smaller scale duct of chapter 3.
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FIGURE 5,10. Observed effert of air ventilation rate (total) m, and fuel
mass loading on fire propagation speed for athanol (%) and 1scoctane (o)

fires.

Ethylene glycol £fire propagation speeds show no trend with
respect to (ﬁa/m°) and are omitted for clarity. Fire
propagation data for ethylene glycel (x* vs t) xeflected a large
degree of nolsa and the steady fire propagation speed for each
run could not be determined accurately.

5.3. Discussion

Reaction stoichiometry was assumed as that for complete
combustion, This fixes the value of Aﬁr and consequently
leaves Uy as the only free parameter in the combustion zone.
Gomparison of Uy in table 5.1 with U, shows no agreement
between fitted Uy and expected U, which includes radiation
effects., This discrepancy is attributed to poor estimates of 8
(Bpl and therefore Gd(est)) and Aﬁr. since complete combustion
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conditions may not have been achieved in practice. The model ig
also very sensitive to §. See section 2.4.1. '

For severely stratified flow, temperature profiles are well
modelled if ore follows the reactive stream, and therefore such
an approximation is valid. If stratification is not severs, such
as for some ethylene glycol Ffires (fig. 5.2(d)), then layers do
not form and the plume cannot be followed. TLarge degrees of
mixing with the bypass stream prevail.  FRuns 13 and 15 arxe
exanples of this and are identified in figure 5.3. In this
regime flow is neither severely stratified nor well mized (0.9 <
Fr < 18). Average gas temperature profiles can deseribe the
gas-phase process in this ease. Figure 5.9 and work in previous
chapters on non-gtratif Flow verify this result since fires
in chapter 3 and 4 are e.cher ip well mixed conditions or lie in
the strong interaction (mixing controlled) regime. Ethylene
glycol fires ave described by the model to a leasser extent but
the average gas temperature approach works much better for less
stratified cases (0.9 < Fr = 10) than for severely scratified
(Fr 5 0.9). See figure 5.9,

When the model is fittel rto average gas temperature profiles
values of hy, used to fit propagation histories, correspond
very well with literature estimates hy (see table 5.3). This is
true even for severely stratified cases. Not only is he close
te hy but the =step-wise motion described by the model
corresponds closely to what is measured (see fipgure 5.7).

When modelling average gas temperature profiles values of Tyg
are somewhat larger than those from correlations (U;). U, 1=
about 1.5 to 2 times smaller than Uy, In table 5.3. This is
partly attributed to an imprecise average gas specific heat
capacity used in the senergy balance (Acpumoo kJ/kgK) . Also,
such low values of U, are often obtained with some error since
they come from correlationz based on log scales. The difference
between U, and Ug, may be due to such error.

Flgure 5.10 shows a linear relationzhip between average fire
propagation speed and air flowrate/fuel loading. Such linear
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dependence was alsc observed in non-stratified firea studied in
chapter &. This corresponds with the proposed one dimensional
model vhich agsumes fuel-rich fires in ideal plug-flow. Althdugh
results in this chaptar are not for well mixed flows {(quite the
vpposite) increasing air Fflowrate effactively supplles imoxe
oxygen into the reactiom ragion (plume). This increases the rate
of fuel consumption by enlarging the fire and effectively
erhances heat transfer. Evidently the net effect ig a close to
linear dependence of propagation speed on ailrx flowrate. Also,
the slope of isooctane fires is somewhat larger than for ethanol
in figure 5.10. This is expected beceuse propagation is
controlled by heat transfer and subsequent resistance to
vaporization, As the model suggests, the fuel latent heat has an
inverse effect on the propagation rate (eqn. 2.17). Of course
not only latent heat affects the slope but also variables such
as Aﬁr and Cr. This is also seen from equation 2.17.

5.3.1, A proposed simple correlation for stratification.

In order to use the one dimensional wmodel for predictive
purposes the degree of stratification needs to be determined
without prior experimentation. That is, to decide vhether a
fire system would be iIn the severely stratified or mixing
controlled regime and therefore follow the plume or model with
average gas temperaturs profiles. Newman’s correlatien could be
used to do this, except that measurements of Amcf/ATEvg are
required, The use of this correlation for prediction of
stratification without experiment is thus not poszible. It is
therefore desirable to have a correlation, based on fuel/duct
properties, which can be used to predict stratificatlon in
advance, GClearly g and AchjATavg form the buoayancy term in the
Froude number and are essential for deseribing stratification.

It may be possible to relate buoyancy to those fuel properties
that determine the fire intensity or heat generation rate since
buoyancy is a comsequence of lccal heat generation. 4 fire
intensitv number is therefore defined as Gmy(-&ﬁr/ﬂ)(l-Bpl)
W/mz, and considered to be that fuel property contributing to
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hunyancy inside the Ffire, This number may ba un&erstood as’ a
heat generatim rate per - uni.t platfom aren of t:unnel “and will _
be inaurporated inte a propoaed Frquda typs mxmber corralat:.on -
for- predicting stratlficat:ion. : L ;

_'Becausa ‘gas stream t:emperal:uras decay along the tluct the Froude._'_-

_number iz poaitian dependent. - Heat Joss rates, caus:tng this -

' decay, depend on duct wall properties and Film heat transfar'
coeff:i.cient:s‘ For simpl:.city the. distance v.ariable x w111 b-

" used to eorralate gas tamperature “dacay - alung ‘the duct. This
_analysis is therefore daveloped only for the present tumnel.

~ Beuause - stratificati_on is det:erminad by the balanQa b BtWaan'_". R

.arossﬂow and bunyancy :Eurces var:.ahles o V and H must also
be used Acceleratmn dus to gravity g is constant and. common to
all praaent turmel fires apd is combined into the stratificatwn-
gorrelation's constant of - proportionality. A dimensional
"analysis results in the fdlloﬂhg cori:elatirm. for étratifi.c_ﬂtion
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FIGURE 5.11. Stratification correlated with fuel properties,

The power of 1.6 was obtained by fitting the correlation to the
data shown in figure 5.11.

Figuxe 5.11 shows present data correlated according to equation
(5.4). The sbove correlation can be extended to include the
tunnel overall heat transfer coefficient U, and then could be
applied to other tummels. Of course this correlation is only
estimated for three fuels and may require further manipulation
if other fuels are examined. Also, Bpl is not kmown prior to a
fire scenario. This variable contributes to the heat generation
term and further experimentation is required to correlate Bpl
and predict its value in advance. An interesting result seen in
table ‘5.1 iz that (l-BPl) ranges Ffrom 0.29 to 0.38 for
isococtane. 0.22 to 0.29 for ethanel, and 0.04 to 0.13 for
ethylene glyeol. FEach fuel has its own limited range of Bp]_
vwhich suggests this variable may be correlated with some simple
flame characteristics of the fuel in question. Flame helght and



Page 136

temperatute could be co.related with By since these variables
are directly associated with fire induced buoyancy forces inside
& passage. l_}Pl is not only affected by the rate at which hot
plume gases will rise but also by the average cross-wind speed
V., hence the observed range of Bpl. for wach fuel. Therefore a
morrelatic:. for BP=1 based on fuel propertles and wind speed may
be posaibls, ' '

5.4 Conclusion

The pregent analysis has shown that a simple one dimensional
medel can be used to desecribe fires . during typically severely
stratified flow inside a passage. The assumption of immiscible
layers -occurs in practice 1f Fr = 0.9. Model .temperature
profiles follow closely the hot plume measured temperature
profiles, The immediate separation and layering of hot and cold
streams permits the use of a one dimensional approach, An
expected discontinuity in enthalpy, reflected 'in hot plume
stream temperature profiles, ocecurs between the rising floox
stream and the hot ceiling layer. There is also evidence of
increasing air entrainment from the cool bypass to the rising
plume as air wvelocitles are increased, Despite this the hot and
cold gas layers will in all important aspects behave as two
immiscible fluids in cases of severe stratification.

If the flow is non-layered (0.9<Fr=l10} mixing betwesn bypass and
rising plume are extended to a degree where the layers blend or
mix. The flow 1s then non-stratified and the original omne
dimensional appreach of chapters 2, 3, and 4 applies if average
gas temperature profiles are used. The model can describe the
average gas temperatures of the entlre stream as in previocus
chapters. Judging from figure 5.9 and work in chapters 3 and 4
the average temperature method works better if the flow is
cloger to well mixed, which is achieved at higher wventilaticn

valocities.

The decision te choose between following the plume or to use the
average temperature approach depends on the flow scenario;
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extremely stratified or mixing controlled. This :decision is
aided by the: ‘Newman (1984) correlation which is in -agreement’
with flow regimes studled in this work. A correlation of this
kind is therefore: 1nd.i.sper:a..ab1e. ' '

It ig- suggested in this chapter that stratification may be _
correlated puraly in terms of fuel and duct properties and a
dorreiation based on this assumption is presented. More work is
required to assess the accuracy of the correiation that has been
prupdsed' Some parameters such as Bpl and 8 still need to be
correlated with fuel properties and flow conditionms. This
correlatz.on, based purely on fuel and duct properties, could be
very useful in order to predict flow conditions for modeliing
purposes, Coupled with the orz dimensional model this
correlation could in principle be used to model fire behaviour

in pessages.

There may of course be sgome cases of Eires with intermediate
velocities where mixing mechanisms would dominate and a three
dimensional model with the inclusion of mixing mechanisms may
still be 1required. However, the two extreme cases, s3evere
stratification and close te well mixed flow, asre in all
important aspects adequately described by the much simplexr one
dimensional approach presented in this thesis.

Extreme stratification is a case where fuel loss rates ghead of
the fire are reduced to an extent where the tramsient jump-type
phenomenon is more evident. Propagation histories are well
deseribed by the model supgesting correctly assumed mechanisms
for the fuel loszs rate. More jumping is therefore possible with
passage fires in cases of severe stratification due to less heat
feadback ahead of the fire. This is true if fuel is lined along
the passage fluor and not the ceiling,.

The observed direct dependence between fire propagation rate i
(steady-state propagation speed) and air flowrate, and inverse
dependence with Ffuel mass loading is similar to that found in

fuel-rich fires where stratification does not oeceur.




-Finally tha chamist:y of thsse combustion react;ons naeds more-
attention. Although in the present analysis the . problem of. "
understanding rombustidn chamistry has been arnided B and’ AHr."

must be known if accurate a priori duct f:.ra pre.d:.ct:.ons are to

be made, Therefora more sophisticated models ox. simxlations are .

o not warranted until such 1nformat:mn is available.. -
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6 CONCIUSINNMS AND RECOMMENDATIONS
6.1, Summary and Gonclusion
6.1.1. Duect fires in well mixed flow.

A theoretical treatment of fire propagativa along a fuel-lined
duct with a radially well mixed axial flow has been presented.
The gas vhase is modelled as a steady state process whereas the
condensed-phase (fuel source) 1is taken to be the cause of
transient £ire propagation along the duct, Experiments were
performed, with liguid fuela scaked in a porous wedium, in a
small scale duct where fire propagation histories and gas
temparature profiles were acquired. Experimental resgults
confirm hypotheses of pseudo steady-state gas-phase processes.
Theory and experiment display transient fire propagation for
typical duct fire scenarios where Initial Ffuel mass loading is
constant with respect to duct length, The phenumenon observed,
as predicted by theory, is an initial "jump™ of the fully
developed combustion process followed by attenuation to ¢ steady
state constant fire propagation spesd, The theory is in all
important aspects able te quantitatively model the experimental

resuite,

Fire propagation supported by solid fuel lining in a small secale
ventilated duct were studied in an attempt t¢o exte . the
analysis from the case of liquid fuelled fires to that of solid
fuels, Polymethylmethacrylate (FMMA) and char-cecal were used,
The use of a solid Ffusel has also provided the possibility of
acquiricg an  iIindependent measure of solid fuel mass
dlstributions along the duct interior, an important transient
variable involved propagation dynamics and In the model.
Comparison of model predictions of fuel profiles and measured
fuel mass distributions reveals good quantitative agreement
between theory and experiment. This is a good test of rhe
agsupptions of the proposed model. By imposing the desired
initial condition on PMMA duect ¥ire experiments, in order to
avoid fire growth phenomena, it was shown that the propagation
of duet fires supported by a solid fuel behave in a cimilar
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marmer to fires supported by liquid fuels sozked in a porous
solid, In accord with the'mddel, a trial run with charcoal
suggasta that fuels with wvery low volatility might support
repeated fire jumps if fuel preheating shead of the fire is
sufficient. A brief fire growth snslysis on PMMA 1s used to
assesvs the concept of an ignition temperature as a-controiling
mechanise. The model also gives good-quantitative-descriptions
of gas stream temperature préfiles and fire front histories when
fitted to PMMA duct fire data,

From studies of non-stratified flow, liquid fuel supported fires
the following major f£indings may be summarized:

1) The simple model accurately describes centre-line (average)
gas  temperature profiles inside the duct as well as £ire
propagation histories even 1f the Fflow is not perfactly mixed in
the radial directlon,

2) For the gcale and class of fives studied, convective heat
transfer from the gas stream to the condensed fuel governs tha
fire propagation history and average propagation speed.

3) For the case of thin duct walls heat Jo¢-.s rrom the system
to the surroundings Is dominated by radiative heat transfer,
especially from the flaming region,

} ~.a { the present model for deterministic predictions of
duct fire dynamics requires better Inowledge of reaction

stolun.ometry,

5) An important Ffundamental difference is identified between
fire prepagation rate ¥ and fire propagation spued V{t), a
concept not addressed in duct fire literature.

6) GCoupled with gas-phase dynamics mass fuel 1leoading
distributlions m(x,t) contrel fire propagacion histories and can

be used to successfully predict thess histories,

7) The assumption of constant fuel burning rate (v) in the
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combustion zene works very well in models for this class of fire
and explains why 2 jump phiencmenon does indeed occur,

8Y Points 5, 6 and 7 explain why the familisr assumption of
constant fire propagation speed can break down in typical tunnel
fire scenarios. These findings s&re used in the modal to
determine the jump-type behaviour, propagation histories and
conditions for possible perindic fire motion.

9) If fuel volatility %£s higher and/or heat transfer (feedback)
from the fire to fuel 1s more effective then steady-state
propagation iz achleved soomer during the history. '

10) For close to well mirxed flow or in cases where use of
center-line average temperatures are justified the Ffollowing
agsumptions seem to work well in practlea:

« Fuel-rich fire.
- steady-state gas-phase process.
- heat transfer dominated fire process.

This leads to a reasonably simple model with good powers of
predictlion, Many of the parameters used in the model can be
estimated from existing correlations,

From studies of non-stratified flow, solid fuel supported fires
the following major f£indings are revealed.

1) Daspite a mere 6 percent feedback of the heat genarated iu
thegse fires, constant propagation speeds are rapidly achleved.
This iz also ohserved with fires supported by liquid fuels.

2) Prolonged fire growth resulting from a point ignition source
is observed, This may adjust the solid fuel profils to such an
extent that the first flire jump way not be sbserved. In this
rasp r+ solid fuels can behave differently from liquid fuels.

3) The steady-state gas-phase assumptlon also works with fully
developed solid fuelled fires, but to a somewhat lemzer extent.
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This iz at least trie for PMMA but may require reasseszment for
other solids, such as carbon.

4) The model accurately predicts measured fuel mass
distributions at steady state, This Justifies the convective
heat transfer mechanism used in the excess fuel zZone model to
quantify fuel loss rates as well as the constant v assumption.

