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i\BST.MC'l'

A theo:::=etical and exper lmentia.Ltreatment of fire pro(~esses in
fuel-I:1rled, ventilated passages is presented. Initially a
radially well mixed axial flow condition is cons:i.dered.
Expezdment;s are first performed in non-stratified flow
conditions where fire propagation and gas temperature hist.\.lries
are a.cq\uired from liquid and solid fuelled fires. Theory and
experLment;d:l'splay transient fire p'ropagatrl.cnfor typical dact;
fire scenarLos where initial fuel mass Loadf.ngis constant t;ith

respect 1.:0 duct length. The phenomenonobserved, as predicted
by tiheo+y, is an initial jump of the fully developed combustion
pxoce.rs followed by convergence to a sceady-state constant fire
propagation speed. Fuel mass distrIbutions are found to playa
key role in these anal.yses . The modeL is also able to predict

The ·theory is in all
in."Qortc;nt aapect s abLe to quantitatively model fires in
non-stratified conditions, A brief fire growth analysis is also
used to assess the concept; of an ignition temperature as a
contrcLl.Lngmechanismfor' gzowch.

A s~.mplified approach to the study of fires in ventilated
paaaages 'l'lith f:i.re induced ~:tratification is also presented. In
ccnjunct Ion with small scale €'1{perimentson liquid fuelled f:i.res
it is shown that a one dfmensLona'Lmodel, xequiring minimal
computational effort, may be used to descr fbe propagation as
well as the dominant features of the flow process. Extreme
stratificatio1\ resu1.':s in separation of the gas flow stream Lnt;o
a hot and cold layer. whereas flow systems with higher Froude
and Reynolds numbers result in no evident layerin3' Mixing may
still control in such cases. Identificiltion of the two types of
flow scenario is found important i.n the application of the model
to such fires. A new correlation for stratification using
fuel/duct properties and air. velocity is also presented as a
means of predi.cting stratification condit.!.ons. The model is
found to operate well in the extremely stratified regime and, to
c.'. lesser ext.errt , in a n~gimewhere the flow is neither close to
well mixed nor layered. Fire propagation along the passage is
also well described by the model under such flow' conditions.
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L OVERVIEW OF PASSAGE~'IRESANDRELATED PROBL&\fS

1.1 Introduction

Confined fires present an awesome example of the complex
interactions occurring between natural phenomena.Gravita.tion,
flui'i, dynamics, mass and heat transfer, and chemical reaction

kinedcs interact to produce the complex behaviour observed in
. ire);;. Understan.ding such behaviour is of ill1mediateconcern to
the fire safety industry. The application of deterministic
modeLsof fires spreading z; thin confined spaces is useful in
assessing the fire safety value of various geometries such as
ventilated rooms, building corridors, and mine tunnels or
shafts. 'rhis work is restricted to studies involving one
representative type of geometry, namely a horizontal venti1a~ed
fuel-lined duct; or tunnel arrangement. The fuel source is
considered to be in its condensed form (solij or liquid) and the

fire results from diffusion-type f1e.mes burning over the
condensed fuel surface.

Enclosed fires are sometimes referred to as being fuel rich
(Roberts and Clough, 1967; de Ris, 1970). Th1.s represents the
case where any oxygen entering the enclosed space is completely
consumedby the fire process. The result is that large amounts
of fuel vapour, volatilized due to preheating by hot combustion
gases, remain unreacted ill the flowing gas stream. Although this
class of fire appears to be sInd.Lar in description to open

fires, the difference is significant when fire spread rates are
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 virtue of heat being transferred from the
flaming' region to unburnt condensed (solid or liquid) fuel.
Consequently the fuel undergoes vaporization and pyrolysis which
supplies the fire wi.th gasified f·.....el for further combustion and
generation of heat. In turn a portion of this generated heat is
transferred. 'back to the condensed fuel. This completes the
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feedback cycle and forms the mechanismthrough whic~la fire can
propagate. In open fires a large proportion of the generated
heat is lost to the surrounding atmosphere and whatever heat is
transferred to the condensed fuel is only transferred to regions
near the fire. Initially confined fires propagate in the same
way. If conditions favour propagation then the heat generated
by the combustion reactions will be grRater than that required
to sustain the burning flames. In which case the fire
auto-thermally grows to a maximumsize determined by the rate of
oxygen supplied to the fire. That is, if the flow is well mixed
the fire size is ultimately determined by the ventilation rate
supplied to the confined space. At this stage the entire gas
stream becomesinvolved, causing its temperature and composition
to be markedly affected by r' combustion process. Having the
gas stream temperature raise._ 0 magnitudes comparable to flame
temperatures provides a new vehicle for heat transfer from the
flames to unburnt fuel far ahead of the flaming zone.

A comprehensivediscussion on fire propagation inside fuel-lined
passages is given by Roberts and Clough (1967), where they
propose a simple matihemat.Lca'l, model based on thermophysical
properties of duct systems. Experiments performed in a small
scale passage were then used to assess the assumptions in their
model. It is also demonstrated that the samemodel can be used
tID identify the conditions necessary for fuel rich or oxygen
rich fires to prevail. Hunter and Favin (1981) and de Ris (1:170)
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 dynamics inside the duct. Attention will be focused on
ducts with thermally thin walls and where heat transfer is
important only in the outward direction, and there is assumed to
be no accumulation in the walls. The assumption of thin walls
should not affect the general form of the fire process and
mathematical formulation describing the fire i.nside the duct,
Ultimately the use of good mathematical descriptions of such

fire processes may be incorporated into designs of fire
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prevention and control strategies for potentiall.y hazardous
environments such as mine roadways or tunnels. Accurate
estimates. of certain fire characteristics such as propagat5on
rate and combustion gas production rates become critical

variables in the deaLgn of optimally siZed l:j',fe support systems
for mine tunnel occupants. Also, duct fire mod.elscan be used to
interpret results from small scale tests, revealing important
information relating geometrical, chemical and physinal
propertIes of materials to their fire safety value (de Ris,
1970). lhese aspects are of inun,ediateconcern to the fire safety

industry.

After reviewing some of the relevant literature a mathematical
model will be formulated from what is currently understood of
the literature. Such a formulation should provide a basic
viewpoint from which to study and analyzfl this class of fires,
The many simplifying assumptions will not only reduce the
mathematical complexity to the form of a simple model but a.lso
provide a means of gaining betit.e.r insight into the mechanf.sms
controlling the various proces.sef;. Such insight is best gained
whenthe model is used as a tool to study real fires in the form
of small scale experiments in ducts. Hence a rigorous
experimental study of small scale duct fires will follow the
theoretical treatment. Fluid-flo,oTis important in this type of
combustion problem and the study will encompass a wide range of

possible flow scenarios, from well mixed to severely stratified
flow. Fire spread and propagatLon along passages are equal.Ly
important dynamics and will receive as much attention in this
experimental and modelling study. In the end it is expected
that such a treatment of the problem should provide 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 gr.owth anu fire propagation phenomena are constituent
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processes of fires supported by condensed fu~ls. Host: studies
tend to examine one phenomenonin isolation from the other or
even not distinguish between the two. This is probably because
most classes of fire tenu to be controlled, at l~ast in part, by
commonmechanismswhether ir. their growth or propagation stage.
In the context of this thesis propagation implies the motion or
migration of the fully-developed fire as apposed to its growth
or spread from an ignition source. In this section some of the
fundamental approaches used to understand such fire processes
will be introduced with the aid of various experimental. and
modelling studies that have been performed over the past few
decades. Eventually the literature cited here will be narrowed
down to studies specifically involving duct fires and closely
related problems. Results of the manyst~jies presented in this
section will provide a useful source of improving ones
understanding of fire phenomena.Hence, this provides a suitable
starting point for the analyses that f'oLl.owin later sectn.ons.

Before delving into the following sections it is well worth
noting the publication by Williams (1976). The author provides
a broad overview of work already performed, specifically in the
a.rea of establishing descriptions of the fire 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 direct impact on fire safety. A general framework is
presented, providiug a theoretical approach for determining the
dominant mechanism(~) that control(s) flame spread or
propagation for a broad variety of fire spread modes, e. g. ,
horizontal fl&~e spread over solids or liquids, vertical flame
spread ovsr solids, flame propagation in premixed gaseous fuels,
etc,

Someof the concepts and equations are written in very general
terms so as to accommodatethe various classes of fire being
studied in the cited literature. l"or instance the boundary
between burning and non-burnmg combustible is defined as the
surface of fire incepti.on. It is this surface across whf.ch heat

is transferred in order to raise 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 'poundary across
which fuel vapour must be transferred and brought into contact
with the oxidizer. A fundamental equation of fire spread is
used to describe the dependence of spread rate on heat transfe~
from burning to unburnt fuel. This equation is based on energy
ct>nservation considerations over a portion of unburnt fuel
adjacent to the surface of fire inception. In general. the rate
of spread depends on the time required to raise a portion of
fuel, already in corrcacc with oxidizer, to its ignition
temperature.

Although this publication is not very recent, reference is made
to research in the manyclasses of fire. It therefore provides a
useful starting point for those wishi~g to work in this field.

1.2.1 Flame spread over s(.,lid materials

Experimental analyses ox controlling mechanisms

From experimental studies of flow assisted flame spread over
polymethy:methacrylate (PMMA)sheets performed by Loh and
Fernandez-Pella (l98~) it seems that spread rate data are
correlated very well if heat-transfer model.s are used to
determi.1.ethe spread rate. Thus it was deduced that for this
flame spread situation, heat-transfer from the flame to
condensed fuel is the dominant.mechanismcontrolling the spread
process I and that finite chemical kinetic and mass-transfer
effects are negligible. Most tht;.oretical models of flame spread
in a concurrent forced oxidiZer flow are based on heat transfer
mechanismssuch as th£t by Fernande~-Pello (1979) who shows that
the flame spread rate is proportional to the air stream

velocity,

vp
vco (1.1)

The linear dependence of flame spread rate Vp on air velocity
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Voo is observed in wind tnn '\el experiments. Flame spread rata
V is taken to be the time rate of change of the flame-frontp
position dxdat. Although good modc L c(}rrelation for
experimental data is accomplished with analyses that consider
laminar flow and do not Lnclude thermal radiar-ion, it is noted
that the scaf.s of experiments performed were small enough for
these conditions to prevail. For larger fires it is expected
that one should include radiation and rurbul.ence as important
procesSes if models are to correlate experimental riata.

A comprehensive review on advancas made in experimental studies
of mechanisms controlling the spread of flames over the surface
of combustible solids is presented by Fernandez-Pello and Hirano
(1983) . The summary covers both modes of flame spread, where
the oxidizer flows in the ~8me direction of spread and for the
case where it flows against: the direction of spread. It is
apparent that heat transfer or gas-phase chemical kinetics are
important mechanisms for the concurrent or the opposed flow
modes of flame spread respectively. The basic condition for
flame spread is common to most cited literar.ure. If flame spread
is to be achieved, for either mode of spread, the temperature of
the solid combustible has to increase 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 consequently the
rate of spread of the pyrolysis or ignition temper&ture front.

For the concurrent mode, heat transfer from the flame to unburnt
fuel appears co be the primary controlling mechanism of flame
spread. Although gas-phase chemical kinetics is unimportant in
the spreading of flames in this mode, it does playa role in the
establishment and degree of extension of the diffusion flame
ahead of the pyrolysis front over virgin fuel. Extension of the
flame plume over ul1burnt fuel, driven by the gas flow, is partly
the reason for heat transfer being so important in this mode of
fire spread. Not only is the fue1-to-flame viel1 factor
favourable for enhancing absorption of heat, virgir. fuel is also
exposed to hot combustion gases flowing over its surface.



Page 7

According to Fernandez-Pello and Hirano (1983) large scale
expez Lmentisperformed with thick vertical pMMA sheets (Orloff et
a1, 1975) indicate that when the upward spread of flames and air
fl~w 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 around 1 meter flame radiation becomes responsible
for about 80 percent of the t:otal heat transferred. Flame
height and pyrolysis front are found to accelerate under these
conditions when the fire spreads up 'vertical fuel surfaces in a
natural convective enviror~ent.

For fires spreading in a forced air flow moving in the direction
of spread, such as on horizontal fuel-linings, the spread rate
is found to remain constant for a given ~low velocity
(Fernandez-Pello, 1979) . In tM.s particular study this
c~servation is striking since the length of the flame is
observed 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 pyxo.Lys Ls
front progresses, because the extended flame stands furthnr away
from the fuel surface as the flame increases in size. The
overall effect of lengthening the heated region 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 zeveal, that a great deal is understood
about mechanisms that control the flame spread phenomenon.
Unfortunately the various mechanisms involved are found to
interact in complicated ways, and formulation of complete
deterministic models with analytic 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 flame

region, c~n only be solved numerically with the aid of a

computer. On the other band simpler models can be solved

analytically at the expense of assuming a priori boundary

condf.t.Lons at the solid- gas interface and by neglecting some

important trranspoxt; phenomena. However, both these appr oaches

are found useful in qualitative predictions and for gaining

insight into the underlying mechanisms.