5) The fuel-rich fire assumption iz once again further verified
for this flow regime (closa to well mixed or non-stratified).
The observed direct dependence between fire prapagation rate &
and air flowrate and inverse depandence with initial fuel mass
loading is avidence for this,

6) Horizomtal flame spread over = PMMA surface seems to be
controlled by a surface ignitlen  temperature that Js
considerahly lower than the pyrolysis or vaporization
temperatura. Presumably thiz iz a temperaturs at which
an€ficlant fuel wvapors can lssue from the solid surface and
sustain burning.

6.1.2, Duct fires with stratification.

A simplified approach to the satudy of fires in wventilated
passages with fire induced stratificatiopn is presented, In
conjunction with small scale experiments on ligquid fuelled fives
it is shown that a& one dimensional model, requiring minimsl
computational effort, may be used te describe propagation as
well as the dominant features of the flow process. Separation
of the gas flow stream into a hot and cold layer is identified
as being extreme stratification whereas flow systems with higher
Froude and Reynelds numbers may result in no evident layering,
although mixing mey still control. Identification of the two
types of flow scenario I1s Ffemd to be Iaportant in the
application of the one dimensional model to such fire systems, A
previously developed Froude number based correlation (Newman,
1984) is usaed to identify severely stratified case: from those
vhe.e layering 1s not likely to occur. The present analysis is
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in good agreement with flow reglmes delineated by Newmsn's
(1984) coxrelatiom, A new correlation for stratification using
fuel /duct properties and sir veloclty iIs also presented as a
means of s priori predictions of stratification. The 1-D model
iz found to operate well in the severely stratified reglme and
in & regime where the flow is neither well mixed mnor layered.
Fire propagation along the passage is algc well described by the
model under such flow conditions, In conjunction with a
corrslation for pradiecting stratification the one dimensional
modal czu in prineiple be usad to describe fires in well mizad,
mixing controlled and severely stratified flow regimes.

Studies on stratified flow have remiltad in tire Tollowirg main
Fivdings:

1) A simple one dimensional wodel can be used to describe the
hot reactive plume stream during severaly stratified flow inside
a passage. A hot and cold gar laysr develop and remain ~lmest
fmmiscihle with the exception of some entraimment. Model
temperature profiles seem to follow closely with hot plume
temperature profiles.

2 If the Froude number falls into .the non-layered regime
(0.9<Fr=10) or flow ls closer to well mixed the one dimensional
approach may still apply. In this case average gas temperaturres
are used instead of following the "plume”,

3) The eract method of application of the model is determined
from a correlation that delineates various atratification
regimes. That is, severe stratification requires following a
plume stream whereas non-laysred flow is better modelled with
average temparatures. Such a correlation i1is therefiore
indispenszable.

4) The observed direct depsndence batween fire propagation rate
(steady-state propagation speed) and alr flowrate and Inverse
dependence with fuel mass load¥ng is similar to that found in
fuel-rich fires,
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5) Etratification_ngn be correlated purely in terms of Fuel/duct
properties and flow welocity. Ultimately & correlation based
purely on auch properties  would prove useful in & priori
predictions of the flow condition. Point 3 justifies this need, .

6.1.3..Conc1udiﬁg rémarks.

Studies of liquid and solid Fuelled fires in a passage with no
severely stratified flow have provided a better understanding of
dqét. firee in moderate Froude number conditions. Higher Froude
and Reymolds numbers woeuld result in closex approxiﬁatipns to
the idealized situation that is already well described by the
model. Well mixed flow scenarios are thsrefora not pxoblematic
from a modelling or simulation point of view. In contrast to the
well mixed flow condition is thst of severe stratification or
layering, Evidently this flow scenaria is also not problematic
when dsscribed with a simple model despite its appearance as
belng in complete contyast to ideal plug Fflow, It is likely that
the intermediate flow regime, neither close to well mixed nor
severely stratified, could present a more formidable simulation
problem. Such methods as computational fluid dynamiecs (CFD) may
be required to simulate or model this intermediate flow regime,
However, anh average gas temperature approach has also proved to
be adeq. «te when modelling in this flow regime,

In conclusion the present study has explored & broad range of
flow scenarios. From well mixed flow, where heat feadback to
fuel shead of the fire is maximized, to mixing vontrolled and
all the way to geverely strwatified flow, representing conditions
of minimum Ffeedback. The study has explored the flow problem
and its effact on propagation for this class of fires.

6.2, Raecommendations for Future Worlk
It ig of the course guite difficult to determine the relavance

of present results to ducts of realistic dimensions. One could
gpeculice with some confidence that these results are =scalabls
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in terms of TFroude and Reynolds numbers, but in the  end
verification with results from larger passages would be

necessary., Work on pressure modelling would alsc be valusble

because; as de Ris et al (1973) show, small scale experiments
may be used to simulate large scale events 1f certain conditicns

are met. Radiation is likely to be very important in larger
scale fires and would certainly zequire - more attention.

Full-scale exper’wents to study radiation effects might also be

unavoldsble since not even pressure medelling teehniques can

accurately simulate wvadlation fn the fire process unless

specific conditions are met. See last paragraph of section

1.2.2. Present vesults in which stratification ocours provides

some bearing on what one might sxpect from modelling large scale

fires, This iz bucause sever stratification is an effect that

tends to persist in full scale fires.

One could in principle try to use GFD to model these fires, but
this task is many orders of magnitude more complex tharn the one
undertaken in this thesis, particularly 1f one accurately allows
for radiation, wmixing and the actual reactions ILlnvolved. It
seems that there are other approximations in the one dimenszional
model, such as radiation and stoichiometry, to which one should
first pay attention before delving iuto CFD caleulationz. On
the face of the evidence of fits batween the present formulation
and results, such complex calculations are not really warranted
at this stage. The present model 1s ope which uses only the
aversge (center-line) gas temperature profile along the duct or
reactive plume stream and has proved to be guite precise,.

From a dynamics view point the observed jumping phenomenon
displayed by fully-developed fires In ducts 1s very interesting.
The question of whether subsequent jumping is indeed possible
throughout the course of propagation is still unanswered, at
least by experiment. Conditlons for this are that wvery little
or no fuel should vaporize or pyrolyse ahead of the fire while
the flre burns at a uniform rate in the combustion zone,
Ironically this same condition could result in extinction just
as the five attempts to jump ontc a hardly volatile fual surface
occupled by the "excesy fuel =zone", However If a fuel/duct
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system 12 chosen to have appropriate properties there may be
just enough fuel pyrelysis and preheating ahead of the fire to
prevent extinction during the jump-transition period. In such a
cagse several clear jumps might be observed before steady state
is reached during propagation. Fires propagating in severely
stratified flow conditions alsc show sone promise with regard to
prolonged jumping becsuse of minimal heat feedback to fuel ahead
of the rising fire plume.

One can only speculate that open bush Ffires in strong wind
conditions propagating downwind might also burn in a similax
manner when the plume rises above the fuel surface ahead of the
fire. Strong winds create a boundary layer over the burning
tushes and therefore restrict air supply primarily to the
upstream end of the fira. Much like confined Ffires studied in
this thesls pyrolysing fuel ahead of the fire is starved of
oxygen, only entering the fire process from the upstream end,
and therefore will only ignite when the fire progresses to that
region, Coupled with fuel loading distributions and varying wind
speeds these are the same wmechanisms controlling duet fire
propagation in its simplest form. In a sense, these fires are
also fuel-rich if one considers an envelope that engulfs only
the reactive plume stream and its combustion products. In mest
cages such a plume stream will rise over the fuel surface and
ahead of the fire due to an interantion between buoyant and
crosaflow forees, this being the same physics explored in the
stratified flow analysis. Of course there are some =major
differences when one considers that bush fire propagation is
dominated by radiative and not only convective/conductive heat
transfer. Also propagation may be aided through f£ire-brand
spottiug due to strong winds transporting fire brands to new
regions far ahead of the original parent fire. An extensive
raview of such wind effects on mass fire phenomena has been
presented by Pitts (1991).

A fuel property based correlation for determining stratification
has been proposed and although present data are well correlated
more experimentation will be mnecesszary. Prediction of
stratification would be most usaful in practical gituations, and



indispensable in the application of the present model, if oniy S
tua]./duct properties need he known. Of course a grea.t deal of. R
work is still naeded. ta mderst:and the reactiona oceur. :[n t:hese__"
fires before the stuichiomatry san be. pradic.tad and uged in. such

a correlation. It ia p].aasing to see th&t a recent publicatio:x

(Taﬁafaﬁn et - al 1993) addrasses -some. . of | these igsues. o
Prediction. of tamparatuxe st:ratificat:.on mey - t‘nen also. ba usad__
to predist combustinn product apacias stratiflca,tion because it

-shown ‘by Nevman. . (1984) © that temperature and specms

stratif:[catinn follow . clnsely Knowledge ‘of such effents :Ln"_--' :
'passages becomes nr:.tical in avoiding hazardous encounters with
' hot: toxic gasss typically produced. in- confined: fires. . B
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APPENDIX A: PROGRAMS TQ SOLVE MODEL EQUATTONS

The first progrém solves the entire get of model equations and

_outtputs to three separate files, Tha'gas_temperatnre-profile,

fire propagation history and fuel mass losding at various stages
of the pfupagation'histnry are output to the files TMPRSST.DIA,
TMPRSSX,DTA, and TMPRSSM.DTA respectively. It cen also provide

. such 1nformation as ‘the .veyxage fire propagation speed, fuel

lugs rates, and the fraction of heat pgenerated that goes into

- various ‘part':'s"of the fira process, The program 1Is written in

TURBQ PASCAL and appears under the file mame DUCTFIR.PAS. Soma

-parts of this code are adaptad from Ycung and Glasser (1990)

(oM 32000,0,655360}~
Program Firehop{input,output);

type

vectlbylO0 = array [1..800] of real;

way

1,3.kk;1,ie rinteger;
x1lhz,qbl,xmo,
 xoyf,x11, xov, X,

x2,

dt2,di, dx,

gvap,qtot, vprop,

tl,

tvl ireal;

te,xe, te,xe, tp,
xp,dmodx,mo,m,

me,mh, too ivectlbylOO;

outfile,outfilel,

outfileld ttext;
const '

{# MODEL PARAMETERS ARE ENTERED HERE %)

{1 ENTHALPY OF REACTION OF FUEL (GASEOUS) WITH OXYGEN J/(XG OF OXYGEN))
dhy=12,76E6;

{2 DUCT CROSS SECTIONAL AwEA (M2)})
xarel,556a-3;

(3 WIND SPEED (M/S))
vw=0,314;

{4 STOCHIOMETRIC COEFFICIENT FOR FUEL (KG FUEL/KG OXYGEN)}



beta=]. 5.,

{5 FUEL BURNING RATE (RG FUEL/MZ OF FUEL )}

fbr=0. 0120 H

(6 PERIMETER OF FUEL CROSS SECTION M)

fprim=-0 05;

{7 ENTHALPY oF VAPL'HJRIZATION OF FUEL J/KG}

hvap=27, 2e4 i

{8 MEAN S]?EGIFIC HEAT CAPAGI‘J.‘Y OF GAS J/KKG}

cpg=1400 (I

{9 PERI}ETER or DUGT M}
- dpxim=0, 085

{10

{11

{12

{13

(14

{15

{16

{17

HEAT TRANSFER GOEFF BETWEEN G‘AS AND DUCT WALLS (W/M2K) }

ud=42,0; 1wd2=18, o;

HEAT TRANSFER COEFF BETWEEN GAS AND FUEL, hf (W/M2K))
uf=3,0; oo :

FUEL VAPOURIZATION TEMP. C}

tvap=99.2;

AMBIENT TEMP C)

tamb=24 .4

AMBIENT PRESSURE Pa)

pamb=85113.0;

FUFL LOADING IN DUCT (KG OF FUEL/M IENGTH OF DUCT))}
*x1mda=0,1833;

FUEL LOADING PER UNIT AREA}

ma=3,6667;

1-bypass fraction}

bypass~1.0;

k=10; {(¥*increment¥)

._I’_ag_e 149_ _

{

function pr(base,power:real):real;

bagin
pr=expl\power*in(base));
end;

procedure combustion zone(var  xil,xmvf,xmo,xlbz,qbl :real;

var te,xe !veetlbyl00);



ragﬁ

vax:
xntot, Xuvx, LAR ,
htrcor,al?ha,fhl;' _
: fhv,fhh,ftot~- - ireal;

begin -

{CALCULATE INITIAL GAS FIDWRATES PSING 1.6 LAW]

xntot: wﬁxar?pamb/ (8 ;-314*(tamb-_|-2_73 0));

xuo =0, 0288*xntot] '

xmvE =0, 032%0. 21*xntot*beta$bypass,
{GALGUL&TION OF LENGTH OF BUBNING ZONR}

XX ] hfbr*fprnn, _

xlbz: ~xwvt/smvx; (BURNING Lzmcm}'

tmax:=( (dhr#(1/beta) ¥xmvx-xuvx¥hvap) ) /(xuvaFcpg+dprintud) ;

htreor :=dprim#ud/{xmvr*epg) ] .

for 1:=1 to k do

begin

xc[i]'a(i*xlbz)/(k -1) zlbz/(k -1);
tc{i].=tamb+tmax*(l-pr(1+xmvx*xc[i]/xmo,-(1+htrcor))};
{ writeln{=c[i]:3:3," /,te[i]:3:3);)
end;
alpha:=zmvs/xmo;
if{htreox > 0)then

x1i] ;=tmax® (X1bz+(1/(htreorkslpha) )% (pri l+alpha¥xlbz, -htrcor)-1))
else

x11l:=tmax*xlbz-(1/alpha)*1ln{1l+alpha¥*=xlbz};
gbl:=dprimtud®xil ;
(ENERGY BALANCE CONSISTENCY CHECK)
fhl:=~gbl*beta/ (xmvEedhr) ;
thy ;=xmvf*hvap*bata/ (xuvEkdhr} ;
v={xmvEtumo ) *cpg (te [k] - tamb)¥beta/ (xmvE*dhr) ;
ftot:={fhl+fhivifhh);
(ftot SHOULD BE 1}
writeln('latent:’,fhv:3:3," lost:’,fhl:3:3,’
end;
(

heated:’ ,£fhh:3:3);

-150:'_"."

Function fnlel,c2,el,ch,e5,¢6,%,y @ resal): real;
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begin;
fn.a(cs*x-c&*y-cﬁ)/(c2*y~c3*xﬁcl)
end;

{

rrocamre'rkz»(d a%,63,¢4,c5,06,h,%0,y0 : real; var x1,yl : real),
{This parforms one step of the ith order Runge Kutta Method}

Var
xki,xk253k3,xk4 H real;-

Begin .

xkl:=h*fn(c1,c2;¢3,c4,c5,cG,XD,YO);-
xk2:=h*En(el,c2,c3,ch,c5,c6, X040, 5¥h, yO+0, S¥xkl) ;
xk3:=h¥En{cl,c2,e3,c4,¢5,c6 ,X0+0 . 5%h,y0+0, 5%xk2) ;
#k4:=h*fn{cl,c2,c3,ck,c5,c6 JRO+h, yO+xK3) ; -
X1 ;=x0+h;

y1tey O+ (ick 142 . O¥xk242 . O%xk34xkd) /6. 0;

end;

{

Procedure excessfuelzone(xmo,xnvE,xil,xlibz 1 real;
var xmv,x2,dt2,qbi,di,dx 1 real;
var j tinteger;
var te,xe : : vectlbyl00};

Var

el,e2,c3,c4,65,c6,
dx0,di0,h,dxE, dte,

xwr, test,dxh, qblex,
dgmv, dt, £hi2, Fhv?2,

hh2,ftok2 treal;
1., TIUm tintaeger;

Bagin

¢l :={xmotzmvE)*cpg;
¢2 :=fprim*ufvcpg/hvap;
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¢35 1=( fprimfuf¥cpgt { tvap-tanb) ) /hvap;

ch =dprimbud2-+fprimtut;

e5 i=fprirduf*{tvap~tamb);

¢6 i =dprinFudéxiltxmefthvap- dhrtxavi/beta;

dx0:=0,0;
di0:=0.0;
h:=xlbz/(k-1);
dxf:=500;
Ji=1;
test:=1.0;

While test > 0 do begin
rké(el,e2,e3,c4,e5,06,h,dxu,4i0,dx, di);
dx0;e=dx; {*x-incriment*)
di0:=di;

dte:=fn{cl,c2,e3,ch,c5,c6,dx,d1};
WL i=dx+xlbz;

( writeln(dx:5:3,'7:3,dtettamb:5:2," *,1);}
oawej4l;

te[j]:=dtet+tanb;

xe[f] i=dx+xlbz;

{ writeln(xe[j]:5:3,’":3,te[fi:5:2," *.3):)
dt;=(o5*dx-ch*dl-c6) /(c2%di-cI*drtcl);
test:=dc- (tvap-tamb);

end;
tef[l]:=teflk]; {*SET THIS GONDITION*)
xe[l]:=xclk];

dt? sedt;

gblex :=dprimtud2*di;

gbl:=gbl+ghlex;

duxmy:=(fpriméuf /hvap)* (dl- (tvap-taub)¥*ax);

xmv: =xmvi+dxmy;

K2 1=dx;

{Energy bslance consistency check in the couwbustion and excess fuel zones)
(fhl2 is the fraction of energy liberated 1ustlto th: walls)

{fbv2 is the fraction of energy used to vapouvize the fuel)

{fhh2 is the fraction of energy used to heat the gas)
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£hl2;=gbl*beta/(xmvEidhr);

fhv? ;=semvibetavhvap/ (guvErdhr) ;

fhh2 i =(xmv+xmo) ¥epgidethera/ {xmvEkdhr) ;

ftot2 :=fh12+fhv2+Lfhh?;

writeln(‘latent:’,fhv2:3:3,’ lost:’,fh12:3:3,' heated:’,flh2:3:3);

end;

Procedure preheatingzone(xil,di,xmv,xmvE,

xml, x1bz, %2, 42, gbl tveal;

var gvap,qtot,vprop ireal;

var ¥k tinteger:
var  tp,xp 1vectlbyl00);

Var
%12, eta,xou, dx,
dt,x, increment  qpr  :ireal;

Begin;
inerement =0, 0L ;
®i12 1w ildy;
ata;=dhrixmvE/(betatdprimtud? ) ~xi2 -xmyihvap/ (dprim¥ud2) -xil¥*(ud/ud2-1),
xmu : ssdprimtud2 / ( (xmO+ymv) *epg) ;
dx:=~0;
dt:=5000.0;
kKk:=0;
while dt > 10 do hegin
oo kel
dx ;=dx+increnent;
dt i =eta¥xmuts xp { ~xmurkdx) ;
x =K lhatx2+dy ;
tpikk] :=dtttanb;
xp[kk] 1=x;
{ writaln{outfile2,x:5:2,"7:3,d¢t:5:2);}
end:
{Heat loss in the preheating zone)
Qpr ;= {xm0+xmv) *cpghdtl ;
{Total heat loss)
Qtot:=qpvi+qbl;
Qvap r=xmvihvap;
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{Fire Propogation veloclty)
vptop:=( {dhr¥zuvf/beta) -qtot) / (x1luda*hvap) ;
end; '

procedure initial mo(i,k :integer;

' - var' mo 1vectlbylud) ;
var '
1  :iintepgex;

begin .
for ii= 1 to k+j-l do
mo[i]:=ma;
{*INCLUDE COMBUSTION ZONE*}
{*EQUATION FOR INITTIAL FUEL LOADINGH)
end;

procedure excessloss(j,k :integer; t :REAL; mo,tm :vectlbylO0;
var m tvectlbyl00);

var itinteger;

begin
tu{j] i=tvap;
for i:=l to j do
begin
mfi] temo[i4+k-1] ~ thufh(tm[i]-twvap) /hvap;
{ writeln(m[i]:3:3,7 ',mof{i]:3:3.,r *,ta{i]:3:3,"' ‘’,1):}
end;
for i:=j+l to j+k-1 do
m{i):e=ma;
end; '

{ 1

procedure reinltial(m ‘vectlbyl00; j,k  :intepger;
var mo tvectlbyl00):

var 1 rintager;
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begin

for 11 to k-1 de¢
mof[17:=0; '

for i:=k to }j+k-1 do
begin '
mofi]:emfi);
end; ) '

end;

procedurs burn{k iinteger; m :vectlbyl00;
var wb :veetlbyl00);

rar 1 lnteger;

begin

for i:=1 to k do
mb[i]iem[i]-m[1];

end;

procedure dist time(mo ivecetlbylO0; tv  :REAL; k :integer;
: var too ivectlbyl00};
var i :integer;

begin

for i:=1l to k do
toofi]i=mo[1]/Ebr + tv;

end;

procedure valocburn(mo,tm :vectlbyl00;too :vectlbylGO;k :integer;tv treal;
var nm :ventlbyl00);
var
trap 1REAYL; .
i,kk,ce rin*aper: -
intc,burn,h  ivectlbyl(0O;
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hegin
1£ (k>]) then

bagin

for ce:=j to k do

tm[ce] i=tvap;

end; L
tm[ ] };=tvap;
h{1]:=too[2]-tv;
for i:=2 to k-1 do
h[i]:=too[i+l]}-too[i);
burn (1] ;=Ffhr¥(too{k]l-tv);
ANT[1]:=0;5 © . L
for I:»2 to k do {USING TRAPEZOIDAL RULE)
begin |

tra:i:ﬁ-o_:
for MW=L to 1-1 do
begin .
trapi=h[i-kk]*uf*((tmikk]-tvap)+(tm[kk+l]-tvap))/(hvap*2) + tran;
end;
int{ij:=trap;
burp[i]:=fbr#(too[k]-too[1]);
end;
for 1:=1 to k do
m[i{]:=mo'il-int[i]-burn[i];
end;

procedure velocexrcess(mo,tm ;vectlbyl00:tos!vectlbyl00;tv :REAL;],k:integer)
var m vectlbylOQ);
var
trap rREAL;
i,kk (integer;
int  vectlbyl0Q;
h  weetlbr100;

begin

tw[]] i=tvap;
hil]i=too[2]-tv;
for ii=2 to k-1 do
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h{i]:=too[i+l]-too[i];

for L1:=0 to j-k do {USING TRAPEZOIDAL RULE)
begin : :
trapi=0;
for kk:=2 to k do

begia -

- trapt=h[k+l-kik[*uf*( (tm{kkeiv1] - tvap)+(tm[kk+i] - tvap) )/ (hvap2) + trap;
B H g ' ' o
int[i+l] :=trap;
end; "

for ii=l to j-(k-1) do
m[i+(k-1)1 = mo[i+(k-1) ] -int{i];
end;

procedure velocfresh(mo,tm :vectlbylO0;too :vectlbyl00;tv :real;j,k :integer;
var m tvectlbyl00);
var
trap sREAL ;
i,kk,ec tinteger;
int,burn,h  :vectlbyl00;

begin
1f (k>j) then
begin
for cei=j to k do
tm{ece] i=tvap;
end;
tmf§] :=tvap;
hil]:=too{2]=-tv;
for i¢{=2 to k-1 do
hii]i=too[i+l]-too[i];
for ii=l to k-1 do {USING TRAPEZQIDAL RULE;
begin
trap:=0;
for kk:=1l to 1 do
begin
trap:=h[k-kk]#uf¥((te[j+kk-1-1] -tvap)+(te[i+kk-1]-tvap))/(hvap¥2) + trap;




end; .
int[k-i] :étfap;
end;
Lut{k}:=0;
for i:=] to k do
mf{i+]~1]:= mo{i+j-11-intfi];

{

procedurg-vEIchrESBZ(mo,tm ﬁvectlbyloo;tau :Vectiby100;tv :réai:j}k tinteger;
o var m 1vectlbyl00); Lo -

trap  :REAL;

i,kk,cc  :integer;

inc,burn, b ivectlbyl00;

begin

if (k>j) then

bagin .
for ca:~f to k @
tm[cof i=tvap;

- end;

tm{}] i=tvap;

hil):=too[2])-tw;

for i;=2 to k-1 do
hii]i=toa[it+l]-toa[i];

for f:=l to }-1 do {USING TRAPEZOIDAL RULE)

begin

trap:=0;

for kki=l to 1 do
begin

'rapi=h[k-kk]*uf*((te[j+kk~1-1]}-tvap)+(te[j+Rkk-1]-tvap))/(hvap¥2) + trap;
end;

int{j-i] i=~trap;

end;

int[j]:=0;
for ii=1 to j do
begin
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mfi+ke-1} 1= mo[i+k-1]-int[i];
end;
end;

{* MAIN CODE BEGINS *}
begin : N
assign(outfile,’e:\twprisx.Dta’); (* Propagation History *}
rewrite(outfile);
assign(outfilel, 'c:\tmprSst.dta’); {% Gas Temperature Profile #*)
rewrite(outfile2);
aszign(outfilel,'c:\tmprSsm.dta’); (% Fuel Mass Loading Distribution *)
rewrite (outfilel); '
for 1:=1 to k do
too{l]:=0;

i#* Solving the Gas Temperature Profile #)
combustion zone(xil,xmvi,xmo,xlbz,qbl,tc,xe);
excessfuslezone (xuwo , xuvf %11 ,x1bz, xmv,x2,dt2,qbl,di,dx,j,te,xe);
preheatingzone (x11,di,xmv, xmvf , xm0,x1bz,%x2,dt2, gbl, gvap, qtot,vprop,kk, tp,xp};
for 1i=1 to k d»n

writeln{outfi -2,xec{1]:3:3,' ',ta[1]:3:3);
for l:=]1 to j do :
wvriteln(outfile? ,xef1]:3:3," f.telll:3:3);
for 1:=1 to kk do
writeln{outfile? xpfl]:2:3," fL,tpll]:3:3);
writeln(’Combustion zone length:’,xlbz:3:3,’ vprop: ’,vprop:3:9):
writeln(!Ezcess fuel zome length:’,dx;3:3,! b

writaln(outfile,0,’ *,xibz:3:3);
initial mo(j,k,me};
tl:=mo[l] /fbr; X:=2%xlbz;
writeln{outfile,t1:3:3," *,xlbz:3:3);
excassloss(j,k,tl,mo,te,m);
for 1e = 1 to j do
writeln(outfilel,zefle):3:3,' ', ,m[ie]:3:3);
{tl:=l + x1lbz/Vw;) [(* Must put an if statement for other fuel loadings)
[(*#Initlalize¥)
{ initial mo(j,k,m);) {*Initail if mu is not flat¥)
tvli=m[1]/fbr + tl;
writeln{outfile,tl:3:4," *,x:3:3);
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wr_iteln(outﬁla,'L-vl:':):#,_.' f,xi3:3);

1f (k<j) Then (* IF COMBUSTION ZONE TS LARGER THAN EXCESSFUEL ZONE *)

begin

for 1i=1 to 10 do (% REPEAT AS MANY TIMES AS REQUIRED %}
bagin_: . - o S
burn(k,m,mb) ;
iteln(nutfile3),
for ie = 1 to k do
writaln(outfilea ,xc[ie]+x-x1bz*3 3 ' 7 wbhiie]i3:3):
reinitial(m,j,k ,MO) ' '
disn_time(mﬁ;tvl,k,tan);
for 1= 2 to k do
begin .
xr=xtxlbz/ (k-1)3
{ if. (too[i}<(x-x1bz)/vw) then
. begin
too[i]; m{x—xlbz)/‘?w,
- end;) : :
writeln{outfile, toofi]}:3:3," ',x:3:3);
end;.
excesslogs{j,k,tvl-tl,mo,te,me);
for ie ;= 1 to } do :
writrla(outfiled,xe[ie]4x-2%x1bz:3:3,’ ?,me[ie}:3:3);
velocburn(me, te, too,k, tvl,m);
velocexcess{ma, te,too,tvl, j,k,m);
velocfresh(me,te, too,tvl,j, k,m);
tvl:em[1] /fhretoolk);
tl:=toolk];
writeln(outyile, tvl:3:3,* f,x:3:3);

end; (* UNTIL AS MANY TIMES AS REQUIRED %)
end
else {*#* IF COMBUSTION .. 18 SHORTER THAN EXCESSFUEL ZONE *}
begin
for 1:=1 to 5 do (* REFEAT AS MANY TIMES AS REQUIRED %}

begin
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burndi by
ﬁfitein(&utfile3}..
for ig 1=1 to k do : : _ . L
writeln{outfile3, xr.[ie]+x'3 3, tmbiia]13:3);
reinitial(m,},k;mo); . SR
forie-uitojdo ' _ .
w::iteln(outfi}.eB xe.{it.]-f-x*?z 3 ¢, mof[fe+k-1]:3:3);
dist tinm(mb tvl,k, too); B '
- for 1= 2 to X dn '

bag:m _ :
't nx-!-xlbz/(k-l), _
{ 1f (too[i}<(x-xlbz)/Vw) then
. begin '
too"1~=(x-xlbz)/Vw,
_ Cend;} S _
' writeln(outfile too{i] 3:3,7 ',x13:3);
' end* '
-exGESsloas(j k, tvl-tl,mo, te,me);
velocburn(ma te, too, k, tvl,my;
‘re'locfresh2(ma ta,too,tvl,j, k,m);
“tvli=a[1}/Ebr+tooulk];

tli=toalk];
writeln(uutfile tyl:3:3,7  ',x:13:3);
end; - {* UNTIL AS MANY TIMES AS REQUIRED %)
end; .
close{outfile);
close{outfile?);
cloge{outfile3);

end. {* END OF MATN CODE *)
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bura(km,mb); ¢ -
writaln(outfila&), S
for ie .=1takdo L L _
writeln(outfile3, xc[ie]—l-*x 3: 3 ' o ub{le]:3:3);
_'relnit:ml(m,j Icmo), S R
fbr lei=1ts J do - S o
wr:.teln{outfiles,f rie]Pk:d: 3, *,mo[ie+k-1]:3:3);
- dist_time(ub,tvl,k £00) ; e '
fnf i.ﬂ £ to k do
bagin
x: -sx+xlbz/(k—1),
{ if (too[i]((x xlbz)/Vw) then
begin -
" too {i] '=(xnx1'bz) Nw.
L end i : o
_ _-_writeln(ontfile,-tan[i] :3:3,7  *,x:13:3);
. : -gnd‘; . . - . .
‘excessloss (] ,k, tvl-tl,mo, te,mn);
'velacbuﬁn(me;té;tbb?k,tvl,m);-
- -velocfresh2 (me, te, too, tvl,§,k,m);
tvliem{1]/Ehrbtoo[k]l;
fli=too[k]; |
: writeln(outfila tvl:3:3,"  *,x:313);
end; - {* UNTIL AS MANY TIMES AS REQUIRED *)
end; ' :

close({outfile);
close(outfile?);
close (outfilel);
end, = {*# END OF MAIN CODE *)
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The following TURBO PASCAL program solves the combustion zomne
equation wich the effect of thermal radiation heat losses using
- the Stefan-Boltzmarm expressi.n.