Formulation of 'rigorous mathematical models involves

differential conservation equations (mass t energy and momentum)

for the reacting gas-phase coupled to the condensed-phase

process equations with appropriate boundary conditions at the

soU.d- gas interface. There ap";"ears to be a deficiency in dealinr:

with important phenomena such as the rigorous treatment of ~

flow fields, flame radiation, and gas-phase chemistry. So far,

flame radiation has been simulated through an empirical approach

which assumes a functional form for the fraction of radiant heat

absorbed by the solid fuel, that is a function 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 opposed

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

humidit.y OIl the propagation of a line fire through beds of

homogeneous fuels were studied experimentally by Hottel et al
(1965) in order to cest; four c'.:lfferent heat transfer models "_)f

fire spread. Radiation from the "flame" (actually from the

artificial radiation source) lv-as ~delled as a vertica.l black

pLar.a surface. The results showed rapid increases of spread

"lith increasing radiation to the fuel surface, and for higher

air humidities the flame spread was slower. Hottel et aX (1971)

modelled fuel preheating in steady-state, two-dimensiona:L fires.

Experimental results from a 4.5 ft diameter by 12 :ft: long wind

tunnel w,~re used to compare model predictions. Because the
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fires under study were small, flame-to-fuel radiation was
enhanced by using artificially applied radiation from heating
wires. So in this case "flame"-tu-fuel radiation was modelled
as equally spaced vertical line sources at known temperature
with knownemissivity. Both of the above studies showhow the
task of characterising flame radiation may be avoLde« when
studying its effect on fire spread.

Weber(1989) constructed a physical model on the basis that fuel
preheating oocurred purely from flame thermal radiation. Heat
losses from the fuel surface were allowed through a Li.naa.:
dependence on surface temperature (conductive/convective heat
losses). The differential energy equation for an element of
sol_d fuel uses a fUnctional form for fuel surface-to-flame view
factor V as a funct.Lon of position x along the fuel sur+ace.
This value is not only position but also time dependent due to a
moving flame front. A useful ana'Logythat flame propagat.Loncan
be envisage(i as a travelling wave-front is introduced and lin
equivalent "wave equation" is used to c.l.uscribethe flame front
velocity,

Energy equation: "Waveequation of Jl:otion"'

pC
aTat = AV(x,R(t» - ~T ~ + R

)t
aT = 0ax (1.2)

Here p and C are the fuel density and specific hear
respectively, A is the prcduct; of the fuel surface absorption
coefficient and flame radiation intensity, B is a comrective
cooling coefficient multiplied by the fuel surface area to
volume ratio, - is the temperature above ambient, and R is the
fire front position. It is shownthat: the system of equations
can be solved analytically.

The above analysis cLeazLy shows the importance of fire front
geometry on the fire spread process if radiative heat transfer
controls. For a planar fire front the zat;e of spread is time
independent and is proportional to d~e difference between flame
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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case of a fire starting at a point source where the firE'. front
is non-planar the spread rate is initially very rapid. 'l'he
effect of this vie\'J factor I from the fuel surface to a
non-pl.anar fire-front (circular front) I is that the fire-front
hat; a maximumacceleration at the star.t which dies downto Zdro
as time evolves. That is the rate of spread reaches a constant
val.ue as the circular f1A1:lefront approaches planar geometry.

ffind-liided ifla.me sprea.d

Intuit:ion suggests that convectnve heat transfer is of primary
importance to thh mode of flame spread under experimental
conditions which show a direct influence of forced air flow on
spread rates (Fernandez-Pella, 1979; Apte at aI, 1991; Wolff et
el , 1991). One would also suspect that radiative heating of
unburnt fuel is likely to become important in larger scale fires
because of 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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FIGURE1.1 Schematic of theoretical models used up to date. Also
shown are some important system variables used in model
descriptions.

One of the earlier publ.Luat.Lons on modelling of flame
propagation over a solid fuel in a laminar forced flow is that
of Fernandez-Pello (1979). The flame is believed to propagate
within a laminar boundary layer and the flame-front is aasumed
to progreso when fuel ahead of the pyrolysis (burning) front
:r:eaches the fuel ignition temperature. Gas-phase conservation
equations are uncoupled from the solid·uhase equations (by
specifying the gas-solid interface boundary conditions) and
analytic expressions for the spread process were obtained. l~ese
results were in good quantitative agreement with experiments
that showeda constant spreae rate that is directly proportional
to the gas flow Jeity. Simplifying assumptions, such as fuel
vaporization ana roLys Ls occurring only in the flaming zone,
infinite gas phase reaction (flame sheet appxoxfmatrtcn), and
that the fuel has a surface temperature gradient ranging from
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the fuel vaporization temperature at the pyrolysis front
(:f'lame-front) to the initial gas temperature at the flam~ tip)
contribute to the achievement of an analytic solutiot').. Although
the problem is a transient One, the gas~phase process was taken
to be at steady state because itll cha:racteristic process time j.iS

much smaller than that £0Z' the solid~phase process.

Fleeter et: <1,1 (1984) emphasize the hazardous potential of
wind-aided fire spread by way of example of numerous modern day
urban fires. Experimental work was performed on beds composed
of discrete fuel elements inside a specially designed wind
tunnel. The tunnel is conserucced to allow develQpment of an
unimpeded convective fire plume for the atiudy of interactions
between fire plume convection and cZ'oss-w:i.ndforced convection.

A simplistic model is sought I reves.ling fire propagation (or
spread) response to the dynamics of fire plume convection and
crossflow interactions. To simulate fire pl~~e convection the
simplifYing Boussinesq approximation was introduced to the set
of 2-dimensio .al conservation equations.

An experimen.tal stUdy on turbulent wind-aided flame spread over
flat hor Lzoncaf, surfaces on a scale where radiation is
sl,gnificant Was performed by Apte at a1 (19S1). Two successive
modes of spread are observed. Initially thE> flame is confin!1ld
wi thin a boundary layer and is termed the boundary layer mode.
The second mode. occurring some time later, is characterized by
a rapid increase in pyrolysis :Uwt resulting from a st~nding
buoyant flame plume. Two mechanisms have been considered to
contribute to flame-to-fuel heat flux, namely convection and

radiation. An expt'ession for £lame spread rate. ad.opted fr.om
Quintiere et al (1988), was used to compare results from a 5.4
meter wjde, 2.4 meter high fire gallery. This expression can be
written as follows:



Page 13

dx_J
dt (1.3)

r is a characteristic ignition time, and

cif is the total flame~to~fuel surface heat flux.

The total flame~to~fuel heat flux was equated to the sum of
flame radiation flux and flame convective flux, which is equal
to the energy flux required to pyrolyse a known (measured) mass
of fuel plus the heat loss due to radiation from the fuel
surface, Fuel surface radiative heat flux was simulated by
assuming an ignition temperature along the fuel ! .lrface \.Thile
using the Stefan-Boltzmann equation. Then the total
flame-to-fuel heat flux was eXIlerimental1y determined f'rom
measured rates of fuel mass loss data. Flame surface rad:tatio~
was calculated using a thin flame-sheet appr'oxdmatrLonwhir.a
provides an estimate for flallle surface ares

Experime.at showed that a transition from the boundary layer tr,
the bUoyant modeof spread is characterized by the flame tend:fng
to stand up. At this transition a change in slope is obS~l~ed
when flame length xf is plotted against F'roude number. Flame
heat flux in pure forced convective combustion has a direct
dependence on flow velocity. Experimental heat flux data in
this case suggested an inverse dependence on flow velocity.
This observation was explaineti from the increased ra .....iative heat;
flu.x when buoyancy controls flame spread, and hence radiation
was concluded to be dominant at this stage of fire spread. The

reasonil:lg for this conclusion is tha.t LnczeasLng the air
velocity tends to force the flame plume down and radiative
fluxes are red~ced through a reduction of flame height and hence
view faccor ,

In a publication on wind-aided fire spread across arrays of
uiscretle fuel elements, it was demcnstrratred 1:hat dimensional
analysis can be used to successfully correlate flame spread
velocities under varied conditions of ai.r flow and fuel loading
(Carrier at al, 1991). The relationship concentrraues on the
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ef£ects of ambient wind speed and fuel loading since these are
the most commonlyvaried conditions in expez Imentis and natural
fires. The ana'Iys Ls is performed for two possible cases, one
where convective/conductive heat transfer dominates and the
other whe'nradiation is dominant. For the first case. it is found
that the result:i.ng relationship Vp CIt (Uco/m)O• 5 agrees very
well with expezLuentis performed (Wolff at el., 1991). On the
other hand when :tadia'tive heat transfer is considered the
e~pected relationship Vp CIt (Uoo/m)1.5 is not confirmed with
these e~periments.

A detailed two-dimensional transient model for flame spread over
thermally' thick fuels has been solved with the aid of a computer
and numerical te~hniques (Di Blasi et aI, 1989). This is one of
the few mathematical analyses that considers finite gaa-phase
combustion kinetics and pyrolysis 'kinetics which results in a
microscopic description of the flame s~ructure in terms of
temperature, reaction rate, and flame species composition. An

almost linear dependence of spread rate on air flow is found for
situations where the velocity of spread is allowed to reach
steady-state. Neglecting finite rate kinetics is shown to be a
useful and valid aaoumptd.on if one examf.ne s the model flame
structure in terms vf reaction rates. Reaction rates are four.j
to be muchgreater than vaporization rates except within regions
of the flame tip at. L leading edge of the flame where reaction.
rates are relativ,ely sraal.L due to low tempFJratures or
concentrations of reactants.

1.2.2 Duct fire studies

Duct fire exper lmentis are usua.Ll.y pezfozmed at much smaller
scales than realistic tunnel fi:res (Rcbercs and Clough, 1967)
because they are favourable· from an economic stand point, easier
to control and parmit more accurnt;e measurement. Full scale

passage fires also present the problem of inducing severely
stratified flow, an added compLf catifon , if lo~\)'or moderate air

velocities are used or if the width to height ratio is small.
Typically stratifie.J. f10,'1woul.d ccmpl Lcate the fire process to
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such an ex.tent that the familiar slug flow assumption held in
most duct fire models (Roberts and Clough, 1967; de Ris, 1970j
Hunter and Favin, 1981) would have to be replaced by a. complex
description of the flow process. Thi3 added complexity is
usually avoided so as to study the role heat transfer and
reaction kinetics play in the fire process prior to studying the
coupled effects of fluid dynamics. Despite the persistence of
this flow problem Newmanand Tewarson (1983) have shown that
calculated average gas temperatures of large passage fires with
stratified flow can be used to successfully describe the overall
fire process.

A significant contribution and comprehensive analysis of fire
propagation inside fuel-lined passages is presented by Roberts
and Clough (1967). Importa.nt differences between open and
confi.ned fires are highlighted and described with the aid of
experiments and a mathematical analysis. To summarize, confined
fuel-rich fire propagation is controlled by heat transfer of a
greater order of magnitude than that of open fires. If
nonditions inside the passage are fuel-rich heat re1eased during
combustion is controlled by the amount of air supplied to the
duct and the entire gas inventory becomes involved in
transferring the generated heat to fresh regior.s of unburnt
fuel. Open fires transfer hea.t only from the f1a1!lingregion to
local fuel su.rfaces but not through the surrounding air
inventory to regions far from the fire. A simplified
one-dimensional mathematical model for fue1~rich fires is
developed whez:e the fire propagation rate and gas-phase
temperature profile are related to the tunnel system
thermophysical properties, The analysis identifies three
dLstinct 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 r.ise in gas temperature occurs with
respect to tunnel distance. The second is an excess fuel zone
where no oxygen is left over for :reaction but fuel is still
being volatilized due to heat transfer from flowing hot
combustion gases. And the third is a preheating zone where all
that happens Ls the cooling down of the gas stream due to
duct-wall heat losses and sensible heating of solid fuel.
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Fromenergy conservation considerations Over each zone, analytic
expressions for the gas-phase temperature distribution are
developed. Achievement of such analytic solutions is attr.ibuted
mainly to the following simplifying assumptions:

i) Cons'taut duct overall heat transfer coefficient and
vaporization rate along the combustion and excess fuel zones
(but these mayvary at the boundary between -the two zones).

ii) Perfect mixing in the radial direction and infinite
gas-phase reaction rate.

iii) Radiative heat transfer from duct to surroundings or
from fire: to fuel surface is ignored.