Program Radiation (input,output); : i

vaxy

outfile :text;

const
(* MODEL PARAMETERS ARE ENTERED RERE #)
{1 ENTHALFY OF REACTIOR OF FUEL (GASEOUS) WITH OXYGEW J/(KG OF OXYGEN)}
dhr=13.07E6;
{2 DUCT CRDSS SECTIONAL AREA (M2))
rar=),K556e-3;
{3 WIND SPEED (M/S)}
w0, 283
{4 STOCHIOMETRIG COEFFIGCIENT FOR FUEL (XKG FUEL/KG OXYGEN))
beta-0.962;
{5 FUEL BURNING RATE (KRG FULL/M2 OF FUEL 5)}
fbr=7.31e-3;
{6 PERIMETER OF FUEL CROSS SECTION M}
fprim=0.03;
(7 ENTHALPY OF VAPOURIZATION OF FUEL J/RG)
hvap=272000,00;
{8 MEAN SPECIFIC HEAT CAPACITY OF GAS J/KKG}
cpg=1400.0;
{9 PERIMETER OF DUCT M)
Aorim=(,085;
{10 HEAT TRANSFER COEFF BEIWEEN GAS AND DUCT WALLS (W/M2K))
ud=2.0;
{11 FUEL VAPOURIZATION TEMP C)
tvap=89.2;
{12 AMBIENT TEMP C)
tamb=33,0;
(13 AMBIENT PRESSURE Pa}
pamb=85113.0;
{14 1-bypass fraetion)
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bypass=1.0;

X1lbz=0,26; -

ew=(,60; © o {%* Emisgivity ¥}
i stef=5,6697e-8; {* Stefan-Boltzmann const. %}
; mo=4 , 26e %4 {* Mass of alr flowrate *)

function fn(x: real; T: vreal): real; (* COMBUSTION ZONE ZEQUATION *)

var

i a,b,e,d,e,aa :.eal;

g begin _ :

E ai=(dhy/beta)*fprimtfbr-hvap*fprimtEbr;

% b :=cpg*fprim*For+dprimtnd;

4 cr=dprimtem*stef;

d:=mo*cpg;

i ei=cpghfprim*fhr;

j Enr=(a-b¥*(T-Tamb) -c*(sqr(sqr (1+273) ) -=2qr(sqr (Tanb+273)))) /(dte*x);
end;

procedure rungekd; {4th ORDER RUNGE-MUTTA ALGORITH +)

var
xnew, Tnew,xn, Tn, ko,
kl,kZ,k3,%nl,xn2,xn3,
Tnl,Tn2,Tn3,h ireal;

begin
h:=0,005;
xnew:=0,0;
Tuew:=Tamh;

repeat

X0t I=Xnew;
Tn:=Tnaw;

kor=h¥*fn(xn,Tn);

xnl i=xn+h/2; Tnl:=Tn+ko/2;
kl:=h*fn(xnl,Tnl),

w2 =xn+h/2; Tn2:=Intkl/2;



k2: =h*fn(xn2 Tni),
x0d t=xnth; Tnd: =En¢k2-
k3:h#fn(xnd, Tnd); L,
Tnew.=Tn+(ko+2*k1+2*k2+k3) /s-' .
xmew:~xnth; IR S o
writeln(outfils, xr3W'3 3,% 1, Tnew:i3:3);
until(zmew > xiby), A
end; '

begin . {* MAIN CODE %]
assign(outfile, 'e; \butull;br dat'y; o
rewril:a(outfile), e

Rungekt;

cloce(ontfile); :

end. SRR . {* MAIN GTDE +)
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APPENDIX B: DATA AND PILE LISTING FOR RETRIEVAL

Air Flﬂwrate

File Neme

Run L/min T(x, t)
1 Is0 140: TMELS .DAT
"~ 2 Iso 29,0 TMP2S ,DAT
3 1Iso 85,0 TME3S . DAT .
4 Tan 61.0 . TMPAS.DAT -
5 Iso 22,4 TMP58,DAT
& Tso 1064 - TMPES ,DAT -
.7 Butol 60.1 EUTOLZ, DAT
. 8 Butel 26,4 BULOLAR. DAT
- 9 Eg 26.0 BGIY,DAT -
- 10 Isu 29,3 TMPRSS . DAT

*11 Butol

25,9

BUTOLA . DAT

Rapeat runs;

TABLE B.1, Rata files of liquid fuallad fires in small duct.

Alr Flowrate

File Name
Run 1/min RS

1 Stripe 43.6 PMMA19.,DAT
2 Strips 30,0 PMMALS5 . DAT
3 Strips 30.0 PMMA20 ,DAT
4 Strips 29.8 PMMAL7, DAT
5 Flakes 33,9 PMMAZE ,DAT
6 Flakes 30.1 PMMAZ2 ,DAT
7 Flakes 28.9 PMMAZ2? DAT
GROWTH OVER 51.3

SHERT EXPERIMBN

)

FMMA.DAT

-

TARLE B.2. Data files of PMMA fuelled flrxes in small duct,
Including the £ire growth run of chapter 4,
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. Bum : -._ﬁif Fiaﬁx‘aﬁé E File Name ._
CEm o Timin Tt

1 1so ' 128 TMP2.WKQ
2 lse X130 - TMP3.WKQ
3 Ise . 146  IMP4.WKQ
4 Ise 124 TMPS,WRQ
5 Ise kT2 MPE.WRG -
& Ftoh 22 . EIOHL.WKQ
"7 EBtoh 229 . . ETOH2.YKQ
8 Beoh - 174 UTOH3.WRQ
9 Etoh 123  ETOH4.WKQ .
10 Beoh . 229 . ETOHS.WKQ
Ll Bg . 232 EGL.WRQ
. 12 B 340 ) EG2.WKQ
13 Eg _ L6735 : EG3.WKQ -
14 Eg o 231 ' BG5.WRQ .
15EBg 875 . EG6.WKQ

TABLE B.3, Bata flles of liquld fuelled fives in stratified :Elow
(chapter 5}. B

e, Air Flowrate File Name | o
kg/m' 1/min T(x,t)

“1.1l6 21.% ' PHMAF, DAT
2,33 29, PMMAL , DAT
1.16 43, PMMAZ ,DAT
1.74 83. PMMAZ . DAT
1.74 83, PMMAS . DAT
1.16 43, PMMAZ ,DAT
1.74 43. PMMAS ,DAT
1,16 43, PMMAS , DAT

W Lo 00 W o

TABLE B.4, PMMA flake experiment: data £iles for Vg, versus (@ /) ¢ ta.



o x : mh x mh _. x . m’ R : x -. ) mu - .. | o

0,820 0,21 1,135 0,28 Q,SBOT_“G 33
0.842 0,37 - 1,155 0.30 0,952 .- 0.48
0,869 0,65 - 1.177 0.2 0.991 . 0.87. .
'0.892° .92 1,209 0.71 1,035 1,18
0.917 1.27 1.241 105 1,071 1.28
C0.946 1.37 1,283 1,45 - 1,102 1.65.
0,973 1,400 1,339 2,06 1.141 1,96
TUL.002 1.620 1,390 2,400 0 1,182 2,30
1,032 1.82 . 1,337 2,65 . 1,223 2,59
1.066 2.32  1.486 2,94  .1.265 © 2.84 -
C1.102° 2,90 1.536  3.35 1,306 3,10
©1L,136 2,98 1,587 3.50 1.348 3,54
10679 4.5 1.166 3.24  1.637  3.67  1.389  3.76
1,713 430 0 1.196 3.24 1,691 - 3,91 1,420 3,76
. 1.746 4,28 1.225 3.62 - 1,749 4.05 1,467 3,80
1.779 ~ 4,33 . 1.260 3.87  1.800 4.09° 1,504 3,95
1.809 4,58 1.297 3.92  1.842 4,21 1.544 4,80
1,838 4.664  1.331 3.89 1,590 3,89 .
1.873  4.73 1.365 3,91 1,631 3,81
1,809 4,90 o . 1.688 3,79
1,938  4.68° | T
1.966 .69

cow

D

Ui'ws o b ho W 12 6 Ly mg |
R0 R -4

-

lﬂ.
3
[»-3
y b
VB URONHEHRSOS |

*—l
m
%;_
w
I
S

TABLE B,5., Fual mass loading data from PMMA strips experiments (staady-staté);
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FIGURE B.l, Steady-state propagaticn rate data from PMMA flakes experiments.

DATA RETRYEVAL

11 computer programs and data files referrec to im this
appendix are stored on a disec which is ineluded in this
appendix,

All data files have Tsen compressed to save disc space,
Compressed versiuns are in four Fflles namely BRL.ARJ, BRB2.ARJ,
B3,ARJ and Bé4.ARJ , each representing date files found In tables
B.1, B.2, B.3, ‘and B.4 respectively, To de-compress, for
exasple, Files in BL,ARJ (files listed in table B.1} and send
data files to a dize on drive b type as follow at the DOS prompt
when the origimal parent disc is in the cutrrant drive

ARJ e Bl b:\

For help on ART (the back-up ut:ility); type "arj" and ENTER,
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The TURRG PASCAL program below reads-in data from the sourca
data file (e.g., PMMA20.DAT) and arranges the data in DISTANGE;
TEMPERATURE a&nd TIME columns into another file (e.g.,
PMMAzoc.DAIj. It is written only for the small duct data
(non-stratified analyses), It appears under the filepame
"DATSORT.PAS"., The scurce filles contain nq.'distancas, only
thermocouple numbers for each temperature measured. Stratified
fiow (large duct) data, however, are already in this type of
format and are in the form of QUATRD spreadsheet files and do
not require sor+ing (files in table B.3). Data files from
tables B.1, B.2 and B.4 WILL require this program to sort the
data,

Program datsort(input,output); {FOR SMALL DUCT]

VAR
INFILE,OUTFILE, INFL : TEXT;
1,11 : : INTEGER ;
TTTLE :STRING[307;
TEMP, TIME,DIST,DIS,TEM,TIM  :ARRAY[1.,34)OF REAL;
BEGIN

DIS{1):=0.0;PI5[2}1=0.091;DIB(3]:=0.182;D1814]:=0.273;DIS[5) :=0.364; ig
DIS{6]:=0.455;DIS{7]:~0,546;DI8[8]=0,637;DIS[9]:=D.728;:DIS[10]:=0.819; ﬁ.
DIS[11]:=0,91;DIS[12]:=1.001;DI8[13]:~1.092;DIS[14] =1, ,183;DIS{15]) =L.274; :
DIS[16]:=1,365;DIS{17]:=1.456;DIS{18]:=1,547;DI5[19):=1,638;DIS[20):=1.729;
DIS{21]):<1.82;DI8[22]:=1.911;D1I8{23):=2,002;DI5([24]:=~2.093;DIS[25]:=2.184;
DIS{26):=2,275:DI8[27]:=2.366;DIS[28]:=2,457;DI8{29]:=2,548;DIS[30]:=2.639;
DIS[31]:=2.73;DIS[32]:=2.821;DIS{33]:=2,912;DI8{34] :=3.003;
ASSIGN{INFILE, 'a;\pmua20.dat’)};
RESET (INFILE);
ASSIGN{OUTFILE, 'a:\pmma2Uc.dat’);
REWEITE(OUTFILE) ;
READ{INFILE,TITLE);
1:=0;
WHILE NOT EOF(INFILE) DO
BEGIN
T:=I+1;
READ(INFILE,DIST{I});READ(INFILE, TEMP[I]) ;READ(INFILE, TIME[L]);
IF (T=34) THEN
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BEGIN
for il:=1 to 34 do
begin : _ _
writeln{outfile,dis{11):3:3," *,temp{£1]:3:2,' ', time[11]:3:2);
. P e . _
writeln(outfile);

fi=0; _
ERD; _ |
CLOSE (INFILE);
CLOSE(OUTFILE);
END. |

The TURBO PASGAL program below rxeads a source datr file (e.g.,

PMMAZQ,DAT) an& caleulates the poéition‘ of the maximum

temperature for each measurad temperature profile and stores in

another file (e,g., PMMA20X.DAT) this position versus time data

{(fire-front wversus time data), As the program iz showm it is

only for small duet data and appears under the £ilename

"FLAMFRON.PAS". For large duct data the set of numbers showm in _
the program code mwust be replaced with thoge appearing at the %'
and of this program. In this case the program can be used on any
one set of thermocouples (flmor, middle or ceiling}. _
Calculations of fire-front wversus time data are based on ¥

pr abolic interpolations,

Program FlameFront(input,output);

VAR
INFILE, GUTFILE, INFL (TEXT;
I,imax,J,N,X, L pointl,point2, count : INTEGER,;
wOM, TMAX,Q1,Q2,¥1,y2,¥y3,xl,x2,

x3,xmax , ymax :REAT,;

TITLE :STRING{30];

TN (ARRAYT)..34] OF INTEGER;
TEMP, TIME,DIST tARRAVIL. . 34]10F REAL;

DIS tARRAY{1. .34]0F REAL;
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tim,x = 1ARRAY[1..200]OF REAL;
LASTELEMENT : BOOLEAN;

Procedure Quadratic(xl,xZ,xS,yl,yZ,y3_:Real;
' Var xmax,ymax tReal);
Var a,b,c :Real; '

Begin _

ar=((x1-x2)¥*(y2-y3) - (x2-x3)*(y1l-¥2) ) /((sqr(x2) -sqr(x3) ) *(x1-%x2) - (x2-x3)%
' | (3 (x1)-8qr(x2)));

biee( (Y1-y2) cak (mqrixl) ~sqr(x2) )/ (x1-32) ; |

oi=yl-akaqr(xl) -b¥*xl;

xmax:=-b/(I%a);

ymax i =a*sqr {xmax)+brrmax+c

End: T

BEGIN .
{%*This set of numbers is used to convert thermocouple numbers)

{to actual distances (metexs). For the large duc+ rhey must be}
{replaced with the set of numbers appearing at . -nd of this)
{program,*) '
DIS{1]:=0,0:DIS[2]:=0.09L;DPI8{3]:=0,182,. 15[4]1=0.273;DIS|5]:=0.364;
DIS[6]:=0,455;DI8[7):=0.546;D18[8):=0.637;DIS[9]:=0.728;DIS[10]:=D,819;
DIS[11]:=0.91;DIS[12]:=1,001;D18]13];=~1,092;DIS[14) :=1.183;DI8]15]:=1.274;
DIS[16]:=1,365;DIS[17]:=L.456;DIS[18]:=1.547;DI8[19]:=1.638;DIS[20] :=1.729;
DIS[21]:=1.82;DIS[22]:=1.911;DIS{23]:=2,.002;DI8[241:=2,093;DI8[25]:=2.184;
DIS[261:=2,275;D18[27]:=2.366;DIS[28] :=2.457;DIS{29] :=2,548;NIS[30]:=2.639;
DIS[31]:=»2,73;D15[32]:=2.821;DIS]33]:=2.912;DI5{34]:=3.003;

ASSIGN(INFILE, ‘a:\PMMA20G.DAT');
RESET(INFILE);
ASSTGN(OUTFILE, / a:\PHMMA20x . DAT’ )
REWRITE{QUTFILE);
{ READ{INFILE,TITLE};}
Treefd; j i,
WHILE j<50 DO (* Depends on length of data f£ilek}
BEGIN
I:=I+1;
READ(INFILE,DIST[1));READ(INF.L&, TEMY, 1], ; RuAD(INFILE, TIME[I]);
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IF (I=34) THEN (I~12 For Large Tunpal; I=34 For Smal) Duct}
BEGIN | - | . ’
Ql:éﬁ;_' .