An important parameter R is identified in Roberts and Clough's
(1967) model equations as being the ratio of fuel vaporized to
oxygen consumed in the tunnel. R is normalized so that for
values greater than 1 the fire process is ft\el-rich and less
than 1 is oxygen rich. This parameter analysis goes further to
characterize condft.Lons where stable fuel-rich fire propagation
may occur or when unstable oxygen-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 em diameter duct; show a Ld.nca'r
spread rate dependence on air speed. Their mathematical model
for fuel-rich fires is in good agreement w'ith some fire
character l.sui.cs observed if the gas flow Reynolds number is
greater than 104. It is suggested that for lower values of Re
fuel-air mixing may become important. Stratification would
further aggravate the effect of poor m:f.xing.

FoLl.owl.ngthe pioneering work of Roberts and Clough (1967) on
fuel-rich duct fires de Ris (1970) developed a tr.o.oretica1
analysis which also consLdera downst.ream condensation of
volatilized fuel in the preheating zone. Results show a small
effect on propagation speeds especially for fuels with low

vaporization temperatures. Heat losses through the tunnel walls
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are modelled in detail by setting up heat transfer equations of
conduction f:rom the inner suzf'ace of the tunnel through an
infinite slab of homogeneous surrounding rock. Model solutions
from this analysis Were compared to experiments performed by
Roberts et a1 (1966) and general agreement is found with the gas
temperatu:redecay of the reheating zone, although this data is
not displayed graphically. Satisfactory predictions of the
vapo:rizationzone length Was also obtained, but again this data
is not shown or displayed. Observed linear relationships between
measured steady fire propagation speed and inlet air mass
flowrate also confirmed the valid use 0;"" the slug (plug) flow
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 range of possible flow conditions,
from radially well mixed flow to severely stratified, will be
modelled.

What is striking of both these cited duct fire analyses is that
the ':'uelvaporization flux is assumed position independent in
the excess fuel zone. Fuel vaporizes in this zone because of
heat transfer from hot combustion gases to the solid fuel
lining. Furthermore, convective heat transfer is assumed to be
the dominant pathway for heat losses in this zone. Clearly then
fuel vaporization rates will depend on the local gas temperature
at the position of interest. That is, a position dependent fuel
vaporization rate will result. A physical consequence of
constant fuel vaporization flux in the exness fuel zone would
not correspond to the achievement (Jfa steady fire propagation
speed as these authors have assumed. In a later section a more
realistic fuel loss mechanism will be considered. Expe'rdmentiaf,
evidence will be used to elaborate on the l.ineof reasoning that
their assumptions of f'ueL loss rate are not realistic enough to
describe propagation. So far all duct fire propagation models
have also assumed ste.ady~state constant propagation.
Steady~state constant propagation is not only incompatible with
currently assumed fuel loss rate mechanisms but is otten untrue
in many typical dUct fire scenarios, as it will be sho\~ later.
The dynamic effects resulting in transient fire propagation will
be treated rigorously in the following chapter.
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Fb:e induced buoyancy forces often result in stratified £10'11 if
crossflow ventilation currents are not strong enough. Roberts
and Clough (1967) concluded that their slug flow assumption
"Vl0rkswell if Re > 104 inside their duct. Mixing controlled flo,\),
is suspected to prevail below thiS' value of Reynolds number.
Even if Re > 2000 (outside the typical laminar regime) well
mixed flow maybe prevented if fire induced buoyancy aggravates
the flow.

Newman(1984) developed a correlat:i.on for quantifying the degree
of fire-induced stratification downstreamof a passage fire. The
technique is based on the Froude number (Fr) which is used to
characterize the degree of flow' stratification (gas temperature
and compo~ition).

h.T f{~~a::V~t2}h.T = f(Fr) = (1.4)
avg

Here AT is a temperature diffe't"ence associated with
stratification; h.Tavgis the average gas temperature rise above
ambient; Vavg is the average gas velocity; and H is the height
of the duct. Three regimes are delineated by the correlation
each associated with different degrees of stratification.
Extreme stI'atification is characterised with low Froude numbers
since buoyancy forces almost completely dominate the flow.
Mixing controlled flow with moderate Froude numbet's is
characterised by strong interactions between crossflow and

buoyancy forces. Finally a third regime is identified where
crossflow forces are strong enough to dominate the flow so that
insignificant vertical temperature and composition gradients are
observed. This analysis seems to be devoid of Reynolds number
considerations. It would of course be useful to also knowwhat
combination of Froude and Rey noLd number will result in no
vertical temperature or composi.tiongradients. Clearly not only
crossflow forces in laminar flow will suppress development of
verti.cal temperature gradients but so will the achievement of
fully developed turbulence.
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A useful result that may be used for experimental work where
fire plUlIlebackflow is undes+rab'Leis that the ratio /::,.pgp/pva2

should be less than unity (de Ris, 1970). For values greater
than or equal to unity backflow (sometimes called reverse
stratified flow) has been observed. In the above ratio D is
dUct height, g is acceleration due to gravity, p ambient gas
density, Va ventilation velocity, and /::"p the change in gas
density 'Of the fire plUlIle. This dimensionless constant relates
the buoyancy force of the hot fire plume t~ the forced air flow
in the duct. Most fuel~rich fires that display little
stratification are likely to have this ratio less than unity.
Reverse stratified flow phenomenain duct fires has been studied
in more detail by Hwanget a1 (1977).

Finally, on the issue of full-scale phenomenathe paper by de
RiB ec a1 (1973) is relevant. Large scale fires can be modelled
with small scale fire experiments if the product of the
pressure-squared times characteristic length-cubed (p2L3)
remains constant. Theoretical and experimental studies have

technique to be valid undershown this pressure modelling
certain conditions. The conditions are that chemical reaction
kinetics must be infinitely fast comparedto mas~ transfer rates
or mixing; and fire radiation must either be unimportant or
~roportional to the rate of combustion. Fires that. burn in the

form of diffusion flrunes will satisfy the first condition though
the second condition maybe problematic. Not muchinformation is
known about fire radiation properties in general though the
empirical approaches described earlier may be adequate if the
required proportionality exd.st;s, If the above conditions are
met the authors have shown that the complete set of
Navier-Stokes combustion equations are satisfied equally on both
size scales.
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2. THEORETICAL TREATMENT AND ANALYSIS OFPROBLEM

Although par.t of this analysis is an adaptation of that
presented by de Ris (1970), a fundamental difference will emerge
when the concept of fire propagat.Lon speed is in question.
Moreover, the model presented by de Ris (1970) is a steady state
one, whereas this work will extend the analysis to include the
non-steady motion of the fire in the duct. Also, in the first
instance the flow is assumedto be well mixed. Later it will be
shownhow the analysis can be extended to include cases with
mixl.ng controlled and stratified flow. The conceptual
understanding provided here should prove helpful in interpreting
results from duct fire experiments.

Fuel burning is assumed to be controlled by the rate. of
vaporization of volatile components, rather than subsequent
combustion reactions that follow. The rate of fuel. vaporization
is in turn controlled by heat transfer from the fire to +:hefuel
surface. Chemical reaction kinetics would be much faster than
vaporization rates because of the strong temperature dependence
that the Arrhenius expression wou.ld display near flame
temperatures. Evaporation-rate controlled burning leads to the
assumption of a fuel-rich fire. Furthermore, v.''t)orization is
aasun- d to occur at a specific temperature termed the
vaporization or pyrolysis temperature. For a pure substance

this wouldbe the boiling or sublimation temperature.

Three distinct zones, the lengths of which remaiu unkn~"~pr.ior
to solving the model equations, are idp~l..~i:i.e, the
formulation of this duct fire model. Figure 2.1 dep,,'-"_"the
relative position of each zone an a system of axes t1:a': moves
along the duct at the fire propagation speed V. The value of V
remains to be solved. Because no steady-state restriction is
placed .}11 V this variable will be written as time dependent
V(t).
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FIGURE2.1. Schematic of proposed duct fire model zones.

As the v·entilation air 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 volatilizes and is

then assumed to instantaneously react with inflowing oxygen. By
the time the gas stream crosses x xl the entire oxygen

inventory 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

tempetature. The fluid stream cools down as a consequence of

heat losses to the duct walls and to vaporization of condensed

fuel lining the duct, It is assumed that the condensed fuel

will vap lrize at a fixed temperature termed the vaporization

temperature. This will be valid for single component stable

liquid fuels. Vaporization continues up to x = x2 where the

flowing gas stream has coo] ed down to the fuel vaporization

temperature. This marks the start of th'.l preheating zone. Beyond

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 ignored in this z()ne. de Ris (1970) shows this effect to
be small. In any case this would only be relevant to fuels which
do not pyrolyse to non-condens ab'l;ematerials.

As a result of progressive consumption of fuel the fire will
propagate or migrate at some speed V(t) a.long the duct. which
mayor may not be constant with respect to time. Consequently
the three zones :mentionedabove will propagate along the duct
with this same speed. The model is written in the lagra.ngian
coordinate system where the coordinate system is movingat; the
fire propagation speed. Care s'n.ouldbe taken when considering
the rate of air being supplied into the combustion zone. The
air flow crossing the boundary of the com1:.ustionzone (x-O) is
moving past this boundary at a velocity equivalent to the
induced constant air velocity Voomir:.Asthe fire propagation
speed V(t). In most fires of this type, because of the large
difference
the oxygen
comparison
analysis.

in molar density between the condensed fuel phase and
in the air (about a thousand times), V(t) is small in
with Voo' and is therefore neglected in this
Hunter and Favill (1981) have also shown this. This

Same logic implies that, relative to the axial speed of che
fire-front, the gas-phase temperature is rapidly achieved. This
allows the assumption of a pseudo-steady-state i.n the gas-phase
ep"rgy ba.Lance if a continuous fuel lining exists inside the
passage. Later it will be shownthat discontinuities in the fuel
lining could result in very rapid propagation.

The ai •.. '{sis that follows is based on developing conservation
equad ons for the t~7ophases that constitute the heterogeneous
sy~tem described above. Parts of section 2.1 are adapted from
poa tions of the Young and Glasser (1990) steady state model
which is a variation of the original Roberts and Clough (1967)
and de Ris (1970) steady state fire propagation models. The
present transient model and application of the gas-phase
analysis of section 2.1 to model transient fire propagatton is,
however, new.

2.1 Gas-Phase Equations

An energy balance is considered over a control volume 'l.Thich
starts at x = 0, c~e movingposition at which the Lire begins,
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 coond+natie

system x = 0 is always at tho start of the combustion zone.

I I j 2 I I I j [~2]IiI (FUEL)
"II 1T 1 3

0

I CONTR;:;tLVOLUME -] ~
lit lit + lit
a ( ~~ ) 0

a vX= X

FIGURE 2.2. Schematic representation of control volume.

At x = 0 a certain constant mass flowrate rna of air enters the

cOi"::rol volume. This air is at temperature To which is

'. "ariant with time. This may not necessarily be ambient

)erature as the air will be in contact with heated duct walls

prior to ent~ring the combustion zone. l~e oxygen reacts in the

g8.S phase with fuel vapour which has vapoxLrsed from the fuel

surf'ace . Because the cont:r.ol volume considers only the gas

phase, a mass flowrate Ihv of fuel vapour is added to the

control volume. !hi, 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 is used to account for all possible

combustion reactions occurring LnsLde the combustion zone. Fuel

vapour is presumed to react with oxygen according to

(2.1)

One mole of oxygen molecules reacts with IIf moles of fuel F and

fOl:ms products of which there may be many. A radially perfectly

mixed flow stream is considered, where the above reacnfon occurs

as f..t.el vaporizes from the condensed state into the rElactive gas

stream. The stream leaving the control volume may contain

nitrogen, oxygen, unburnt fuel, and product gases. A steady

state a~sumption is made when considering the gas~phaBe process

so that the flowing streams 1, 2, and 3 are constant ''lith

respect to time even tr-..gh the control vo l ume moves at some
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transient velocity V(t). Because the flow streams entering and
leaving the control volume are assumedconstant, the size of the
three zones mentioned above will also be ccnstant th~oughout the
propagation history. For reasons discussed earlier it is
assumed that the cbr.1racteristic evoLutdon time for the gas-phase
process is much smaller than that for t:be condensed-phase.
"'herefore the gas-phase process should not be disturbed by

changes originating in the condensed-phase, ~uch as progressive
consumption of fuel lining. Fernandea-Pe l.Lc (1979) made a
simils,r assumption ",ith flame spread studies.