FOR i:=1 TO 34 DO

| BEGIN ) |

If (temp[i]>Ql) Then Begin
yli=temp[i];x1l:=dis[i];
Qlimtemp[1];
pointl:=i End;
o

Q2:=0; _

" FOR 1:=1 to 34 do

' BEGIN o
I£ ((temp[1]3Q2)AND{temp[1]<Ql)) Then Begin
y2:i=temp[1];x2:=dis[i];
Q2:=temp[i];
point2:=i End;
END;
I¥ {pointl<point?) THEN
BEGIN
y3:=temp[pointl-1];x3:=dis[pointl-1]
END
ELSE
BEGIS
¥3:=temp{pointi+l];®3 =dis[pointli+l]
END;
I:=0;
=g+l
Quadratic(xl,x2,x3,y1l,y2,y3,xmax,ymax) ;
tim{j]:=time[pointl]; =[j]:=xmax;
writeln(outfi a2, time[pointl]:3:2,' *,xwsx:3:2);
{writeln(temp{pointl]:3:3," ' ,xmax:3:3,’ ',pointl,' ’,time[pointl];}
END;
END;
CLOSE(INFILE);
CLOSE (OUTFILE) ;
END,
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These numbers are to be used with large duct data filles where
only one of either row of thermocouple readings are used, i.e.,
floor, middle or ceiling. The following are large duct

thermecouple positions (in meters) along the =-direction
(horizontal axis):

DIS[1]:=0,0;DI8[2]:=0,17;PIS[3]:=0.335;DI8[4]}:=0.505;DI5{5]:=0.675;
DIS[6]}:=0,845;DI8[7]:=1.01;DIS[8]:=1.175;DI8[9]:=1.52;DIS[10]:=1.855;
DISi11):=2.19;DI8[12]:=2,525;

NOTE: In the sbove program I=34 in the IF statement. This 1s for
the small duct data. For large tummel data replace with I=12,
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These mumbers are to be used with large duct data files where
only one of either row of thermocouple readings are used, 1l.e,.,
floor, middle or ceiling. The following are Iliarge duct

thermocouple positions (in meters) along the x-direction
(horizontal axis):

DIS[1]:=0.0;DIS[2]:=0.17;DIS[3]:=0,335;DIS[4]:=0.505;DIS{5]:~0.675;
DIS[6]:=0.845;DIS[7]}:=~1.01;DIS{8]:=1.175;DIS[9]:=1.52;DIS[10] :=1.855;
DIS{11}:=2.19;DIS[12]:=~2.525;

NOTE: In the above program I=34 in the IF statement. This is for
the small du t data. For large tunnel data replace with I=12,

PROGRAMS AND =
_COMPUESSED DATA FILESY
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Arrzﬂnix-ce-cas TEMPERA;URE n3£svgnmxnr

 Gag temperatures along, the duct 1ength are. measured us:.ng 34
chromel « -alumel (type K. themocauplas.. Each chromel-alumel’
jtmctinn node is protacted {nside d 1.6 mm diareter stainless:
steel cylz.nder containing a s:.l:l.cate packing to elect::ically
insulate the terminals: These thermocouple probes atre half &
’ 'me'.t:'er.in léngth and are 'inserté'd into the duct so as o méas’u_’re'
the fluwing stream tamperature ' The electromotive force (emf)
generated by each thermocouple is recorded using a data.
: acquisition unit (HP 3497 A) wl‘.ich 1s controlled by an HP1l6
';personal computer. A simple computer program was - written in
order to actuate the appropriate switches for measuring the
'millivalt raadings of each thermocouple. The circuit constructed
_to commect the thermocouples to the voltmeter appears in Figure
.¢.1. Thermocouples are comnected to =z 20-Channel thermocouple
card (one chanuel reads the cold junction reference temperature
- from a thermistor) and a 16-Chammel actuator card (a series of
double-thfaw switches)., These cards are slotted inte the back
of the acquisition unit, ' '
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THERMOCOUPLE ACTUATOR ASSEMBLY CARD
CARDP ' EHRNHEL - .
1 2 19 o ! 2 = "
f\ /‘\ RC  WE HE WO He  He _ NG ND Ne  HO
| A DL LA AL
\ \‘ : \ \ L1 ) :
& & IS . & o & & P
20y 1N 23¢ 34.0
Iy TN By | SRR
e~ Ty ™ —r
Y\
)
THERMDCOUPLE
JUNCTION

FIGURE G.1.

Circuit diagram of t:befmocouple connections showing how the

switches are multiplexed to read the emf of 34 thermocouples Individually. At
this instant thermocouple 20 is comnected te the voltmeter,

Tha computer program used to measure and record temperaturer is
written in HP-BASIC and appears at the end of this appendix. Twoe
versions of this program exist, one for the small duct
experiments and the other for the larger duct. The program uses
the cold junction reference temperature and a thermocouple
calibration function to convert the millivolt readings into
temperatures and subsequantly stors them on dise,

Altogether 34 thermocouples could be wuscd and individually
actuated to vrecord their millivolt read.ngs. Individual
thermocouples connacted to the thermocouple card can be clozed
into a circuit with the voltmeter using the appropriate command,
a0 long as the actuator channel number 0 is set to NO (Normally
Closed). If this switch is set to NO (Normally Open) only those
trermocouples commected tc the actuator card may be part of the
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. ‘tmeter circuit.

The Case for Radiation Shielding

For the simple case of a hot gas stream having a true gas
tenmperatre TE and flowing through a duct of a diameter latge
compared with that of the thermocouple picbe, the measursd
temperature T, may be significantly lower, This is due to the
probe receiving thexmal cadiation from the hot gas and losing
heat by radiation to the cooler duct walls which may be at a
temperature Ty, An energy balance on the thermocouple probe
gives the eyuation: '

R & 4 .
.qgr - hcAp(Tg - Tp) = (0.171)(spAp) (Tp - TS) + G (C.1)

whers hc is the convective heat transfer coefficient:
G i< the radiative heat transfered from the gas
tcream to the probe;
Ap is the probe surface are

cp is the probe emissivity;

.

Gy is the heat loss diue to probe conduction;

Tm is the probe 1 mperature.

HeoAdans (1954) discusses the use of equation (C.1). Methods of
reducing the difference between I, cnd Tg are digcussed in
King (1943). TIn the special case where a luminous f£flame is
present within the gas stream the wvalue of ‘Elgr (radiation
comlng from the flame and hot gas) may be large enough to result
in I, being larger than the true gas stream temperature. The
extent to which thls occurs will depend on the probe-to-flame
view factor, tha pgaa absorptive or emlssive property, and

various other gas and flame radiative characterlstics.

An effective recourse is to iInterpose a number of radiation
screens ox shields, in the form of concentric ecylinders, between
the thermo.ouple tiy and the duet walls. An extemsive study
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concerned with detérmining an optimum size and arrangement of
these shields was carried ocut by King (1943).

770 - _ e GSHIELDED .
7004 2 ---=+ UNSHIELDED
LA ] R
SHIELD
03 90 -} ! :
w 280 =
=
2 a0
&
X 420
.
g use
-
Lt 200
o
& o
a,
141 =
O
an = T ¥ L S { T T Y T T T T
q 219 420 0an B0 1050 1260 1574 1889
TIME (s}
FIGURE (.2. Effect of radiation on a thermocouple probe 1.018 m along the

largey tummel during fire propagation using paraffin lamp oil as the fuel,

In order to determine whether zadiation shielding of

thermocouples is necessary the effect of a brass radiation
shield of the form shown in PFigure C.2 was studled. Two
identicsl experiments were performed, one with no shielding of
‘wr  jprmocouples, and the other whers one of the thermocouples
half-way along the tummel length 1s protected from radiation
using the shield. The two temperature versus time results for
that specific thermecouple are compared in Figure G.2,

Clearly there is no significant differemce iIn . 2mperature
between the shielded and unshielded probe, except fer a small
difference in peak temperatures, This effect may not even be
due to radiation (because it is g0 small). The radiation
shield’s added specific heat capasity may cause this. A number
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off axﬁerimeﬁ_té ﬁé_r.e'.fepeéted'td "'v'e?ify. thi's___résult..' _.

The faet that"ﬁhamal radiation does not distort ga's t'émjéi-“r'atﬁté'-
maasurements may be at:tributed to a small view factor. inherent
in the wind tunpel and to the ugs of thin prabe.s‘ Equation (C. 1)'

could also. he used to show that the e_ff_ect of thermal radiation
leaving the probe iua‘y be roughly 'eqixa.i to radiation striking the
praba From the hot gas and luminous Flame. This will rasult in a .

small d.t’.fferenca hatween Tg and T
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TEMPERATURE MFASUREMENT PROGRAM FOR HF COMPUTER

10 CLEAR 701

11 | PROGRAM FOR LARGE TUNNEL

13 GRAFHICS CN

20  DIM Volt_av(48)

30 DIM Volu(48)

32 DIM Voltint(48)

33 DIM T2int(48)

40 DIM Tinc(48)

50 DIM T2(48)

51 DIM n(l5)

60 RO=8.2E-7

70  R1=3.964E-5

80 R2=1.6E-8

90 MASS STORAGE IS8 Y:Wp9izl,700,1%

100 INPUT "ENTER FILENAME FOR DATA STORAGE: ",Filename$
110 DISP "DOES ";Filename$;" EXIST (Y/N) :*;
120 LINPUT Option$

130 IF Option$="Y" THEN

140 DISP "DO YOU WANT TO OVERWRITE THIS FILE (Y/N) :*;
150 LINPUT Cverwrite$

160 IF Overwrite$="N" THEN STOP

170 ELSE

180 CREATE ASCII Filename$&":HP9121,700,1" 500
190 END IF

200 SET TIME TIME("00:00:00")

210 T1=TIMEDATE

211 | SET-UFP AXES FOR GRAPHIC DISPLAY

213 GCLEAR

214 GINIT

215 WINDOW -0.5,3,-250,1000

216 AXES 1,100

217 IORG 6

218 FOR I=0 TO 3 STEP 1

219 MOVE I,0

220 LABEL I

221 NEXT I

222 IORG 8

223 FOR I=0 TO 1000 STE¥Y 100

224 MOVE 0.1

225 LABEL I

226 NEXT I

227 ' OPEN FILE PATH FOR DATA STCRAGE ON DIsG
229 ASSIGN @Path_l1 TO Filename$

230 OUTPUT @Path_l;"THERMO WO TEMP TIME"®
240 | PRINT “"THERMO NO TEMP TIMEY
241 1 INITIALIZE DATA LOGGER

250 QUTEUT 709;"SI"

251 QUTIPUT 709;"vGco"

260 OUTPUT 709;"AR™

270 QUIPUT 709;"VIL"

280 OUTFUT 709;"VN1"

290 OUTFUT 709;"VRS"

300 ¢ THERMOCOUPLE MEASUREMENT AND STORAGE LOOP STARTS HERE
310 ON CYCLE 30 GOSUBR Twenty

320 ON DEIAY 2400 GOTO Quit

321 T:DISP TIMES(TIMEDATE)

322 GOTO T

331 Twenty:|



332
334
336
338
339
340
341
343
344
345
346
347
348
349
351
367
169
370
372
373
374
375
384
390
400
4i0

413
420
421
430
440
450
460
470
480
481

483
484
485
ABG
487
488
489
498
499
500
501
502
503
503
510
511
513
514
520
330
540
550
560
370
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| SWITCHING TO ACTUATOR GARD IN SLOGT 1
QUTFUT 709;"DVi"
OUTFUT 709;"D0OL,Q"
FOR M~1 TO 15
QUTFUT 709;"DGL," ;M
NEXT M.
1 HEASUREMENT OF THERMOGOUPLE EMF’s THRDUGH ACTUATOR CARD
FOR M~1 TO 15
OUTEUT 709;%DOLl, "M
ENTER 709;Voltint(¥)
T2int(M)=TIMEDATE
OUTFOT 709;"DCL,";M
NEL. M . -
! SWITCHING TO THERMOCOUPLE CARD IN SLOT O
OUTPUT 709;"DCL,0"
OQUTBUT 709;*DV0*
OUTPUT 709;"AFOALIG"
| MEASURS THERMOCOUPLE EMF‘s THROUGH THERMOCQUPLE CARD
FOR W=0 TO 19
OUIPUT 709;"AI";N
ENTER 709;Voltint(N+16)
T2int(N+16)~TIMEDATE
QUTPUT 709;"AS"h
NEXT §
OUTFUT 709;"AR"
! - CONVERT REFERENCE JUNCTION TEMPERATURE TO THERMOCCUPLE
! EMF EQUIVALENT
Volt_av(35)=R0+(Voltint(35)*10)*(RL+R2*(Voltint(35)*10)})
PRINT ne
! STORAGE ( ' DATA ON DISC
FOR I=1 TO 34
Volt av(L)=Voltint(I)}+Volt_av(35)
Galtemp(Volt_av{I),Tint(I))
OUTFUT @Path_1,;(I-1),Tint(l}), (T2int(I)-T1}
{PRINT (I-1), T*nt(I) (T2int{I)-T1)
HEXT 1
! AVERAGING GAS TEMPERATURES FOR GRAPHIC DISPLAY OF AVG,
! TEMP, PROFILE
FOR I=1 TO 11
Tint{I+1}=(Tint(3*I-1}+Tint (3*T)+Tint(3*I+1)) /3
AEXT I
FOR I=1 TO 12
Look(I,Mist)
DRAW Dist,Tint(T)
NEXT I
PEN -1
MOVE 0,0
PEN 1
ON KEY 0 GOTO Quit
RETURN
| END OF MAIN LOOP
Quit:PRINT""
ASSIGN @Path_1 TO +
FRINT "DATA IS STORED, I/0 PATH IS CLOSEDR™
END
! SUBROUTINE FOR TYPE-K T/C CALIBRATION OF TEMP. VERSUS EMF
SUB Caltemp(V,Temp)
PO=-5.1E-2
P1l=2.48503E+4
P2w=-3,82662E45
P3=9,9661057E+7
P4= -1, 0820624E+10



580

590

600 .

610

620 -
630 -

6h0

650
L=

BB
66T

662

670 -
680
690

- 700

- 710

720

- 730
740
750 .
- 760

770

- 790

800

} S
8UB Look(l E'.'J.st_)

_ P5=6.0392855EH11"

- P6=-1,91008+13
P7=3,47823478+14
. P83, 3991023E+15 _
PY9=} . 3§285L4E+16 " ' '

: 11=P0+P1*v4r2v*2+r3*v“3+r&*v*4+r5*v“5+rﬁ*v*6+r7*v*7+
<L PBRTA84PO¥Y"g o N
fTempnxﬂT(Tl*1000+0 5)/1000 :

SUBEEID
SUBRIIUTINE WI:I:H THERHOCGUPLE DI.:T:%NGES 'USED IN GRA.'E‘HI-"

DISPLAY.

DIM Ta(19)

© Tn(1)=0

Tn(2)=0.035 -
Tr(3)=0.135

Tn(5)=0,505

T )=l 675 -
- Tn(7)=0,845

- Tn(8)=1.01
Tnl9)=1.353

Tri(10)=1.686
Tn(il)=2.019
Tn(1l2)=2.354
Dist-Tn(I}

SUBEND -

. Pagalsl
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APPENDIX D: 'mmes'- oF mmm-
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FIGURE D.1l. Details of small tummel construction (non-stratified}.
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FIGURE D.2, Detalls of large tunmnel comstruction {atratifisd).
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APPENDIX E: HOT AND COLD LAYER ANALYSIS (STRATIFLCATION)

Hot a_nd-'aalﬁ | layer mixing i
COLD STREAM D - HOT STREAM

® ®
HOT STREAM - ~ COLD STREAM
--——-L ) - 3
o e O .
@ @ ——

- R %

FIGURE E,l1. Simplification of mixing zone showing hot plume strear exchanging
mass with cold bypass.

Simultaneocus mass and energy balance on both streams, assuming
A

GP ig constant and same for all streams, shows that

m, =ty (T, ~T; ) (Ty-Ty) "[(T,~Tq) (T,-T, )]
- my (Ty-T3) (Ty-T,)/1(T, ~T5)(T,-T;)], (E.1)

and
m, = (ml-mc) (Th“Tl)/(TZ“Tﬁ)‘ (E.2)

In this study it was not possible to obtain any mesningfull
information from such caleculations for two treasons.

i) Values of my ané m, depend on Bp]_ which re¢alres knowledge
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of stoichlometric coefficient 8. § i¢ uot known and ome cannot:
assume ~ complete combustion, However, —trends may still be
explored W1ﬁh ﬁhi& assumptlon. - '

ii) More serious is temperatures 1 eqﬁatians (E i)“and (E.,2)
ste mot edsily determined.  m, and m, depend critically on.
choosing the  end of the mlxing region, Temper&tures vaty
dramavically around this V1cini;y. ' '

ﬂhlculatiﬁg o from data

The value of.' Udl is equated to ‘predlcted Uy "Uo" is caleulated
uging a heat transfer correlation (Coulson and Richardson, 1986)
wit' the added effect of radiation. The raliative compénent of
U, is estimated by factorising the radiation equation
wae(Th T4) inte a convective type equation :

Ga(T-To) [o€(THT,) (T'2+1:§) 1. (E.3)

The radiative component of U, (term inside the square brackets)

iy evaluated at T=I; for chapter 5 as outer surface

temperatures are closer to T, especially in stratified fires,

because, in these cases, heated gases are cooler than for

non-stratified fires. An estimated value of Gy used by the hot
gas layer (“Gd(est) in table 5.1) is ecalculated uvsing the fitted
value C4lyy and dividing by U,, The result is Ca(est)

Ca(est) is equated to the perimeter of cross-section occupled by
the hot gas layer. A hot ceiling gas layer runs along the
celling of width W. The hot gas layer 1is channeled by the two
side walls up to a depth ¥, measured from the ceiling dowm.
Therefore cd(est)“Q24W and o=Y/H, where K is the total tunnel
height. This ix an averaged ares fraction through which the liot
stxeam flows. The actual atea probably varies along the tunnel
Llength.

Evaluating aCBpl) theoretically
A relationship between B,y and o can be derived if the idesl gas
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lav is used with t:he aaaumption nf i.mmiscible 1a.yers, (}ne can' :
show that S L

a1 - k1k2/k3+ k1k2/((1-3p1)k3_) . '(E.__q.)-

' Where ‘k‘.l is the ratio of uut . co}.d stream molar masses, kz
the ratio nf hot to cold st:ream velocities and Ic3 the rat:.o of
hot fto cold strean temparatures. Because. ind:[v:.dual layer
velocities and molar ma,sses Are not kncwn precieely :.t is_ noi:”
"poss:[hle to determine an. expected reletz.onsh:.p between o and o
Pl‘. Instead equa.tion (E.4) 1is plotted in figure 5.6 usmg_ -
estimates of k1k2/k3 and 1s cempared to measured data

Poesible cdmbustion reaci:ions e::e -cdnsidared namely the.
formation of o, €0y, G and. Hy0. If the reaction forming c is
considered the hot- r.-.eiling layer would hive an average molar
mass .of about 26 and ‘therefore klrso 9. Meusured ceil:.ng -and
floor temperatures show that ksz-sl 96 for isooctame,. 1.58 for
¢thanel and 1.2 for ethylane glyco]. 1f ky is close %o unity
camparison of theoretical and measured data of @ versus (1- Bpl)
is possibls, :
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COMBUSTION AND FLAME 96: 428-442(19%4)

An Experimental and Modeling Study of Fires in Ventilated Duets.

Part {: Liquid Fuels

S, C. COMITIS, D. GLASSER,” and B, D. YOUNG
Departmant of Chemicat Engincering, University of the Witwatersrand,
Private Bag X3, WITS 2050, fohannesburg, South Africa :

A theoretical model for fire propagation through a fueldined duct with a radially well-mived axiat fow fs
presented. The gas-phase is madeled o & steady-state process whereas the condensed-phase (fuel sonrce) is
takert to be the cause of transient firc propugation along the duct. Experiments were performed in a
small-scale duct whera fire propagation and gas tempersture historics were acquired. Experimental results:
confitm hypotheses of pseudo-sieady-ctale gas-phese processes. Theory and e.periment display bansient fire
propagation for typlcal duct fire scenarios where initial fuel mass loading is constant with ressect Lo duct
length. The pheromenon ohserved, as predicted by theoy, is an initial “jump” of the fully developed
combustion process followed by convergenre 1o & steady-siate constant fire propagallon speed, The theory is
in ali Important aspects able to quaniitatively model the experimentnt resulls,

NOMENCLATURE m(x) initinl fuel loading profile inside
4L BCD duct {kg/m?)
A, 8,0, 1, g rate of heat loss throush the duct
E.pa constants walls (1/5)
Cy perimeter of duct wall cross-sce- ' time variable (s)
tion (m) ) el H 1] L]
C; exposed perimeter of fuel-lining fres g:;e residing time before “jump
8 cross-section (m) , T(x) gas stream temperature in the la-
Cp mean s;;ecllfjc heat capacity of flow grangian coordinate system (°C)
F ;Ereagl 3/ %K) T(x.1} transient gas temperature in the
hr g;:usz:a‘;unit:rfucl surface film eulerian coordinate syster.: (°C)
! heat transfer cbefﬁcient (w/ Ty ambient gas tempetature (.oc).
%) Tap fuel vaporization or sublimation
. m . temperature (°C)
AH, gascous enthalpy of combustion Uy overall heat transfer coefficient of
per unit mass of oxygen reacled combustion zone duct walls
at ambient temperaiure J/kg (W/m?K)
g ;nygen) o Uy overall heat transfer coefficient of
p atent heat of vaporization or sub- excess Fuel and preheating zone
limation of fuel (I /kg) ' duct walls (W /m?K)
I(x) temperature integral variable U, overall heat transfer coefficient
. (m.K) - for duct calculated from correla-
h, mass flowrate of air (kg/5) tions (W /m?K)
My mass‘ﬂowrate of fu?i vapor (kg,{ 8) V. air ventilation average velocily
m(x, 1) transient fuei loading profile in- '~ ms9
] 2 q 3
side duct (kg/m’) 1) fire propagation speed using the

*Corresponding author.

passage walle as the frame of rel-
erence (m/s)

Copyright ® 1994 by 'The Combustion Institnie

N0-2140,/94 £57.00 Irublished by Flsevier Seience Ine



FIRES [N VENTILATED DUCTS

X lagrangian distance coordinate
{m)

Xp: =%, leogth of combustion zone {m)

Y. oxygen mass fiaction in air

C = (n':a + ;izu!)ép;
_ Sy
2 = H
H,.
o o CelyCylny.
3 ~ H
Hop
C4 = CdUJ?. + C!h!;
CS = thf(i,,m,;

Cs = CUpdlx,) + ity oy + (AR )oit/ By

Greek Synthols

B combustion stoichiometric coef-
ficicnl, mass of fuel reacted per unit mass of
oxygen

¥ fue! burning rute {(kg/m’s)

] incremental change

€ duet wall emissivity

] gas temperature above ambient,
T-T, )

A constart fuel loading (kg/m?)

o Stefan -Boltzmann constant

(W/m*K*)

I fire propagation rate {m/5s)

v molar fuel stoichiomelric coclfi-
cient for combustion reaction

X culerian distance coordinate (m)

x(¢) start of combustion zone (m)

INTRODUCTION

Duct fire problems are frequently addressed
when trying to understand fire propagation in
large tunnels. One of the most striking fea-
fures of large-seale confined fices is the persis-
tence of severely stratified flow peiteins in-
duced by rising hot combustion gases [i}
Whether there are naturally induced or forced
convective air cureents entering the lunnel,
stratifted flow will occur depending on whether
buoyancy forces are greater than cross flow
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forces. This phenomenon has been studied by
Newman [1], who presents correlations for pre.
dicting the degree of fire induced stratification,
Acquiring data from a fire spreading within the
confites of a passage poses the problem that
such siratification phenomena oftén . intrude
upon the eifect of underlying fundamentat
flame spread mechanisms. It is therefors nec-
essary to study, in isolalion, such mechanisms
prior to understanding the coupled effect of
fluid dynamics. '

This study is restricted to liscussions involv-
ing the horizontal ventilated fuel-lined duct
where the pas fow stream is radially well mixed,
or at least the use of a single average tempera-
ture is justified. A well-mixed flow assumption
is based on the premise that large Reynolds
numbers (over 18000} are easily achieved in
full-scale mine tunnels with low ventilation
currents (~ 0.3 m/s) flowing through large
cross-sectional areas, the large Juct diameter
Deing an important parameter that allows tut-
bulence to prevail. Here, the fue! source is
considered to be in its condensed form (solid
or liguid) where burning is the result of diffu-
sion fype flames burning over the solid fuel
surface. The aim of this work is to obtain a
guantitative description of the firé dynamics
inside the duct. Altention is focused on ducts
with thermally thin walls, where heat transfer
is fimportant only in the outward direction, and
there is assumed to be nc accumuiatign in the
walls. The assumption of thin walls should not
affect the general form of the Rre process
inside the duct.

Ultimately the use of good math-  ‘izal
descriptions of such fire processes may ¢ . in-
corporated to designs of fire contro} strate-
gies for poten ially hazardous environments
such as mine roadways or tunnels. Accurate
estimales of certain fire characteristics such as
propagation rates and combustion gas proJuc-
tion rates become critical varigbles in the de-
sign of optimally sized life support systems for
mine tunnel occupants. Also, duct fire models
can be used to interpret resufis from small-
scale tests, revenling important information re-
lating geometrical, chemical and physical prop-
erties of materials to their fire safety valve [4],
These aspects are of immediate concern from
a fire hazard point of view.

»
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Most duct fire models to date are developed
for faelcich fires and follow. the same line as
introduced - by’ Robests ‘and Clough {2}, who
aiso performed small scaje experiments. A sim-
ple duct fire model for ‘ducts with thin walls
has been developed by Hunter and. Favin [3},
where the-case -of an insilaled doct is also
‘analyzed, On’ the. nthe': fand, de Ris. [4] per-
formed a tigorous analysis of duct fires where
keat transfer through the surrounding ro::k of
a mme duct or tuﬂnel is cnnsidered .

A SIMPLEMA_THM’_I‘ICAL MOD’EL' :
Although-part of this analysis is an adaptation
of that presénted by -de Ris [4), a fundamental
difference will emerge when the coricept of fire
propagation speed is in question. Moreover,
the model presented by de Ris [4] is « steady
state one, whereas this work will extend the
model to include the nonsteady motion of the
fire in the duct. The conceptoal understandirz
provided herz should prove helpful in inler--
preting results from duct fire experiments.
Three distinct zones, the lengihs of which
remain unknown prior to solving the model

equations, arc identified in the formulation of

this firc model. Figure 1 depicts the relative
position of éach zone on 2 system of axes that
moves along the duct at the fire propagation

| '_ s. 'c'. COMITIS EX AL-

speed v, The vaiue of V remams to be solved,

Because no steady-state resiriction is placed

" on V ihig variable will ’be wrilten as time

dependent Vo). o
As the ventilstion air stream crosses ‘the
boumlar}' x =0 it encounters a combustion

‘zone where the okygen is cousumed by the
_combustion reactions, In this zone the. fiel

votatilizes and. s then assumed to instanta. .
neously react w:th the inflowing oxygen. By the
time the gas stream crosses x = x; the entire
oxygen - inventory is depleted and the heated
gas stream enters the second of these zones,
namtely the excess fuel zone. Here the gas
temperature is sbove the fuel vaporization or
pyrolysis temperature, The fluid stream cools
down as a consequence of lieat losses to the
duct walls and to vapom.atian uf condensed
frel lining the duct. It is assumed that the
condensed fuel will vaporize at a fixed temper-
ature termed the vaporization femperature.
This will be valid for siuglé component. stable
liquid fuels. Vaporization continues up to x =
x; where the flowing gas steeam ias cooled
down to the fuel vaporization temperature, This -
mnrks the start of the preheating zone. Beyond
this region the gas stteam cools down to ambi-
ent temperature as it loses heat to the duct
walls. Recondensation of fuel vapor will ‘b»
igniored in this zone. de Ris {4] shows lh:s

AIR i _
b cornb'usttong Excess Fusl
P Zone Zohe
——B.

Preheating
~Zone

X = Xp

X X = x4
Boordins system moves
at 7lre pi opagatlon apead
VL)

— .. . .
3 - — g
POSITION' ALONG DUCT X

Fig. 1. Schematic represeatition of proposed duet fire model.
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effect to be small. In any case this would only
be relevant to fuels that do not pyrolyze to
" noncondensable materials.

It is worth mentioning that care should be
taken when considering the rate of air supply
into the combustion zone, The air ffow crossing
the boundary at x =9 s moving past this
houndary at a velocity equivalent to the in-
duced air velocity V. miats the fire propaga-
tion speed I, In most fires < { this type, because
of the large difference in molar density be-
tween the condensed fuel phase and the oxy-
gen in the air (about a thourund times), V is
small in comparison with }, and is therefore
neglected in this analysis. This same logic im-
plies that, relative to the axial speed of the
fame-front, the gas-phase emperature is
rapidly achieved. This allows us 10 assume a
psemdo-steady-state in the gas-phase cnergy
balance. ‘

Gns-Phase Equations

An energy balance is considereu over a control
. volume which starts at x = 0 and extends to an
arbitrary value x. This control volum: en-
velopes unly the gas phase inside the duct. An
energy conservation equation can be writien
using tae [agrangian coordinate system where
x =0 is aiways at the start of lhe combustion
zone, The overall er :rgy equation can be writ-
ten

(~atl,y 8 Ydri/dx)
= 0C, (drh,/dr)
+ C (i, + i, Wd/dx)
+ dgfdx 4 (it fdx). (1)

The mass fowrate of fuel »:, that vanorizes
into the gas v stream, the rute of heat loss ¢
to the duct walls, and the gas stream tempera-
ture @ above ambient afl vary with respect to
x. Equation 1 simply states that all the heat
generated through combustion goes into heat-
ing the gas stream, vaporizing fuel, and losses
through the duct walls, inherent in this equa-
tion is the assumyption that the gas-phase pro-
cess is operating at steady state even though
the fire is propagating down the duct at some
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speed V(f). That is, the length of each zorc
and the flow streams involved are time inde-
pendent. Hence, only total derivatives with re-
spext to x need be used.

Combustion Zone. A single equation is used
to account for all possible combustion reac-
tions occurring inside the combustion zone.
The fuel vapor is presumed to react as

#F + Oy -» Products.

One mole of oxygen molecules reacts with »
moles of fuel F and forms products. A per-
fectly mixed flow stream is considered, where
the above reaction occurs as fuel vaporizes
from the condensed state into the reactive gas
stream, Because of the strong temperature de-
pendence of the Arrhenius expression, near
flame temperature reaction rates are much
faster then vaporization rates and fuel burning
is assumed to be controlled by the rate of fuef
vaporization. This ‘eads to the assumption of a
fuel-rich fire. It i5 also assumed that the fusl
vaporization rate v per unit platform area of
fuel lining is constant with respect to distance
along the combustion zone. This is surmised to
be due to the existence of a flame over the
entire length of fuel in this zone so that the
heat flux at the fuel surface is approximately
the same everywhere in this zone. This results
in the same combustion zone model developed
by de Ris {4). Fuel vaporization in the combus-
tion zone will therefore be described as

di fdx = Cry, for0<xsx,. {2}
Because of the thin duct wall assumption heat
losses will be modeled by an overall heat trans-
fer coefficient. The heat transfer coefficient U,
represents the overall resistance to heat Aux,
by conduction and convection, from the inside
gas stream to the surrounding atmosphere.
Also, thermal radiation may be an important
pathway for duct heat losses. Heat losses can
therefore be modeled as

d/dx = CqU(T — Tp} + Cyoe(T* — T'),
forxz=0, (3)

where C; is the perimeter of the duct wall
cross-sectio | 7, the surrounding ambient ter
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perature, ¢ the duct surface emissivity, and o
the Stefan—Boltzmann constant. Substituting
Eqs. 2 and 3 into Eq, 1 gives

dT AT'—-BT+C

EN—W, for0<x <x,,

Y

where 4 = _Cgéa'Tu‘, B= éﬂc}'}’ 4 C,‘Ud;

~AHY . Y
L (27) B ) ~ Hup + CoTy | Cpy

+(oeTy’ + U;)CyTys

D= :ﬁ:néf,; E= épCf‘y.