In order to simplify the mathematics it is assumed that the
"specific heat c<.)acity of t:he gas Cp is independent of

comnosi~ion. Although this is not strictly true it is a
reason~ble approximation. In order to justify this, heat
capacities of some typical gases that would be encountered are
tabulated in table 2.1 for 25 and 1000 ac.

'"
GAS C at 25°C C at 1000 "C

P p
J/(kgK) J/(kgK)

°2 815 J.l09

N2 1016 1162
CO2 853 1305

CO 104{) 1218

H2O 1941 2461

TABLE 2.1. Specific heat capacities of somegases

"There may also be fuel vapour and Cp ~ill depend on the type
of fuel. It can be seen that all the Cp values are relatively
similar apart: from water vapour. Since it is expected that the
mass fraction of water vapour w'il1 never be particularly large
this should not have a strong impact. It may therefore be
expected that the average specific heat capacity of the gas will
be ill the range 1100-1400J/kgK.
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An energy conservation equation for the control volume can be

written using the lagrangian coordinate system whelre x=O is

always ai.. the start of the combustion zone. The overrakL energy

equation can be written

1\ 1\

GC (dID Idx) + C (m + m )(d8/dx)p v p a v

+ dq/dx + H (dID /dx),vap v
(2.2)

1\

where Lllir is the gaseous heat of combustion per unit mass of

oxygen consumed at temperature To' f3 the mass stoichiometric

ratio of fuel consumed per unit mass of oxygen reacted, and
1\

llvap the fuel latent heat of vaporization or pyrolysis. e is

the gas stream temperature above ambient (T-To) and it is the

rate of heat loss to the duct; wal.Ls. Equation (2.2) simply

states that all the 'heat, 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

gas-phase process is operating at steady state even though the

fire is propagating along the duct at some speed V(t). That is,

the length of each zone and the f'Low streams involved are time

independent. Hence, only total derivatives with respect to x

need be used. Equation (2.2) also neglects the sensible heating

required to raise the condensed fuel temperature from ambient to

its vaporization temperature. Only the latent heat term is

considered to be important. Sensible heating of condensed fuel

is found to be smaller than the latent heat term in the energy

balance especially for f.uels with low vaporization temperatures.

It will be shown later, through a sensitivity analysis, that

even 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 2specially if it
complicates tha model equations significantly.

The term on the L.R. S of equation (2.2) represents the "energy

released" by the rea.ction. In the combust:ion zone the amount of

energy released by the reaction increases with x. Once the end

of the combustion zone has been reached and all the oxygen :i.s

consWlled no more energy is released. The total amount of energy
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released in the combus+f.on zone is therefore easily calcul.ated
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 amount of energy
generated by the reaction is constant in the excess fuel and
prelleating zones. In the excess fuel Zone the proportion of
total heat gen6rated that goes into heating the gas decreases as
the gas cools (or as x increases in this zone). In order to
balance this the proportion of the total heat generated that
goes into heat; losses to the duct walls and to vaporize fuel
increases (more heat lost and more fuel vaporized as x
increases). In the preheating zone no more fuel is vaporized
and the energy '.ost by the gas, as it cools j goes into heat
losses to the duct walls. Ultimately if 'che duct is long enough
the gas cools down to ambf.ent;temperature and all the energy
generated by reaction goes into heat losses to the duct wp.l1s
and energy required to vaporize fuel.

Equation (2.2) forms the basis of further modelling of the

gas-phase process.

2.1.1 Modelling the combustion zone

Figure 2.1 shows this zone to be in the region 0 ~ x ~ xl' It
is assumed that in this zone t''1e fuel vaporization rate 1 is
constant with respect to distan::e 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 is approximately the same everywhere in this zone.
Because the fuel burning rate is controlled by the rate of
vaporization, which is controlled by heat transfer to the fuel
s~rface, the constant burning rate assumption is reasonable. It
is therefore presumed that the fuel burns at some rate ~ (mass
of fuel consumedper unit platform area of fuel lining per unit
time) which is a property of the fuel. de Ris (1970) worked
with this same assumption. Estimates of 1 for various fuels may
be obtained from de Ris at 8.1 (1973). Fuel vaporization
(burning) in the eombt:stion zone will therefore be described as
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dIDv
dx = C.I:"'I,... (2.3)

Of is the periMeter of fuel cross-section (m) and "'I is the fuel
burning rate (kg/m2s). Because of the thi.n dUIJ.twall assumption
heat losses will be modelled with an overa,ll heat transfer
coafficient. A heat transfer coefficient Ud will represent the
ovarat L resistance to heat transfer j by conduction and
convection, from the inside gas stream: to the surrounding
atmosphere. The driving force for heat transfer being the
difference between the dUct inside gas temperature and the
out.side ambient temperature. This is a significantly simpler
model than tb.~,~used by de Ris (1970) who took into account
conduction through the surrounding rock of a.n underground
tunnel. The present use of an overall heat transfer coefficient
provides an adequ~te simple model and should display the correct
type of behaviour. Values of heat transf~:r coefficients car, be
estimated from existing correlations.

For duct fires inside thin walled p~ssages, it is expected that
thermal radiation may become a formidable candidate for heat
loss outsi.de the duct walls. In which case the overall heat
tl=ansfer coefficient for the duct walls ,.,il1 appear to he
excessively large Ln comparison to expected values. In later
sections radiation will be quantitatively accounted for, This
mode of heat transfer is in the first instance neglected in
order to preserve mathematical simplicity. This difference
should in the first instance only affect the magnitude of the
heat t.ransfer coefficients by a predictable amount and probably
have less influence on the general form of the gas temperature
profilA inside the duct. Recause of the strong dependence of the
duct heat transfer coefficient on temperature (via radiation),
two overall heat transfer coefficients will he used in the
model. The first, Ud' will be applied to the combustion zone
which represents the hottest portion of the duct, and the
second, Ud2, for .!.fJ cool er excess fuel and preheating zones.
Heat losses can therefore be modelled as
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~ = au (T - T ),dx d w 0
for x ;::0, (2.4)

where Cd is the perimeter of tunnel wall through which heat is
being transferred (thin wall assumption). Uw is the overall
heat transfer coefficient and may take on 'thevalue ltd or Ud2'
Under these assumptions and using the boundary condition that at:
x=O, T=Tol it can be show~ that equation (2.2) may be solved to
give the gas phase temperature profile in the combustion zone

(2.5)

where hT = T - To

mo

!1Tmax

This is a very simple result for the gas temperature profile in
the combustion zone. Heat losses f'tomthe combustion zone may be
calculated from

(2.6)

2.1.2 Modelling the excess fuel zone

In the excess f-ieL zone (Xl ~ x ~ x2 in figure 2.1) there is
no oxygen left for reaction. Fuel is presumed to vaporize at a
rate that is controlled by convective heat transfer. from the hot
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flow stream to condensed fuel in this zone. This is a more
sophisticated mechar-Lsm than t'f1at proposed by de Ris (1970) I who
assumed a constant 'vaporization rate throughout the excess fuel
zone. The implications of these two different assumptions will
become apparent at a later stage when the model equations are
solved and expexdmentis are performed. The rate of 10$$ of fuel
lining can therefore be written as

(2.7)

hf .is a convective film heat transfer coefficient between the
gas stream and fuel surface, and ATvap
Integrating (2.7) gives

(Tvap

- 6T ) dx ,vap (2.8)

l'he constant IDvf is equal to the total mass of fuel flowing
into the control volume up to x=x1' and is easily obtained by
integrating equat i.on (2.3). Substituting equations (2.4) and
(2.7) into equation (2.2) and introducing a new var fab l,e I(X)
oefined as

x

I(x) = J e dx'
o

OJ:'
dI
dx "'" $ (2.9)

yields the follo\ ring differential equation daaczfbLng the gas
temperature profile inside the excess fuel zone:

(C1 + C261 - C36X)(~I/db.x+
C461 - CS6X + C6 = 0, (2.10)
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where 01 = (m + mf)Oo v p

Hyap

G~fG AT
03 "'" . AP vap

Hvap

G4 = GdUd2+ Ofhf
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The boundary condition for equation (2. •10) is simply A!=Owhen
Ax=O.

Equation (2.10) may be solved analytically to produce the
foll'.)W'ing non~linear equation relating Al to Ax implicitly:

Ax' a......-=a.4p . 1

where

Ax' = A~ + {J

A:' "" AI + 0:

0306 ~ G1GS
0: = C4C3 - C205

0GGS - GlGS{J "'" _,..:;......,;;:-_=-=-C4C3 - C2C5
2

q = (C4 - as) + 4C2GS

]

-11
- °5 (2.11)
- CS
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2C2
at C3 + C4+J(i(3 -

a1 =

2C2
at C3 C4 .rq- + -(3

a2 C4 - C3 - Jq

a3 C4 - C3 + Jq

C + C34a4 = ZJq

Alth{w,,;hequation (2.11) is an analytic solution to equation
(2.10) it is p very unwieldy forl, requiring numerical root
seai~hing in order to obtain ~I as an explicit fUnction of 6x.
Equation (2.10) may also be solved numerically with relatively
little effort. This will be done using the scandazd fourth
order Runge-Kutta technique. Both the analytic and numezLca.L
solutions produced the sameanswer when the non-trivial roots of
equation (2.11) are sought.

Once AI is known the temperature profile and heat loss are
easily calculated usi.ng equation (2.9)

2.1.3 Modelling the preheating zone

In the preheating zone (x ? x2 in figure 2.1) the gas has
cooled to below the fuel vaporization or pyrolysis temperature

and no more fuel can vaporize. Furthermore, as suggested by de
Ris (1970), no recondensation of fuel from the cooling gas
stream is considered. The only process considered here is heat
transfer to rhe duct walls. The heat transfer coefficient used
in the excs.ss fuel zone will be used in the preheating zone
model. This results in an exponential temperature decay back to

ambient temperature. Using equation (2.4) in equation (2.2) and
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the fact that
describing the
obtained:

~/dx=O for x ~ x2
preheating zone gas

the following equation
temperature profile is

1\ mVf " dt.I II "

(-till)--=(m +m)C +CU(I ·I-fl.p')+m Hr f3 a vu p Jfl.x" d w 2. vu vap'
for 0 :S l!.x"< «I, (2.12)

where Mil "'" I - I2 = 1 - I(X2)
Ax" = x - x2.

Using the boundary condition LlP'=O when Llx"=O equation (2.12)
has the following solution:

AI" = e(l - exp(-IIl!.xll), for a :S l!.x"< CO, (2.13)

where
"m Hvu yap

CdUd2

The new constant ffivu is equi.valent to the total mass of fuel
vapour flowing into the control volume up ....0 x"'x2' Total heat
losses in the preheating zone can be calculated a~

"(m + m )C (T(x2) - T )a vu p 0
(2.14)

Equation (2.14) simply states that all the heat lost from the
gas stream is lost through the duct walls.

2.1.4 Defining a fire propagation rate

If an energy balance is performed between x = 0 and x ~ co, over
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the gas-phase only, a very simple relationship results:

1\ ruf 1\

(~LUi ) ..:::!_ = q + ID Hr f3 vu yap (2.15)

Equation (2.15) is essentially the non~diferential form of
equation (2.2) with the terms multiplied by a being equal to
zero because e ~ 0 as x ~ 00. Since all the solid fuel is either
burnt; or vaporized it is possible to dedvne a relationsM.p
between equation (2.15) and the condensedfuel lining inside the
duct. If, for simplicity, it is assumed that the duct is
uniformly lined '>lith fuel, so that the duct fuel J.oading oX (mass
of fuel per unit platform area of l:i.ning) i!,\ <constant with
respect to x then

illvu (2.16)

The quantity ii has units of :'peed and is defined as the fire
propagation rate. Sometimesi\t: is referred to as the average
surface regression rate in the literature (Sibulkin and Lee,
1974). Substituting equation (2.16) into equation (2.15) results
in an expression relati~g ii to the thermophysical pr~perties of
the fuel~lined duct system.

"
-
)I

(-flU) IDf//3 - qr i7 (2.17)
),CJIr-vap

At this stage the reader is cautioned into not oonfusLng the
fire propagation rate v, defined in (2.16), with the fire
propagation speed V(t). Making a clear distinction bet .r, en
these two terms is crucial to the development of an accurate
description of fire propagation along a passage. The next
paragraph is devoted to a semi-qualitative discussion on the
fundamentaldifference between t.hese two conc~pts.

Consider a solid slab of homogeneousfuel lining a duct floor as
sho,rnin figure 2.3.
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AIR
~

VE.LOClTV
UO')====>

)'

FIGURE 2.3. SimpH.fied diagram of a diffusion flame hanging
over the surface of a solid combustible inside a ventilated
duct.