The boundary condition is at x =0, T = T}.
Equalion 4 can be soived also for the case
where radiation is not important (e = 0). The
remairing two zones will be modeled without
thermal radiative heat losses (e = 0) since
these zones on average tend (o be cooler,

Excess Fuel Zone. In the excess fuel rone
there is no more oxygen left for reaction. Fuel
is presumed to vaporize at a rate that is con-
trolled by convective heat transfer from the
hot flow stream to condensed fuel in this zone.
This is a more sophisticated mechanism than
that proposed by de Ris [4], who assumed a
constent vaporization rate throughout the ex-
cess {uel zone. The rate of loss of fuel Jining
can therefore be written as

C/h
drit,/dx = ;{é—’ftr - Toap)s

ap

forx, <x=<x,. (5)

In this region the condensed fuel is assumed to
be st its vaporization temperature T,,,. The
fue! is assumed to be a pure substance that
vayorizes cleanly at its boiling or sublimation
point. The convective film heat transfer coef-
ficient between the flowing gas stream and the
condensed fuel is assigned to the variable 4.
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Substituting Eqs. 3 and 5 into Eq. 1 and intro.
ducing a new variable I defined as -

Hx) = fo' 0 dx
or .
difde=0=(T~T,) : ()]

yields the following differential equation de-
scribing the gas temperature profile Inside the
excess fuel zone:

{(Cy+ G Al - Cy Ax)dAT/d Ax
+C4QI—C5AJ:+C5=U,
for0 g Ax g (xy —x,); (D

where

A! = I - f(xl)-,

Ax=x x|,

The constant rir,, appearing in C, and Cj i
the tetal mass of fuel flowing into the control
volume up to x = x,, and can be easily calcu-
lated from Eq. 2; 6, = (T, — ok and Uy is
the overall heat transfer coefficient for the
duct wail of the excess fuel zone, The bound-
ary condition for Eq. 7 is simply AT = 0 when
Ax=10,
k .

Preheating Zone. In the preheating zone the
gas has cooled 1o below the fuel vaporization
or pyrolysis termperature and no more fuel can
vaporize, Furthermore, as suggested by de Ris
[4], no recondensation of fuel from the cooling
gas stream is considered. The ouly process
occurring here is heat transfer to the duct
walls. The same heat transfer coefficient used
in the excess fuel zone is vsed for the preheat-
ing zone. Using Bq. 3 in Bq. 1 and the fact that
dis, /dx = 0} for x = x, the following equation
describing the gas temperature profile in the
preheating zore is obtained:

dAI/d Ax" = (p - AI")/q
forl < Ax" <0, (8)
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where

P= ((_agr)mlrf/ﬁ - ’huuﬁup)/(cdudz)
~ KU/ Uy ~ 11~ K5,
q= ép(’hn + ’hvn)/{cdb:tz)-

The boundary condition for Eq. 8 is A" =10)
when Ax" =0, Again, the variable I is used
where Al" =1 — Kx;) and Ax" =x —x,.
The new constant #t,, is equivalent to the
total mass of fuel flowing into the control
volume up to x = x,. This is the total rate of
fuel entering the entire control volume and
can be calculated from Eqs. 2 and 5 to give

. . " Xy
My = ttyp + Cpltp/Hogy f | (T~ Ty dr. (9)

¥rom the houndary condition, a very simple
analytic sofution to Eq. 8 can be found,

Defining a Fire Propagation Rate. 1f an en-
ergy balance is performed between x = 0 and
x -+ o0, gver the gas phase only, a very simple
relationship results:
(=AR Vit /B = G + ity Hop {10)
Since afl the solid fue! is either burnt or vapor-
ized it is possible to deduce a relationship
between Bg. 10 and the condensed fuel lining
inside the duet. If, for simplicity, it is assumed
that the duct is uniformly lined with fuel, so
that the duct fuel loading A (mass of fuel per
unit platform area of lining) is constant with
respect to x, then
tity, = AC(P, {i1)
The number ¥ has the units of speed and is
definad as the fire propagation rate (sometimes
rel  d to as the average sutface regression
ratey. Substituting into Eq. "3 results in an
expression r aling ¥ t. the thermophysics.
properties of the fuel-fined duct system.

_{- ﬂﬁ)m,.f/ﬂ q
AC/Hlop

(12)
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It is easy to mistake P, the fire propagation
rate, for the five propagation speed V. The
distinction between these two terms Is crucial
to the development of an accurate description
of fire motion throuph a {unnel. Whereas ¥ is
the speed at which the combustion .zone is
moving along the duct, ¥ is a mezsure ¢* haw
rapidly the solid fuei lining is dizsappearing
from the duct. In order to evaluate V{z), the
time-dependent fuel loading profile m{x,1)
{mass of fue! per unit platform area of lining)
must be known. Such information is not used
in formuldting Eq. 12, which therefore does
not possess the information necessary to de-
seribe the form of V(¢), The following section
deals with the solid phase analysis, where the
exact relationship between the fire propagation
speed V(t) and the fuel loading profile m(x. 3]
is shown to be quite simple,

Condensed-Phase Equations

So far the governing equations inberently as-
sume the gas phase process to be steady state,
The only source of transient behavior cotnes
from changes occurring in the solid or con-
densed phase. Also, any changes that the solid
phase experiences will come as a consequetice
of the gas-phase dynamics.

Equations of Change. Consider & tunnel lined
with a condense.] fucl that reacts with a well-
mizad gas phase thet flows at a constant veloc-
ity V.. The combustion reaction takes place in
the gas phase and is assumed to be infinitely
fast In comparison with the fuel vaporization
rate. Suppose that the duct houses a continu-
ous distribution of fuel described by the con-
tinuous function m(x, 1} (mass of fuel per unit
plaiform area of fuel surface), which is initially
m(x). A schematic representation of this sys-
tem is shown in Fig, 2.

When consideling the gas phase a reaction
can occur only when the condensed phase is
present in that region of ths duct. Hence, the
position along the duct that represents the
point where the fuel loading begins {l.e., where
m = 0) is the start of the combustion zone and
therefore the origin (x = 0) of the lagrangian
coordinate svstem. At some point x a time

'
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Fig. 2. Firc propagation hlong duct.

evolving material balance on the condensed
fuel shows

gm(x,?)/at
~y it <x<x,
~h
LT -1,) ify<x<x,
Hug
0 ilx> 1,

(13)

Now consider the eulerian coordinate system
that has the fire propagating away from ils
_origin in the positive y direction, y being the
evlerian distance coordinate, Relating the mo-
tion of the lagrangian coordinate system to the
eulerian {s one way of establishing a relation-
ship for V{1). Fuel loading in the duct changes
as time progresses. It also varies with respect
to distance. In differentinl form this can be
written as

am\™ amy'¥
drt == o dt + dy.

—é; (14)

Eyuation 14 only applies ta regions inside the
duct where fnel exists, that is, for x > 0. Con-

sider a moving point x°(t) in the euferian
system, which lies on tog of and follows . he
point x = 0 (Fig. 2), The mass of fuel is always
zero at this point so that dm = 0. Bearing in
mind that x =x < V() one can show that
(d y/edt)cuy = V(1) Bquaiion 14 can he writ-
ten for the condition whare x = 0 {which is the
polt y = 1)), This results in an expression
for the fire propagation speed V(1) where the
frame of reflerence is the duct wall,

{dx/dt) -y = V(1)
~(am/at)’*
= y/(8m/3x N

Clenrly, if the fire is to propagute at a constant
velocity, the fuel profile inside the duct must
be in & specific form so that (dm/dyNyn
remains constant as time evolves, If 4 solid
homopenecus fuel is used then W(r) is in-
versely proportional to the physical slope of
the fuel surface at x == 0 (or x°(r)), in which
case (dn/dy )« con tzke on a large range
of vahies {from ipfinity to zero) throughout the
fire propagation history, Of course, the gavern-

(15)
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ing equations have been derived only for cases

where F{t) = V.. I'he situation where ¥{¢) is
" close {o ¥, is not considered in the gas-phase
analysis. o

Model Output
The above analysis completes the formulation
of the governing equations. The equations de-
sceibing the gas temperature profile can be
sofved analytically to give temperature as an
explicit function of distance, except for Eq. 7
which can only be expressed as an Implicit
function of T and x. To find a value of T for
any x (X, £ x < X,) a root searching tectinicue
must be employed which leads to problems
of selecting the nontrivial root. In this case it
i convenient to use a standard fourth-order
Runge-Kutta algorithm to solve Eq. 7.
The analytic solutions of Eys. 4 and 8 together
with the numerical solution of Eq. ' pives the
complete gas temperature profile prior to
any knowicdge of the condensed-phase equa-
tions. The pas temperature profile s then used
to solve the condensed-phuse equalions. The
condensed-phase equation 13 is solved numeri-
cally for x°(s), since this system of equations
depends on the numerical solution of Eq. 7.
To illustrate the basic method that is used to
calculate x“(¢r) {or x° versus ) consider the
fire moving a distance equivalent to the com-
bustion zone lenpth X,,, along the duct. As-
sume that the upstream end of (he fire is at the
point x°(¢,} and moves the distance X, to z
point x°(fy). The values ¢, und ¢, are the
assoclaled times, We wish to know how x°
varies with Lime as it progresses from x*(,) to
x°(t,). The distance X, is divided into dis-
crete points and the time taken for the fuel
loading to reach zero at each of these points is
calculated from Eq. 13 to be

Wx®)y =m( ¥, ) /v + 1,

where x® in this equation is the point of inter-
est within the interval x'(4;) < x* < x*(t,).
This pracedure gives x° versus ¢ information
that describes the fire motion up to the point
X"(t). This calculation can be repeated for the
next distance interval that would take the up-
stream cnd of the fire to a point x°(t,) + X,
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nfong the duet, except that m(x,1,) must first
be evaluated. While the fire was migrating
from x°(f,) to x°(t,) the region ahead of ¥%r,)
was exposed to the migrating excess fuel and
combustion zones. The new fuel profile
achieved at time ¢, can therefore be calculated
from Eq. 13 as

m(x, fz). = m(x. 'l,) h (hj'/ﬁv.np)
X J‘:""’(T(x, 1) = Tp,) dt

iy - (L.

The one limit of integration is position x de-
pendent and is evaluated from

100 =ty +mlx = Xy ))/7.

The value ("(x) ~ ¢, is the time that the excess
fuct zone spent over the point x while the
upstream end of the fire moved from y%¢,),
and ¢, — t'(x) is the time the combustion zone
spent over x until the upstream end of the fire
moved to y*(¢,). The computstion of the new
fuel loading m{x,?,) shown above is specifi-
cally for the region 0 £ x £ X),,. Similar ex-
pressions can hs written to evaluate the fuel
{vading downstream of Xj,,. When this is done
one can obtain the new fuel loading m(x, t;)
for the entire length up to the preheating zone
where recondensation of fuel vapor {s ne-
plscted. Clearly, the above procedure can be
repeated,

The above sequence of calculations displays
stability. Depending on the system parameters
a consiani fire propagation speed may be
achieved after sufficient iterations. Inherently,
the steady-siaie speec is proportional to the
fire propagation rate ¥. If the fuel volatility
ahead of the fire is high the fire propapation
speed converges rapidly to its steady state. The
other extreine is when fuel volatility ahead of
the fire is negligible, because of a high fatent
heat or poor heat transfer to the condensed
phase. In such a case the fire propagation
speed may szttle down to some type of periodic
form. Whatever the case the time-dependent
variables should converge to a steady form.

Whether fires behave in this way can only be
answered by experiments. The mode} suggests
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that the fire will initially “jump” along the duct
length, moving incremental distances equiva-
lent to the combustion zone Jength. This step-
ping ot “jumping” motion comes as & vesult of
the initially flat fuel distribution inside the
duct and because of the way fuel is consumed
evenly-in the combustion mne, that is, con-
stamt bummg Tate ..

'EXPERHMENTAL
Appavatus - |
Fire prbpagation-experiments were in a 5-m
long, 43-mm wide, and 42-mim high mild stee

duct, as shown in Fig, 3, For these dimeusions
and the air velocities employed the degree of

gas stream. temperature stratification can be

estimated (1) from a Fronde number caleu-
Inted as

Vg
((AT,/T)8H)

Here I is the tunnel beight, V,, is calculated
ag the average “hot” velocity through the duct,
calculated at 7, the average gas temperature,
AT, is the difference between the ceiling and
floor gas temperatures, and g the acceleration
of gravity. In the present work 7,,. was ap-
proximated as equivalent to the messured gas
stream temperature, because it 8 measured
approximately at the center of the duct flow
stream. This approximation Is reasonable if
stratification is not severe and the gas temper-
atner rises from floor to ceiling. Using this
information and a correlation developed by
Newman [1] that relutes AT, to H, T,,., and
- Vawg It is possible to calculate AT, For these
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experiments Fr is found to Jie within the range
1 < Fr €710, a regime dominated by strcag
interactions between cross flow and buoyancy
forces (1) where severe stratification does. ot
prevail, _

1t is thus likely that fng the present experi-
ments flow conditions are’not characteristic of
two separate gas layers (one hot stream along
the ceiling and a cold stream along the floor)
ds in the case of severe stratification but rather
of 2 single hot gas stream flowing across the
entire duct cross-section with a definite vertical
temperature gradient. Since the Reynolds
number for these experiments fs either within
the faminar ot transitional regime between fully
developed turbulence and laminar flow (800 <
Re < 4500} the above analysis sugpests some
radial temperature variation. Usthg Newman's
{1] correlation the estimated order of magni-
tude of AT, f T,,, = 400°C, can range from
0 to 400°C, dependmg on air speed. However,
the gas strean (emperatures are measured
midway between the duct floor and ceiling and
are therefore taken to be aporoximately equal
to the gverage gas temperature, thus alfowing
compurison with the model which assumes gaod
mixing,

A narrow duct was used because of its eco-
nomically desirable scale with the possibility of
reducing stratification by virtue of a lower duct
height. The limitation is that a very narrow
duct cannot accommodate sufficient fuel mass
for experimentaiion, and inc.easing air veloci-
ties in any attempt to increase the Reynolds
number may blow the fire out. The alternative
is to work on a larger scale of duct diameter
(also allowing for a larger exposed fuel surface
area) where the Reynolds number can be in-

1 m ool
Seallan

THERMECOUPLE

--------- 2 PoaTs
-‘;‘\ - :
AN BUBPLY DARNIER ﬁ _

._ TGy
WITH AUBESTON WO

Fig. 3. Schematic ropresentation af equipment used in fire experimenis,




FIRES IN VENTILATED DUCTS

creased well into the turbulent regime without
having to operate at blow out air velocities.
For this reason the well mixed slug flow as-
sumption may be realistic for a full scale mine
tunnel fire. The disadvantage of such large
apparatus is that long duct lengths would be
required (from the combustion zone up to a
lengllh where the pas stream has cooled to
below 7,,,) in order to measure the gas stream
temperature profife. In the present work a
comptomise used & duct which could not en-
sure good mixing, although stratification was
absent. A subsequent article will examine cases
where stratification occurs. :

Also, a simple criteric " based on a varia-
tion of the Froude nu. ¢ can be used to
reduce the possibility of back Row of hot com-
bustion gases zlong the duct ceiling. For the
present arrangement and range of air veloci-
ties the dimensionless group ApHg/pV,® lies
beiween 0.12 and 3.5 when Ag/p =~ 2/3 and
I, is the ventilation air average velocity. Ide-
ally this dimensionless group should be less
than unily to ensure no backflow. This crite-
rion for backflow is discussed by de Ris {4].
Aggain the necessary situati mn was not ideal.

The first meter of length pruvides a calming
section, The next 3 m comprises the fire test
section, at the end of which is 1 m of duct to
eliminate end efiects. A 3-m steel tray rests
along the floor of the test section. Liquid Fuels
could be distributed along the tray length by
soaking the required amount along an asbestos
wick residing inside the tray. Flame spread
over a porous solid soaked with combustible
liquids has been investipated by Takeno and
Hirano [5]. If the liquid level does not tie
shove the upper surface of the porous solid,
then flame spread behavior s similar to that
over solid fuels.

Thirty-four chromel-atume! thermocouples
are inserted half-way into the flowing stream,
1o measure the gas stream temperature distri-
bution, at 91 mm inlervals over the J-m test
section. The thermocouple emf is recorded by
an H-P data acquisition unit, controlled by a
personal computer,

Air is supplied to atmospheric pressure and
temperature. The Mowrate is measured with a
rotameter and an orifice plate meter inserted
upstream from the duct. An ignition port is
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Incated at the start of the test section and is
sealed with a threaded cap,

Procedure

The total mass of fuel is weighed-and sepa-
rated into 15 equal portions. Each portion is
evenly distributed along 20-cm segments which
constitute the tray length. This is in order 10

“achieve a uniform fuel distribution siorg the

tray. The fuel tray is carefuily loaded into the
duct and the air supply set to the required
flowrate, By inserting a burning torch into the

ignition port the upstream end of the fuel tray

is ignited and the data logging setup initiated
simoltaneously, The ignition port is sealed im-
mediately. '

The data acquisition unit is programmed to
take all 34 thermocouple readings every 30 s,
the first set 30 s after ignition.

RESULTS

Experiments were with a variety of fuels ali of
which are pure organic liquids. Their thermo-
dynamic properties are well known so that the
governing equations can be vsed te model the
fires. Also, most liquid fuels support rapidly
growing fires, so that the transient period for
the fire growing from an ignition source to its
fully developed fuel-rich state is small. The
three substances used are, isooctane (Iso), n-
butanol {Butol), and ethylene glycol (Eg), cho-
sen in order to have a range of fuels of increas-
ing fuel volatility. Also these are substances
with simple molecules and will therefore va-
porize cleanly into the gas phase without inter-
mediate complications such as pyrolysis reac-
tions.

For each experiment the gas temperature
profile is measured as the fire propagates along
the duct, Figure 4 shows temperature distribu-
tions measured at three different times for the
same fire (run 5}, The mode! was fitted to the
first temperature profile when the fire s sta.
tionary at the start of the test section. The
same fit is deliberately placed on the tempera-
ture distribution data of the fire when it has
progressed roughly 1 and 2 m along the duct.

In order to monitor the motion of the fire
alang the duct it was assumed that the flame-
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perature distribution is hardly influenced by
significant changes in hy. However, the. fire
propagation speed ¥ is a strong function of the
gas stream-to-fuel heat transfer nocrﬁclent hy.
It is this free parameter Lhat is used to Gt lhe
copdensed-phase equations to flame-front his-
tory data: Figure 5 shows the resulting fit of

three fires and Table 1 reports all model pa- .
rameters used. in the model ﬁt{mg procedure;

together with the fuel loading and air flowrates.

The reported values represent the “best”

fits. They were determined by visual compari-
son of the model curve and experimental dota
of gas temperature versus x of flame-freat
versus £, It is very cotvenient that the parame-
ters can be fitted individually because every

free parameter affects a different feature of

the curves T7(x) and x"(¢). Table 1 also reports
values of the duct intide forced convective heat
transfer coefficient, /1;, a5 estinated from liter-
ature correlations J6]. The differernice between
By and ky is that by is estimated from the
model fit, whereas 4, is calculated from heat
tranzfer correlations for hot afr fowing through
conduits,

¥uel Burning Rate

The [uel burning rate determines the time ¢,
the fire will take before it “jumps” from its
inmitial position (the length of the horizontal
part of the curves in Fig. 5). To calculate y the
initial fuel loading #° is divided by the mea-
sured time £,,.
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_ Renction Stnichiomelry o

For the redction stoichiometty there are a Iarge
number of possible reactions, The stoichiomet--
ric coefficient 8 is therefore also calculatéd
from the data. Based on the fuelrich fire as-
sumption and the measured c~mbustion zone
length Xm. B may be cvaluar. as

B = (4C Xy /Uit Vo).

I complete combustion oceurs the. B values

will be 0.286 for iseoctane, 0.385 for hutanol
and 0.776 for etliylene glycol. [ncomplete com-
bustion reactions result in very different val-
ues, Consider isooctane, for instance; which
may react to produce H,O and CO, C, or even
a cocktail of unsaturated hydrocarbons. In
which case g will be 0420, 0.793, up to values
greafer than 1.4, respectively. '

Duct Heat Transfer Coefficients U, and U,

Lj; was estimated by adjusting its value unti}
the combustion zone mode! produced a maxi-
mum pas temperature close to that of the data
points. U;, was adjusted until the eéxcess fuel
zone model produced a gas temperature decay
that matched the data.

Stream-to-Fuel Heat Transfer Coelficient h /

This value is varied until the fire propagation
rate ¥, predicted by the medei, matche. \.ae
final slope suggested by the Hame-front versug
time dain,

TABLE 1
Model Parameter Listing for AN Experiments®

Run % [
Number, " ®ip? ¥ B u, ity iy X1 k;

Fael tkg/m?}  (m/s)  (kg/m?s) - (WmK) et W/mPK) (/s (W/mPK)
1 o 20 150 930 x 10~ 047 3o 35 23 oM 39
2 iso n 30 Tk 07t 0392 55 15 23 0.23% 23
3 bo 266 91,1 I3 x 107 L69 3 3l 34 0676 33
4 Tso .66 653 ROX 0T 163 B . 25 4.0 0.409 30
5 Isor 3.66 S Noax1w? L2 50 17 s 0.193 23
6 Iso .68 1 159x W3 220 24 46 3.0 0.806 35
7 Butol il &4 844x10°? 142 30 2 450 . 8358 3.0
B Butol 266 283 73Ix 107 Q962 L3 15 5 0.134 22
9 Ep 334 379 695 x 107 0937 30 15 48 0.093 23

“ Also shown §¢ &, the duct inside fAilm heat trangfer coefficlent as estimated from corrolations for afr flowlng in condulty,
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Stationary gas temperature profiles for two
fires are shown in Fig. 6, together with the
proposed model. Also shown is the combustion
zone gas ‘emperature mode] prediction where
thormal radiation is included =5 a heat loss. Ir

ihis wse h, and kg, the duct inside and outside

heat ransfer coefficients, were calculated from
ccrrelations (6] and used to estimate U, the
ov xrall duct heat transfer coefficient. The duct
wall emissivity € was ther used as the only
miode{ ftting parameter, Table 2 shows these
results, The model equation for gas tempera-
ture was found to be very sensitive to e com-
pared to the much weaker effect of Uy, Emis-
sivitics for various types of steel surfaces can
range from 0.3 for raild stee! to 0.6 for axidized
steel [7]. .

DISCUSSION

In the light of tk= present theory the self-
similar form of the pas-temperature profiles
displayed by data in Fig. 4 provide conclusive
evidence for a stuady-state gas-phase process,
Figure 4 also shows that the stationary fire
(first temperature profile) is almost identical to
the migrating fire (second and third profiles).
Therefore neglect of the air flowing into the
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control volume, as a result of adupting' the

lagrangian coordinate system, is a valid and

useful simplification. Fignre 4 alse shows that
the preheating of the air entering the burning
zone is minimal and thlS justifies the thm wa{l
assumption.

Although the gas-phase equations suggest a
sudden change in temperature gradient at the
end of the combustion zone this behavior is
only observed in small fires such-as run 3 and
not in Sres with large air velocities. Run 1 in
Figurc 6 shows a relatively smooth tempera-
ture transition from the combusticn zone to
the excess fuel zone. The discontinuity in the
model equations comes from the assumption
that the fuel burning rate is independent of
position (or gas-phase concentration) and that
burning halts at x;, and is also aggravated by
negiccling radiation. Realistically, the gas-
phase reaction rate slows down significanily as
oxygen concenirations become smaller at re-
gions near the end of the combuystion zone. In
this regime the constant y assumption is likely
to break down as reaction kinetics may control
the rate of burning. The result is a more grad-
ual temperature transition from the combus-
tion to the excess fuel zone. Di Biasi et al, [8]
show this concentration effect near the flame

1o
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a.s0

I:;S
L (m)

{ T T 1
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Fig. 6. Comparison of gas temperature profiics from van 1{0} and rn 5 (+) whiy pmpﬂsud mioelef (*—-)
Combustion zone model solved with the radintion 1eem iz nlso shown (.. .\
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TABLE 2 _
Combustion Zone Parumeters Where Thermal Radigtion Ls Inciuded as an Important Pathway for
_ Heat Lostes
Run Nomber t 2 3 5 6 7 8 9
U, (W 7R 26 18 23 21 n a4 21 7 . 17
3,0 0.60 .60 0.60 0.60

€ C 042 .60 030 0.42

tip of a wind-aided fire. In splte of this assump-
tlon the model fits the experimental data very
well.

Duct heat transfer coefficients used in model
fitting suggest that thermal radiation is a likely
candidale for heat losses from the duct walls.
U, and U,, are clearly too large when com-
pared 1g literaturz values, Uy,. Excepting run 6,
Uy, is smaller than Uy, probably because of the
lower gas temperatures, and hence less radia-
tion, in the excess fuel and preheating zone.
When the model includes thermal radiation
duct surfoce ernissivilies correspond reason-
ably with the literature vahies, One can readily
include radiation in the model but with ap
incrensed complexity in solving the equations.

1t should be mentioned that the exact reac-
tions occurring are unknown. Consequently,
AIT, is only approximate, This will certainly
affect the fitting of U,, Uy, and &, causing
inaccurats estimates that do not display trends
with ¥,. Runs 1 and § were performed with air
velocities near to extinction conditions and, in
the case of nm 6 the fire actually died out
before reaching the end of the test section.

Transient growth of fires [rom ignition 10 a
state of maximum size is a problem that has
received no attention in developing the mathe-
matical model. Most of these experiments
showed that such growth rates are rapid in
comparison with fire propagation along the
duct. Transient growth behavior becomes im-
portant when larger air flowrates are used and
the fire is allowed to expand over a long burn-
ing zone, The growth rate is slowed down even
further if low volatility fuels are wsed. Under
such conditions fire growth is slow enough to
be observed in the flame-[ront history data.
The initial part of run 4 in Fig. § shows this
trangien! growth phenomenon,

All results in Fig, 5 show the fires to grow
from ignition 1o 8 maximum size and there-

after remain in their original location inside
the duct. As soon as the Feel in this region is
consumed the fire “jumps,” displacing approxi-
mately one combustion zone length along the
duct. Then it migrates along the duct at a
relatively constant velocity. All of these charac-
teristics are in complete agreement with the
model. What is most reassuring is the value of
hy that would generate this model prediction.
Aithough fitted A, values do not follow a gen-
eral trend with respect to ¥, they come close
to literature correlations of inside fim heat
transfer coefficients for nonreactive fiows in
conduits. The use of liquid [uels results in
large vaporization rates shead of the fire, con-
sequently rapidly shaping the fuel profile to
such an extent that (dm/dx);-o reaches its
steady-state value soon after the first “jump.”
Clearly then, if fuels are chosen to be less
volatile, perhaps solid fuels, the madel would
suggest unsteady fire propagation for longer
periods of time. This, merits further experi-
ment.

This analysis is devoted to fitting model
equations to experimental data and thereafter
examining the resulting parameter estimates
with respect to their physical significance. For
the most part there is good agreement between
model estimates of free parameters and litera-
ture values. The sensitivity of model predic.
tions to the various free parameters is also
critical in determining whether reliable a priori
predictions are possible. Such predictions
would also require good estimates of the com-
bustion reaction stoichiometry and burning
rates. A simple but crude sensitivity analysis
may be performed by setting ull free parame-
ters lo typical values as estimated from such
experiments and thereafter varying each pa-
rameter individually to obtain an indication of
its effect on the gas temperature profile and
fire front history. This is adequate if predic-
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tions are required for similar conditions. Cur-

rent experimental studies of duct fires sup-
ported Dby (solid) polymeihylmetiacrylate
(P’MMA) are underway, Parameters are being
estimated in the same manner presented here
and the fuel mass profile m(x), measured at
steady slate, can in principle be predicted with-

out any further adjustuaents 1o the fitted modet

parameters. This snalysis should reveal ogeful
information zbout the predictive capabilities of
the present model.

C{}NCLUSI_ ON

A one-dimensional theory with a pseudo-
steady-state gas temperature profile for the
propagation rate of fires in fuel-lined ducts has
been derived, A set of experimental results on
three fuels in a small duct have been obtained.
The model accurately describes the center-
line (average) gas temperature profile inside
the duct as well as the fire propagation history.
This analysis has revealed that for the scale
and class of fires studied convective heat trans-
fer from the gas stream 1o the condensed fuel
governs to 4 preat depree the fire propagation
history and average propagation speed. For the
cage of thin duct walls heat losses from the
system to the surroundings is significuntly dom-
inated by radiative heat transfer especially from
the flaming region of the duct. The radiative
heat transfer from the fire front 1o condensed
fuel might become significantly important in
larger scale fires where the fuel surface to fire
iront view factor is dramalically enhanced. Use
of the present model for predictions of duct
firc dynamics equires further knowledge of
fuel burping rates and reaction stoichjometry.
A fundamental concept arising in the theory
is illustrated by virtue of the experiment,
namely the important distinction between the
fire propagation rate ¥ and the fire propaga-
tion speed 1{t) defined herein. The condensed
fuel profile m{x, t} is the key to understanding
how a fire traverses through the confines of a
duct. The familiar assumplion of constant fire
propagition speed in typical duct fire scentarios
can break down and the possibility of a peri-
adic fire propagation motion is shown to exist.
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Ope may conclude from the observed “jump”
phenomer.on that the simplifying essumption
of a constant burning rate with respect to
distance inside the fire region has proved to be
realistic for the major part of this region,

It is clear from a simplified Froude number
analysis and the experimental and model com-
parison that although the reactive flow stream
is not well mixed it is plausible, in this case,
to work with the approximation of an average
gas temperature. This approximation simplifies
the mathem. tical analysis from solving the
three-dimensional equations describipg the
gas-phase processes Lo the much simpler one-
dimensional model. It js likely that in the case
of lsige-scale mine tunnels, with inoderate
ventilation currents, the one-dimensional ap-
proach may provide an adequate description of,
the process because of the larger Reynolds
numbers. If more detail is required to describe
duct fires with laminar flow conditions then
clearly a more rigorous analysis with the inclu-
sion of mixing would be necessary.

In conclusion, the fusndamental assumptions
of the model (fuel-rich fires, steady-state gas
profiles, lieat tiansfer dominated process) seem
valid in practice and lead to a reasonably sim-
ple mode! with good powers of prediction.
Manv of the parameters used in this model can
be estimated from existing corielations.
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