Ignoring vaporization ahead of the flame, the fuel surface under
the flame moves in a direction away from the flame. This is
because fuel is being volatilized from the outer fuel surface.
'l.'hevelocity ~ at which the surface moves away from the flame
may be a function of position X, and points in a direction
perpendf.cu'La.,to the tangent of rh, surface at the point of
interest. The distance ccordfnat;e used is X since, in this case,
a coordinate system that is stationary with respect to the duct
walls is adopted (f!ulerian distance coordinate). The variable
~(X) will be referred to as the surface regression rate vector.
Although this variable is a vector, only its magnitude is
important when computif.ng the mass of fuel leaving the surface,
Consider the differential rate of frte L ~ leaving the solid
fuel surface boundedby t:he region from X to X+dX.
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dID.v (2.18)

where p is the sol'.,d fuel dem::ity (kg/m3) and L is the width of

the fuel s'l.ab (lll). Integl"lting equation (:? 18) an expression is

obtained fo:r tb~ total mass flow of fuel Leavfng the solid

surface due to vaporization (burrrfng) . Using equation (2.16)

and the :result of integrating equation (2.18) the :relationship

between v and 1~(x)1 oecomes clea:r,

(2.19)

The integral in equation (2.l'

rate of disappearance of

cross-sectional a.rea H x L shown

,; to the voLumecrLc

/p is the

tis, V is a

mean superficial velocity repreSp.utl.l>",",,,.

the vaporizing fuel surface is reg.

dependent; on fire size (Xf Xo), type _L

-e at; which

(lumber is

.1. and the

properties described in equation (~.17), but is not related to

the shape or profile of fuel lining inside the duct.

NoYlconsider how the burning region from XO to Xf would move

along the duct length in the positive X direction as solid fuel

is consumed. Assuming the fire has reached its maxdmumsize,

which is controlled by the rate of air entering the duct f'Or

fuel-rich fires, the fire p'ropagat.a.on speed along the duct is

simply (dXo/dt) (or dx~/dt). In this case the coordinate

system is stationary with respect to the duct walls and XO marks

the point on the X-axis where the continuous fuel loading

be~tns. Clearly, from the diagram shown in figure 2.3 the value

of dXoIdt will be zero until tt.e fuel surface at XO meets the

duct floor at y = O. However, the fire propagation rate v will

always assume the const.anc value given by equation (2.17),

regardless 0:[ the value of the fire propagation speed V(t) "=

(dXO Idt). Section 2.2 deals T,·it-l. the solid-phase analysis. whez'e

the ezact; relationship between fire propagation speed Vet) and

fuel loading profile is sho~m to b~ quite simple.
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2.2 Condensed-¥nase Analysis

'rb:l.s sect$.on daa'l.s with deriving equations that da;scribe the
condensed-phase process. 1.t is importl:l.nt to note that if the
condensed-phase is liquid then only the case where the fuel is
not; pe'):'mitted to flow is considered. So far the governing
equations inherently assume the gas-phase pzoce.ss to be
steady-state. The only source of transi.ent behaviour comes from
changes occurring in the solid or condensed-phase. Also I any
changes that the Solid-phase experiences will come as a
consequence of gas -phase dynamics. Once agaf.n thl~ Lagxangf.an
coordinate .system is adopted, where the frame of referenCE! is
the propagating fire.

2.2.1 Equations of change

Consider a tunnel, lined with a condensed fuel 'chat vaporizes and
reacts with a well-mixed gas phase that flows at constant
velocity Voo' The combust.Lon reectio'n takes place in the
gas-phase and is assumed to be infinitely fast in comparf.son to
the fuel vaporization rate. Su.ppose tha.t the duct; houses a
continuous distribution of fuel descr:i.bed by the continuous
function m(xI t) (mass of fuel per uni t platform al'ea of fuel
surtnce) I which is initially m"(x). A schematic of this system
is shewn in figure 2.4.
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Burnlns Zone
a l ~.

I-----~l·C~,t.) ,

Tllap

m(~,l)

jSurnins zonei
: at. t.+st. ::~
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I
1 I l _-

.
...; ";"; .

:... :
FUEL

FIGURE 2.4. Fire propagation along a duct.

When considering the gas -phase, a reaction occurs only when the
condens- .i-phaseis p-resent in that region of the duc t , Renee,
the position along the duct that represents the point where the
fuel loading begins (i.e . , where m "" 0) is the start of the
combustion ~one and therefore the origin (x=O) of the lagrangian
coordinate system. At some point x ~ 0 a time evolving material
balance on the condensed fuel shows that

8m(x,t)/8t = (T "T )vap-,,--
Hvap
o if x > x2.

(2.20)

Now consider the eulerian coordinate system which has the fire
propagating away from its origin (~O) in the positive X



Page 38

direction, X being the eulerian distance coordinate. Relating
the motri.on of the Lagrangf.an coordinate system to the eul,erian
is one way of establishing a relationship for V(t). Fuel loading
in the duct changes as time progresses. It also varies with
respect to distance. In differential form this can be written as

elm (2.21)

Notice the use of the variable X, Which is the distance
coordinate in the eulerian system. Nowconsider the movingpoint
XO

, which lies on top of and follows the point x = 0 in
lagrangian coordinates. The mass of fuel is zero at this point
so that dm=O (at X· (t». Note this always assumes the fuel
loading tends to zero with a well defined slope at x-O, The
implications of not as sunrlzigthis will be apparent at a later
stage. BearrLng in mind that dX = dx + V(t) dt it is simple to
show that (dX/dt) Ix=o =< Vet). Equation (2.21) can be written for
the condition where x=O (which is the poLnt; x=x" (t». This
results in an expve ssLon for thC:!fire p'ropagatri.on speed Vet)
where the frame of rE:ference is the duct wal.Ls •

tx
(dX/dt) 1__ = V(t) = -(am/at)

).-0 (am/ax) tx

,
Ixa(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) IX. (t) remains constant as time evolves. If a solid
homogeneousfuel is used then Vet) is inversely proportional to
the physical slope of t'he fuel. surface at x "" 0 (or XO (t». In

which case (am/aX) Ix. (t) can take on a large range of values
(from infinity to zero) throughout ":he propagation history. Of
course, the governing equations have been derived only for cases
wht>reV(t) «V«'J' 'l'he situation where V( t) is close to V«J is
nut lonsidered in the gas-phase analysis.

'rhe most important feature of the solid·phase transient al1al:lTsis
is that the only source of transient behavfour comes from
changes in the condensed fuel loading profile. The gas phase is
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modelled as if it were a steady state process and no
MCUlllulatj,on"f: mass or energy is involved with that part of the
mathemacd.caf,formulation (as descr Ibed in section 2.1). This
maybe valid if the fire moves at speeds much smaller than the
gas velocity. If, however, the fire moves rapidly it will be
shownlater that this will happen over a very short time and not
influence the propagation process significantly. This will be
discussed l.ater in more detail and will be apparent with the aid
of experimental results.

2.3 Applil.!a.tionof Model Equations

So far j the model equations describing the gas phase process
have been solved or presented in a form whereby it is simple to
evaluate the gas temperature profile. Because 'he
condensed~phase equations are dependent on the gas~phase process
it will not: be possible to solve tihe former set without fj.r(,t
solving the gas-phase. An algoritl>.rnfor soIvf.ng a typical case
study will be presented. This method of solution or algorithm
Can be used to solve a variety of Cases ana can be easily used
to program a personal computer. The model equations will be
solved using a Turbo Pascal computer program that is based on
this algorithm. Appendix A contains the program code.

(a) Brief description of thGIcase study
Consider a typical case where fuel loading is constant along the
tunnel length, such as a nit slab of solid homogeneous fuel.
Although the description 'that follows w·l.ll consider the case
wherE'the excess fuel zone is longer than the combustion zone it
is not difficult to apply the same algorithm for the opposite
case. :refore delving into this algorithm it is important to note
that in the context of this thesis fire propagation implies the
motion or migration of the fully-developed fire along a duct or
passage. This is quite different from the concept of fire
spread which LmpLf.e.s the growth of a fire from its ignition
source and not necessarily migration of tne entire fire system.
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After ignition the fire achieves its fully developed size at the
start of the tunnel lining, and because the burning rate is
constant the scl.Ld fuel is consumed evetJly in the combustion
zone. 'the cotlbustion Z011e remains conatiant; in length and
burning continues in this region untn ::he flat fuel profile
vanishes. ~quation. (2.22) confirms that V(t) 0 throughout the
courSe of this uniform fuel consumption because the fuel loa.ding
has an initi3.1square edge, L e.. (am/ax)! x=-Q"""00.

Throughout this tlme fuel ahead of the combustion zone vaporizes
according to equation (2.20). due to the presence of the excess
fuel zone. This is shown schematically in figure 2.S(a). As soon
as fuel in the combustion zone is depleted the fire will Ujump"
one combustion, zone length along the tunnel (figure 2.5(b)),
That is, if conditions ahead of the fire are volatile enough for
the fire to propagate, in the form of a "jump" or deflagration.
from its original position to its new location forward in the
passage. Uniform fuel consumptiotloccurs over the new combustion
zone Locatn.on until the fuel loading at x "" 0 reaches a zero
value (at time tvl)' At that moment; the combustion zone
begins 1:0 migrate at some speed according to equation (2.22).
Throughout this time condensed fuel ahead of the combustion zone
is also consumed by the vaporization process due to hot
combustion gases leaVing the combustion zone. The vaporization
process occurs due to the initially st.ationary excess fuel zone
(figure 2.5(b) followed by the moving combus'tion and excess
fuel zones when the fire begins its motion (figure 2.5(c)).
Then, the fire stops moving again when the start of the
combustion zone reaches the new fuel loading step (figure
2.5(d) . Clea.rlythis process will repeat I each time resul.tf.ng
in a newly shaped fue:;'profile, and the fire mayor may not
reach some steady propagation speed.
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FIGURE2.5. Propagation sequence showing effect en fuel loading.

(b) An iterative method for simulating fire propagation
The equations describing the gas tem:?erature profile can be
solved analytically to give temperature as an explicit function
of d stance, except f-:>r equation (2.10) which can only be
exp: sed as an implicit function of T and x (eqn. 2.11). To
find a value of T for any x (xl ::; x ::; xZ) a root searching
technique must be employed which leads to problems of selecting
the non-trivial root. In this case it is convenient to use a
standard fourth order Runge-Kutca algorithm to solve equation
(2.10) instead of using equation (2.11). The analytic equations
(2.5) and (2.13) together with the numerical solution of
equation (2.10) give the compLet.e g;as temperature profile prior
to any knowledge of the condensed-phase equat+ons , The gas
temperature profile is then used when solving the
condensed-phase equatd.ons. The condensed-phase sys tem of
equations will be solved numerically for X D (t) and m(x,t) I

because this system of equations depends on the numerical
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solution of equation (2.10).

Working in the lagrangian coordinate system, the calculation
procedure for simulating fire propagation would be initiated by
calculating the time tl taken bef'oa'e the first "jtmlp" occurs,
using equation (2.20):

Step 1: (Figure 2.5(a)~(b» tl = m(x=0,t=0)!1

Step 2: (Figure 2.5(a)~(b» Evaluate the new fuel profi . due to
vaporization in the excess fuel zone occurring over time =i-
using eqn. (2.20):

where X1bz is the combustion zone length and Xefz
fuel zone length.

"Ieexcess

Step 3: Calculate the time taken for the f'ueL mass loading at
x=O to reach zero:

Step 4: (Figure 2.5 (b)~(c» During the period cd time from tl
to tvl the fire remains scatd-vnaryand fuel vaporizes from thel
excess fuel zone. The resulting fuel profile in the excess fuel
zone is given by:

Step 5: After time ~l the fire will migrate along the tunnel at
some velocity V(t). So XD(t) (or XD vS t) is calculated in the
interval X"(tl) :S XO :S (XO(tl)+Xlb:" ;.y .; .,·d.l.:: values of XD
within the specified interval and computing t from equatd.on
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(2.20). Bearing in mind that XO(t) is always the point X~O

is used to describe the fire motion (XO versus t) shown in
figure 2.5(c),

Step 6: The previous step takes the fire to a position
represented by figure 2.5(d)j and all that is left is to
calculate the form of the fuel profile at t11is stage of the
sequence. The latest update of the fuel profile comes from the
result of STEP 4 where the fuel. loadi'ng at time tvl is
calculated. Since this moment in time, the fuel has undergone
further vaporization and conswnption due to the migrating fire
system which took place from time tv1 to time t2' This
calculation will be done with the aid of figure 2.6 in order.to
obtain a visual representation of the physical processes
occurring during this sequence.

COMBUSTION
ZoNE:
Lb

«l E>~

EXCESS tOEL ZONE
Le

T
vet.)

T(t,\.v!).... ~. . : ;''/..1.2)
;,,.,, :--.:.:~ .

~" ....... ~....... - ... , ....
" ..~~ ITvaP: /Tvap

,/ ~- - .. ~.~.~.~.~.:.::.::..!-.;:.:.''':'';:':''':'':'':'.:.~t...::.::.::.: :':'''::'::'::,::':~~''':'.
I
I

m
FUEL

FIGURE 2.6, Effect of migrating fire zones on fUel loading.
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Region A will experience vaporization from the moving excess
fuel zone and consumption from the migrating fire~froI1t. The
resulting fuel loading in this region can be calc...~'.atedfrom
equation (2.20) in the follm.,il1g~7ay:

U Jt' (x)+ .(T(X,t)
Hvap tv"

and this is true only for Xlbz ~ x ~ 2Xlbz i.e for ~l ~ t'(x) $

t2' One limit of integration in the above equation is position
x dependent and is also evaluated from equation (2.20) as

The v'alue t' (x) -tv1 is the time the excess fuel ..:onespent; over
the point x while the upstream end of the fire moved away from
XO(~l)' and t2-t'(x) is the time the combustion zone spent
over x until the upstream end of 'the fire moved up to Xl> (t2).
Region B experiences only vapori.zation from the moving excess:
fuel zone and the resulting fuel loading is evaluated from,

and this is true only for 2Xlbz ~ x ~ (2Xlbz+Xefz)'

Finally, region C will experience vaporization due to the moving
vaporization temperature-front. In this regi.on the fuel loading
is calculated from,

. hfm(x,t 1) - ..,...-
v H

vap

This is for (2Xlbz+Xefz) ~ x :S (3Xlbz+Xefz)' The condition for
this equation is that when T(x,t) is less than Tvap the integral
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takes on a zero value. That Ls , condensation of fuel vapour is
not considered. Downstream condensation is found to have a small
effect en fire propagation especially if Tvap is not too large
(de Ris, 1970).

In all the a.bove equations the gas temperature :isa function of
time and distance in as much as the temr"rature profilla
maintains the same shape but moves along the tunnel at some
speed V(t), Because XO vS t is always first calculated one can
evaluate T(t) numerically in the algorithm. T(t) is purely
dependent on T(x) -nd XO(t) which are both known.

After Step 6 the fire continues 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 procedure
are repetitive. The calculation goes back to step 3 and the
respective steps are repeated 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 bteady state speed is equal to the fire
propagation rate v. If the fuel vola llity ahead of the fire
is high the fire propagation speed convex-ges rapidly to its
steady state. The other eAtreme is if fuel volatility ahead of
the fire is negligible, because of a high latent heat or poor
heat transfer to the condensed phase. In such a case the fire
propagation speed may settle down to sorue 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 model output

A systematic method of solving the solid-phase equations has
been presented and analytic solutions or simple numerical
techniques can be used to solve the gas -phase equations. Time
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and position dependent model variables can be solved and
displayed graphically. The variables to be analyzed in this
section are

- Gas temperature profile T(x,t);

- Fuel loading distribution along the duct m(~,t);

- Fire position inside the duct XO(t).

Other time and distance dependent variables emerge from t1.'le
model equations, such as heat fluxes f:r:omthe hot gas stream t~
fuel ahead of the fire and heat losses from the duct; walls.
These fluxes are directly related to T(x,t) and XO(t) and can be
ca.Lcul.atied with relatively little effort. At this stage of the
analysis there is no apparent need to display these variables
mainly because they will not be independently measured from fire
experdmerrcs and compared to the model.

Statement or duct fire problem

To illus·tratethe type of behaviour the mode,', displays a typical
duct fire will be presented and the model equations will be
solved. The tables below show all of the ystem param~ters that
will be used in this case study.

Cross-Sectional Area
for Gas Flow Xar
Perimeter of square duct
cross-section Cd 0.085 m

Perimeter of Fuel
Cross-Section Cf

0.05 m

TABLE 2.2(a). Duct Geometry Paramet~rs.
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"
-12.76 x 106 J/(kg 02)

"Hvap
58.0 x 10 J/kg

Tvap

0.947
-3 29..3 x 10 kg/m s

TABLE 2.2(b). Fuel Parameters.

Average Wind
Speed Vco

1.5 lujS

Ambient
'lemperalt1.1.re

Duct H~~ct Transfer
Coeffi(~ients Ud' Ud2

2
50 vllm K

Gas St:ream to Fuel
Surface Heat Transfer
Coefficient hf

22.8 Wlm K

TABLE 2.2(c). Flow Stream Pnra~eters.

The initial condition to this problem is that there is a unifonn
flat fuel profile inside the duct ~efore the fire starts,

Also a fully developed fuel-rich fire is established at t=O.
That is, fire growth or spread is ignored in this case.

SolutiOll to the duct :fire problem

It is possible to solve the model equations for each of the
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variables using tRc}miques described ill sectl.on 2.3. The gas
temperature profile inside the duct is shown in figure 2.7.

hI
e:::: 750:::>r-
<I
e::::
W
c,
L
I.J..Ir-

bOO

,.....
o
o
'-'

ZONE

(f)

g 250

o
0.00 1.00 .l.CJO 3.00 4.00 5.00

DISTANCE ALONG DUCT .n)

6.00
'1

7.00

FIGURE 2.7. Gas temperature profile inside duct is shown 11\the
lagrangian coordinate system.

The fire and hence the above shown gas temperature profile will
migrate along the duc~ as fuel is prog;~ssi~ely consumed.
Throughout this time 'thesolid fuel profile will change in shape
and therefore influence the fire propagation speed. The fuel
distribution m(x) inside the duct is shown in figure 2.8 at
different moments in time throughout the propagation history.
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1.00 2.00 3.00 4.00 S.OO

DISTANCE ALONG DUCT em)
6.00 7.00

FIGlJRE2.8. Transient model solution of fuel distribution along
the duct length.

After enough. time has evolved a. cc.'lstant fire pr'opagatzl.onspeed
is achieved as a consequence of an invariant shape of fuel
profile. This motion prior to reachi:.g steady- state is clearly
shown in figure 2.9.
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FIGURE2.9. Fire~front history inside the duct.

The fuel profile inside the duct takes on the ste~dy-state form
shown in figure 2.10. A linear fuel profile emerges in the
combustion zone which has an Lnvac tant slope with respect to
time. The fuel profile in the ex~ess fuel zone has a specific
curvature so that when it passes into the combustion zone a
linear profile with tbe same slope results. This condition ':"s
achieved at steady-state.
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FIGURE 2.10. Steady-state fuel profile achieved after a long
time. Shown in the eulerian coordinate system.

Discussion

Whether fires behave in the way this model suggests is something
that can only be answered through experiment involying real
fires. The model suggests the fire "jumps" along the duct
moving incremental distances equivalent to the combustion zone.
length. This stepping or ItJUffiping"motion comes as a result of
the initial flat fuel distribution along the duct and because of
the conscane burning rate in the combustion zone. Each
subsequent "jump" appears to be different on the XQ vs t plot
becauHe of the ever changing shape of the condensed fuel profile
as time evolves. Eventually the fire propagation speed V(t)
reaches a constant value which is equivalent to the fire
propagation rate V.

It is also interesting to see the effect of increasing or
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decreasing fuel volatility by choosing different values of...
Bvap' Essentially. the same effect is achieved if hf is
aajusted. Figure 2. .12 in section 2..4 ShOTIS this effect. In
general, fires occurring txnder conditions where fuel volatilizes
very easily should reach steady sta~e very quickly (soon after
the first IIjump"). The other extreme occurs when fuel
voLatility is minimal or essentially zero and the fire continues
to IIjump" indefinitely.

2.4 Dimensional and Sensitivity Analysis of Model Equations

Since there are a number of parameters in this model it will be
beneficial to perform a dimensional analysis in order to
ascertain exactly how many parameters characterise the gas
temperature T(x). To do this it is desirable to express Illvf
(the fuel flowrate required t~ use all the oxygen) Rnd IDo (the
initial air flowrate) in terms of the pressure and wind
velocity. Lhis is done using the ideal gas law. The equations
are an follows:

yf3 p V D2 M
0 00 02..mvf RT

0

P V 02 M .
m 0 co 8.l.r

0 RT
0

(2.23)

(2.24.)

The meaning 0:: all the symbols in the above equations are
explained in table 2.j (Me lair a~e the oxygen or air molecular

2.masses). It is possible to show that the gas temp era.tur e
profile inside the d~~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.
dimensions, using the mLeT

are tabulated

These parameters as well as their
(mass j length, t Liae, temperature)

table 2.3. In their dimensionalsyst.em, in
analysis Young and Glasser (1990) did not consider Tys.p and Ud2.
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PARAMETER DIMENSION----------------------.-------------------------- __-----------
y mole fraction of oxygen in the air feed
p stochiometric coefficient for combustion

reaction
p
o

V
<0

"ltream pr'e astrre
wind velocity
duct width (assuming square cross-sec~ion)
ambient temperature

D
To
"C gas mean specific heat capacityp
".6H gaseous enthalpy of reaction

1:"

1\

H e.nthalpy of vapourizatiohvap
T fuel vapourlzation temperaturevap

x

fuel burning rate
duct overall heat transfer coefficient for
the combustion zone
dUct overall h6Ut transfer coefficient for
the ex.cess fuel and preheating zones
heat transfer coefficient between the
gas and condensed fuel
distance coordinate
perimeter of =uel cross-section

m/Le2
L/e
L
T

L2/Q2.T
L2./02

L2./0').

T

m/L20
m/0

3
T

m/03T

m/O::\~

L

L

TABLE 2.3. Gas-Phaae Model Parameters

There are 15 parameters and one variable which is the distance
coordinate x. Using the Rayleigh method the above syetem may be
characterized by twelve dimensionless numbers. A s~t of
dimensionless numbers produced by this technique is not a unique
set since multiplying or dividing two dimensionless numbers
produces another. One possible set of dimensionlesss numbers
is:
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II x
12 = D

The gas temperature in the duct now depends on the eleven
dimensionless numbers U.stod hera and on the dimensionlbss
dist.t;l.ncealong the duct;I :K/D.This analysis clearly indicates
that the modeJ.is complex. However, it is useful to examine
these numbers, !IlO will usually be fixed for 'I: at 0.21. III'
II3' I14• !IS and 1111are essentially fuel properties.
determined by the ratio of fuel circumference to the duct width.

For a given duct with a specified fuel type and geometry, and
knowledge of the air flowrate the gas temperature profile
depends on three free parameters (I17• ITg and II9)' These
unknownparameters are heat transfer coefficients. The problem
may be further simplified in certain cases if a sensitivity
analysis reveals that the e.quations 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 anaIys Ls is performed on the model. All
model parruneters 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 each free pararueter is determined around the region
of interest in pa.rame'l:er space. Model sensitivity to each
parameter may vary if o·ther regions of parameter space are
explored in this manner. Of Lncezesc to the present st:udy is
only that region where experimental studies of real fires are
conducted. The significance of such an analysis will become
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clearer in later sections where the same parameters will be

estimated by fittin.g the model to experimental data. Those
features of the model which are most affected by small changes
in a parameter will be critical in determining the value of that
parameter. Because of the large number of free parameters
already identified in the dimensional analysis complicated
non-Ltnaar least squares algorithms will be avoided whenfitting
the model to data.

A typica::' base case is cons Ldexed with parameters set close to
chose in the expe:dmental study of liqt,id fuels. Sensitivity is
tested by varying the par'a'net.ei, of interest + and - 50%of its
base case value. The effect is then observed in the model
solution of T(x) and X" (t). Base case values of all pazame.cexs
are listed in table 2. .4(a) and (b). Duct; geometric paramecern
are the sazae as those in table 2..2. (a) .

Mlr 6-l2.76xlO J/(kg 02)

" 27.2xl04 J/kg1:1yap

Tvap

0.947
-3 2.9.3 x 10 kg/m s

TABLE2.4(a). Fuel Properties.
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Average Wind
Speed Vco

0.5 m/s

Ambient
Temperature
Duct Heat Transfer
Coefficients Ud= Ud2
Gas Stream to Fuel
~urface Heat Transfer
Coefficient hf

21.5 W/m K

Initial Fuel
Loading

TABLE 2.4(b). Fi~e conditions.

Sensitivity analyses are performed on those free parameters used
to fit the model to data in later sections. Fuel burning rate ,,(,
mass stoichiometric coefficient {J, duct wall overall heaz
transfer coefficie~cs Ud and Ud2' and gas-to-fuel surface film
heat transfer coefficient hf will be examfned for sensitivity.
Results of this analysis are shown below.



r-l
(..)
o
u

hf
hf+50%
hf - 5o 'X.

I-

O~------,~ ~~ __ --~~ ~I JI
0.00 0.4-0 0.80 1.20 1.60 2.00

X (jn)

.....
..................

,.....
E
u

hf
hf+50%
hf-50%

200 400 800
l (5)

1000

FIGURE 2,11. Effect of hf'

Page 5"1

1400



r
I

12011

900

I- 600

.~ •• q~ ••• .........o~------~------~------~----·--~------~------~~------·~0.00 1.60 4'.00 2.40 2.80

X em)

~.".

....-
X
+,-.
~ 1.20-
o
"]<J. Ud

Ud-SO%
Ud+SO%0.60

0.000 400 600 800

t (s)
200

FIGUBE 2.12. Effect of Ud.

Page 58

1400



I
I'
I', I
I I
I I
I I
I
, I
I (
I \

V
i \,

\ ....
I- 600 _ \., ...•.. ....

..', '.f .,~' \ -:..: ....,.. '\. "~'.

:l .: \" ...., " ',. .. .
300 , ..; -, .

J : ' ....
1 ...*' "
: ""',

..: ............... ---~ •......... . .

11+50%
1-50%900

o~------~-------~--·----~------~------~------~--------~~OO UO ~W

X em)

.'

.....,'
",

.-
x
+.-.
,..J
o....J
o
~ 'Q

1+50%
1-50%

.-.
E 1.80
'-'

1.20

0.60

1$00

t (s)

FIGURE 2.13. Effect of 7.

Page 59



1200

900,..,.
0
0.,_,
I-- 600

2.40

1.BO

1.20

0.60

::

Page 60

J3
13+50%
]3-50%

J .:»:
I,,,,,,

"--,r
I
I,

I
I,,,,---",

1
I
I
I
I
I

I,--"---
I,
I ,.,\'
I ••.•..'

-:
.......' ]3

]3+50%
]3-50%

....

.....'

t (5)

FIGURE 2.14. Effect of p.



Page 61

Pal,ameter Xlbz X IIefz
xlO-2

m m
mls

-----
Base \'::ase 0.366 0.813 0.229
hf + 50% 0.366 0.813 0.257
hf - 50% 0.366 0.813 0.200

'V + 50% 0.244 0.867 0.243
"\i - 50% 0.732 0.732 0.203

Uell + 50% 0.366 C).488 0.199
UeL 50% 0.366 1.87 0.329
pi + 50% 0.548 0.792 0.299
II - 50% 0.183 0.854 0.167

TABLE2 ..5. Duce fire features from sensitivity ana.Lys Ls ,

Model parameter" except hf. are shown to have profound effects

on the gals temperature profile and propagation history. hf

plays an insignificant role in the gas phase equations but b_3

marked effe,cts on propagation histories. The importance of this

result is seen later when the model is fitted to experimental

data. Compar-edto Ud and Ud2, hf plays no role in the gas
A

In tbe model lIyap has the inverse effect that

with the exact same sensitivity on T(x) because
A

:t always appears in the term (hf/lIyap)' Such small effects of

lIyap on the gas-phase energy balance (eqn , 2.2) justifies

neglecting the sensible heating of condensed fuel in equation

phase proceas .

hf displays l;'\t

(2.2) since sensible heating of solid fuel would have a similar

if not smaller effect. Sensible heating of condensed fuel is

of rr-n much smaller than the fuel latent heat.

-y is inversely proportional and f3 is directly proportional to

the combustion zone length Xlbz' These are obvf.ous consequences

of the fuel-rich fire assumption. -y is also Lrrvezsely

proportional to the length of the first jump shown by

propagation histories XQversus t in figure 2.13. Of course "I
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and fJ will also affect the maximum gas temperature since they
axe reac,tion related properties. Long-terxr effects of "(, f3,
Udl and hf on propagation histories are a1$o significant but
not as obvious to predict withJut first .so:~vingthe system of
model equations. The effect of Ud 9n T(x) is significant. It
is likely that these ~emperature profiles contain enough
information to fit to experrimentia'L data and hence adequately
determine Ud and Ud2.

Relationships shown between a parameter and those model features
disc'.lssedso far will provide a useful basis for modelling real
fire data in later sections of thi,s thesis.

2.5 Effect of Heat Loss Due to Tnermal Radiation

ExcLusd.cn of thermal radiation from the gas phase model
equations may result in excessively large duct heat transfer
coefficients. This is because the convective term will have to
account for losses due t,oradiation as well as convec t.Lon, It is
possible to solve the combustion zone temperature profile if
thermal radiatioIl and convection are the two dam nant modes of
heat transfer from the duct walls. For the combustion zone, the
heat loss can therefore be modelled as:

(2.25)

where € is the duct wall emisivity;
a is the Stefan-Boltzmann constant;
Ud is the duct convective heat transfer

coefficient determined from
correlations.

Equations (2.2), (2.3) and (2.25) may be manfpul.atied into the
following differential equation describing the gas stream
temperature profile for the combustion zone:
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dT AT4 + BT + C
d}t = D + E}t (2.26)

where 4A = -0 l~(1T ;( 0

c ..., [<Aiir) - ~ + C T lOf"! + (0'1:T3 + Ud) CdTo;--p-- vap p 0 0

D>=mC' o p'
"E = CpCf'Y

A fourth order Runge-Kutta routine was programed to solve
(2.26) , Appl~ndixA contains the Turbo Pascal code for this
routine. Equatri.on (2.26) will be used to study data from firfls
in the follo~dng chapter.
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3 LIQUID FUELLED FIRES IN NON-STRATIFIEDFLO\;}'

Duct fire problems are freq1.'lently addressed when trying to
understand fire propagation in large scale tunnels. One of the
mO$t striking features of large-scale ..::onfined fires is the
persistence of severely stratified flow patterns induced by
rising hot combustion gases (Newman,1984). Whether there are
naturally i1'1ducedQ1rforced convective air currents elltering the
tunnel, stratified flow 'will occur dopendf.ngon whether buoyancy
forces are greater char; cross flow forces. This phenomenonhas
been studi.,." by NE.:T..nnan(1984), who presents correlations for
determining the degree of fire induced stratification. Acquiring
data from a fire propagating within the confines of a passage
poses the problem that such stratification phenomena often
o'_ crude upon the effect of underlying fire spread and
propagation mechanisms. It is therefore necessary to study, in
LsoLatrl.on, such mechanisms prior to understanding the coupled
effect of fluid dynamics.

In this section the study is therefore restricted to scenarios
involving the horizontal ventilated fURL-lined duct where the
gas ;flowstream is radially well mixed, or at least the use of a
single average temperature is justifi.)d. A well mixed flow
assumption is based on the premise that in some cases large
Reynolds numbers (over 10000) are easily achieved in full scale
mine tunnels with low ventilati.on currents (- 0.3 m/s). The
large duct diameter being an important parameter allowing
turbulence to prevail. Moreover, the fuel source is considere~
to be in its condensed form where burning is the result of
diffusion type flames burning over the f"'J.el surface. Such a
study will provide an examination of the proposed model and will
lead to an improved understanding of fires occurring :In the well
milcedflow regime.

Two experimental tunnels have been constructed and used in
studies for this thesis. The first is devoted to investigating
fires without stratified flow, and the second is used to
investigate fires when three dimensional a~rodynamic effects are
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inherent. This section deals with the former case.

3.1 Apparatus for Non~Stratified Conditions

Fire propagation experiments \o1erecarried out using a 5 metre
long, 43 nunwide, and 42 romhigh mild steel duct as shown in
figure 3.1. A more detailed drawing appears in appendix D. With
these dimensions and air velocities used in the experiments the
degree of gas stream tel!lperature stratification can be estimated
from a Froude number .calculated as (Newman,1984)

(3.1)

Here H is the tunnel height, Vavg is calculated as the average
"hot" velocity through the duct calculated at Tavg the average
gas temperature, ATcf is the difference between the ceiling and
floor gas tempe,atures, and g the acceleration of gravity. In
this case Tavgwas approximated to be equivalent to the measured
gas stream temperature because it is measured approximately
along the centre-line of the duct flow stream. This
approJtimation is reasonable if stratification is not sevexe and
the gas temperature rises from flom: to ceiling. Using this
information and a correlation developed by Newman(1984) which

relates Ll.Tcfto Il, Tavg and Vavg it is then possdb.l,e to
cal.cul.ace ATcf' For these oxpertmencs Fr is found to He within
the range 1 ~ Fr ~ 10. a regime dominated by strong interactions
between cross flow and buoyancy forces (Newman,1984). In this
regime severe stratification does not prevail.

Thus it is likely that the present experimental flow conditions
are noc characteristic of two separate gas layers (one hat
stream along the c.eiling and a. cold stream along the floor), as
in severe stratification. Instead a single hot gas stream flows
through the entire duct cross-section with a definite vertical
temperature gradient. Since the Reynolds number for these
experiments is either within the laminar or transitional regime
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between fully de"!"-Loped turbulence and laminar flow (800 < Re <
4500) the. above analysis suggests some radial temperature
variation. Using Newman's (1984.) correlation for these
experiments the estimated order of magnitude of ATef' if
Tavg=400

aC, can range from 0 to 400~C, depending on air speed.
However, the gas stream temperatures are measured midwaybetween
the duct floor and neiling and are therefore taken to be
approximately equal to the average gas temperature thus allowing
for comparisonwith the modelwhich assumes good mixing.

A narrow duct waS used because of its economically desirable
scale ~'Tith the possiiJility of reducing stratification by virtue
of a 10' r duct height. The limitatior. being that a very narrow
duct cannot accommodate sufficient fuel mass for
experimentation, and increasing air velocities in an attempt to
increase the Reynolds numbermayresult in blowing the fire out.
The alternative is to work on a larger scale of duct diameter
(also allowing for a larger exposed fuel sirrf'ace area) where the
Reynolds number can be ~ncreased well into the turbulent regime
witho<.l.thavfng to opez'atre at blow-out air velocities. For this
reason the well :'lixed slug flow assumption may be realistic for
full scale mine tunnel fires. The disadvantage of such large
appar-atus is that long duct lengths would be required in order
to measure the entire gas stream temperature profile. That is,
from the combustion zone up to a len.gth where the gas stream has

cooled to below Tvap. In this section of the study a compromise
is made by using a duct with which one cannot guananzee good
mixing although stratification will be absenr . A subsequent
section will daal with a study where stratification does indeed
occur.

Also, a simple criterion (de Ris, 1970) based on a variation of
the Froude number can be used to reduce the possibility of
back-flow of hot combustion gases along the duct ceiling. For
the present arrangement and the range of air velocities used the
dimensionless group Ll.pHgjpV~ is found to lie between 0.12 and
3.5 when Ll.p/p~2/3 and Va is the ventilation air average
velocity. Ideally this dimensionless group should be less than
unity to ensure no backf'Low, This criter~on for back-Tl.ow is
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discussed by de R.is (1970). Again one is forced to accept a
situation that is not ~uite ide~l,

The first meter of length provides a calming section to smooth
the air flow supplied from the mains, The next 3 meters is the
actual fire test ~:a~ctionat the end of which is one meter of
duct to eliminate end effects. A three meter steel tr~.y rests
along the floor of the test section. .Liquid fuels may be
distr;i.buted along the tray length by s.oaking the required amount
along an asbestos wick re~>iding inside the tray. Flame spread
over a porous solid soaked with combustible liquids has been
investigated by T.akenoand Hirano (1986). If the liquid level
does not lie above r~e upper surface of the porous solid then
flame spread behaviour is similar to that over solid fuels.
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FIGURE 3.1. Schematic representation of equipment used for fire
experiments,
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Thirty-four chromehahunel thermocouples (type K) are inserted
half~way into the flowil'lg stream, tio measirre the gas stream
temperature distribution, at 91 mmintervals over the 3-m test
section. Thermocouple emfs are recorded ~o1ithan H-P data
acquisition unit, controlled by a personal computer. Each
measured temperature, accompaniedwith a distance and. time is
recorded and stored on disc. Details on gas temperature
measurement, storage of data and a radiation shielding test are
placed :i.nappendaxC.

Air is supplied to the duct entrance at atmospher)..cpressure and
temperature.
orifice plate

The flowrate is measured with a rotameter and. an
meter inserted upstream from the duct. An

ignition port is locat~d at the start of the test section and is
sealed with a threaded c.ap.

3.2 Experimental procedure

The total mass of fuel is weighed and separated into 15 equal
portions. Each portion is evenly distributed along 20 em
aegmencswhich constitute the tray length. This is done in order
to achieve a uniform fuel distribution along the tray. The fuel
tray is carefully loaded int.:o the duct and the air supply set to
the r.'equired flowrat:e. By inserting a burning norch into the
ignition port the upstream end of the fuel tray is ignited and
the data log.ging set-up initiated simultaneously. The ignition
port is sealed immediately.

The data acquisition unit is programmed tlO take all 34
thermocouple readings every 30 seconds, the f~rst set taken 30
seconds after ignition. It takes appzoxfmaceLy 5 seconds to
read one set of thirty-four thermocouples.

3.3 Results

Experiments were performed with a variety of fuels all of which
are pure organiC liquids. The advantage being that their
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chemaodynami,cpr'opez t.Le.s are well known so that 'the governing

equations can be used to model the fires. Also, most liquid

fuels support rapidly growing :ires, so that the transient

period of fire growth from an ignition source to a. fully

developed fuel-rich state is small. The three substances used

are, Lsooccane (1st'), n-butanol (Butol), and flthylene glycol

(Eg) , chosen in order to have a range of fuels of decreasing

volatility. Also these are substances with ve~ simple

molecules and ahou'l.d t. erefore vaporize cleanly into the gas

phase without in1termediate 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 difierE.mt times for

the same fire (:r:un 5). The model was fitted to the first

tremparature profile when the fire is stationary at the start of

the i;est sect:i.on. The same fit is deliberately placed 011 the

temperature distribution data of the fire when it has progressed

roug~1y 1 and 2 metres along the duct.

880
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o ~~---r-------~----~-----r------~----~----~
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FIGURE3.2. Gas temperature profiles from run 5 showing the stationary fire

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

(x) after ignition. Proposed model fits (----) are also shown.
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In orde" to monitor the motion of the fire along the duct it We:.S

aasumed that the fi.ce ..front position can be determined as being

the position of the maxImum gas temperature. To estimate the

position of this maxfmum,pa.rabolic interpolation was used on

each of the measured gas temperature profiles, Fi~lre 3.3 shows

fire-front pbsition versus time data for three diffe.rent fires

(including one replicate).
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FIGURE3.3. Fire-front history along the duct for run 4 (x), run 5 (*) and run

8 (~). Run 8 was repeated (0) to test for the quality of reproduction of the

experiment. Proposed model fits (----) are also shown.

It is also helpful to see how this temperature profile changes

as time progresses. Because the gas temperature is changing

with time and df.scance the whole process may 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 pLctnrra

of the time evolving gas temperature profile inside the duct.

Figure 3.4 (b) is the same surface "landscape" shown from above

in the form of a contour plot. Although these graphic
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represantations are not necessarily useful in quantitative
analyses they provide a means of viewing the entire fire
propagation process at a glance.
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.4

FIGURE3.4(a). Graphic display of experimental data acquired

from run 5. The surface shows the gas t.empe.ratnrre profile

evolving with time.
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FIGURE3.4(b). Contour plot of the time evolving temperature

profile inside the duct for run 5.
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Fitting the gas-phase mode L to gas temperature data provides
values of all unknown model parameters e~cept for hf. This is
because the temperature distribution is ha ....dly influenced by
sigr..ificantchanges in hf. However j the fire propagation speed
V(t) is a strong function of the gas strealll-to~fuei heat;
transfer coefficient hf. So it is this free parameter that it;;
used to fit the condensed- hase equations to fire-front history
data. Figure 3.3 shows the resultiug model fit to three
fire-front histories and table 3.1 reports all model parameters
used in the model fitting procedure together with th~ fuel
loading and air flo~rrates used. ~ listing of experiments
performed with referen.ce to data files stored (in the thesis) on
disc appear in appendix B.

Run mO V ", f3 u_ Ud2 h£ - h.
<Xl 2 d. II ~Number, xl022 ::'8',10 2 W/m2K 2 \-,l/m2K W/m2KFuel kg/m m/s kg/m s W/m K m/s

1 Iso 2.0 150 -3 0.f:J47 50 35 2.8 0.972 3.99.30xl0
2 Iso 2.0 31.0 -3 0.892 55 15 2.3 0.239 2.37.27x10
3 Iso 2.66 91.1 -3 1.69 31 31 3.4 0.676 3.310.3xlO
4 Iso 3.66 65.3 -3 1.63 38 25 4.0 0.409 3.012.0x1O •

5 Iso 3.66 31.. 11.0xlO-3 1.2~ 50 1.7 3.6 0.193 2.3
6 Iso 3.66 111 -3 2.20 26 40 5.0 0.806 3.315.9xlO
7 Butol 3.34 64.4 -3 1.42 30 "2 6.0 0.358 3.08.44x10
8 Butol 2.:;6 28.3 -3 0.962 51 15 3.5 0.134 2.27.31xlO
9 Eg 3.34 27.9 -3 0.937 :50 15 4.8 0.093 2.36.95xlO

*10 3.66 31.4 -3 1.59 42 18 3.0 0.194Iso 12.0x10 2.3
*11 Butul 2.66 '27.7 -3 0.777 55 15 4.0 0.126 2.36.29xl~

*Repeat runs.

TABLE 3.l. 110del parameter listing for all experiments. Also shown is hi tfie

duct inside film heat transfer coefficient as estimated from correlations. for
air flowing in conduits.

The reported values represent the "best" fits. They were merely
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determined by visual comparison ,of the model curve and

experimental data of gas temperature versus X or fire-front

versus t. Exac t; methods used will be descri.bed later. It is very

convenient that the parameters can be fitted indi.vidually

because every free pa'rametre r affects: a unique fl;:\ature of the

curves '.rex) and XO (t) . TabJ.~ 3.1 also reports values: of the

duct; Lnad.de heat transfer coeffidLent, hi' estimated from

literature correlations (Coulson and Richardson, 198€.). The

difference between hf and hi is that hf is es t Iraat.ed from the

model :fit, whereas hi is calculated from heat transfer

coz-reLatrfcns for hot air flowing rhrough conduits.

Fuel burning ret:e
The fuel burning rate determines the time tres the f:i.re ,,,ill

take bef'oz e it "jumps" from its initi.9.l position (the Lengch of

the horbont.al part of the curves in Pig. 3.3), To caleulate "/

the initial fuel loading m" is divided by the measured l ....me

tres'

Reaction stoichiometry
For the rea.ction stoichiometry fhe re are a large number of

possible combustion reactions. The sticd.chdometrr'Lc coefficient (:3

is therefore also calculated from data. Based on the fu.el-rich

fire as sumptLon and ush'~ "'~ltl measured combustion zone length

Xlbz' (:3 may be evaluated 'is

(:3 au (,,/C-'x
lb

)/(th y ),r- z a ox

The value of f3 cannot be pr~determined since the exact

combfnat ton (If combustLon reactions occ:urring in fuel-rich fires

is unknown. Oxygen is limited in fuel-rich fires and a variety

of reaction mechanisms may contribute to incomplete combustion

of fuel molecules. The expected combustion produces are

trhez'efoxe CO, C, large sooty hydrocarbon molecules and H:!O, In

some cases 1i!2 has also been observed as a combustion product

(Kennedy and Roberts, :'964). A consequence of not knowf.ng the

exact chemical reactions in the combustrl.on process is that the

value of the heat of combustion will also remain unknown. For
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the purpose of estimating an a.ppro~,~JJlatevalue of the heat of
'"reaction h.Rr complete combustion is assumed, That is when CO2

and H20 are the only products.

If complete combustion occurs the following f3 va lues are
expel:ted:

CaHl8 + 25 O2 8 CO2 + 9 H2O f1 0.286"2

C4HJ.00 + 6 °2 4 CO:;:+ 5 H2O f3 0,385

G2HEi02 + 10 2 CO2 + 3 H2O f3 0.7762 2

Incomplete combustion may result in very different f3 values
depending on tlle reactions. For example consider the following
possible rea!!~:ions resulting in incomplete combustion of
2,2,4,-Trimethylpentane (isooctane):

f3 = 0.420

f3 = 0.793

For any large n, f3 2; 1.427

rf the hydrocarbons that are formed ,...rom incomplete combustion
have an even higher H to C ratJ.o than shown above, the value: of
f3 can be large_ than 1.427. The same analysis can be applied to
other fuels.

Duct heat tra.J.lsi:er I"::oefficients Ud and Ud2
Ud is estimated by adjusting its value until the combustion
zone model produces a maximumgas temperature close to that of
the daca poLntns on a T(x) plot. Ud2 is adjusted until the
excess fuel zone model produces a gas temperature decay that
matches the data. The heat transfer coefficient for the
combustion zona, Ud, is evaluated first because it is
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Lndependent;of the excass fuel and preheating zone heat transfer
coefficient Ud2.'

Comparisonof these heat transfer coefficients is possible with
correlations from COllIsonana Richardson (1986). ASStlminga thill
duct wall the duct overall heat transfer coefficient :1s written
as

~ ~(~ .~ ~).'
oV'erall i c

W'herehi is the film heat transfer coefficient inside the duct
and he is the outside film heat transfer coefficient due to
outside natural convactio·n.

Coulson and Richardson (1986) is used to esti.mate hi' and
Burrows et 8.1 (1984) is u$ed to estimate he as

h = 1.4.(T _ l' ) ~/3c wall 0

Ga.s-to-fuel surface heet: t:ran.9fer coefficient hf
Accordine, to the sensitiv:lty analysis in section 2. .4.1 hf has a
very weak influence on the gas temperature profils . Figu-re 2.11
shows hf to have a strrong effect on the fire propagation
history and speed. Thi,s is purely because of its direct
influet'ce on the ra.te at which fual is volatilized ahead of the
fire. Therefore. the vaLue of hf is best de.termined by varying
until the fire propagacf.on rate Ii, predicted by the model,
matches the fina.l slope suggested by fire-front versus time
data.

Stationary gas temperature, profiles for two fires are shown in
figure 3.5, together 1~ith results from the gas-phane
temperature model. Also shown are results from the combustion
zone gas-phase temperature model where thermal r'adiation is
included as a me.lUS of heut; loss from the duct walls. That is,
the solution t.o aquatd.on (2.26) is shown. In this case hi and
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hCI the duct inside and outside heat transfer coefficients, are
calculated from correlations (Bur:rows at £1.1, 1981l-; Coulson. and
R.ichardson, 1986) an-i used to estimate tio t the ovenal.L duct;

heat t:r:ansfer ooefficient. The duct wall emissivl ty e is then
used es the only model fitting free parameter. Table 3.2 shows
these results. It is worth mentioning that the combustion zone
model equation (2.26) for gas ten,perature was found to be very
sensitive to e compared to the much Weake): effect of Uo'
Emissivities for various types of steel surfaces can range from
0.3 for mUd steel to. 0.6 fot' oxidized steel (Perry, 1984).
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FIGURE3.5. Comparison of gas tentpel;'ature profiles fl;'om run 1 <[I) and run 5
(*) w~th proposed model (---) , Combustion zone model solved with fhe
r ad.Latid.on term is also shown (- - - -) .
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Run Number 1 2 3 4 5 6 7 8 9

U (t-7/m2l{) 2.6 1.8 2.3 2.1 1.8 2.4 2.1 1.7 1.7
0

e 0.42 0.60 0.30 0.42 0,60 0.60 0.60 0.60 0.60
X (m) 1.12 0.27 1.09 O. 6(~ 0.25 1.10 0.80 0.26 0.28Lbz

TABLE 3.2, Combustion zone paramezezs where thermal radiation is included as
an important pathway for heat losses.

Remaining model pa.rameters are known a priori. and are reported
in tables 3 ..3(a) and 3.3(b) be Low ,

==========================-----
P = 0.84atm Cd.= O.085m ~ = 1400J/kgK X = l,556x10-3m2o p ar

Cf = 0.05 m y = 0.21ox

TABLE 3.3(a), Parameters known for each run.

"zn
FUEL r " T

MOLE:CULAR. [J/kg °2J H vapvap
[ocJFORMULA Complete [J/kg]

Combustion

C8H18
6 'I..7.2xlO4 99.2-12.76xlO

G4H10O
6 58.3x104 117.7-13.07x10

C2H602
6 4 197.2-14.07x10 84.7x10

-----
':'ABLE 3i.3(b). Fuel parameters.
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3.4 Discussion

In the light of the present theory the self-similar form of the
gas temperature profiles displayed by data in figura 3.2 provide
conclusive evidence for a steady state gas phase process.
Figures 3.4(a), 3.4(b) and 3.2 also show that the stationary
fire (first temperature profile) is almost identical to the
migrating fire (second and third profiles) • The regular
st.ructarre in figure 3.4(b) is a very clear indication of a
steady-state gas..phase process. Therefore neglecti.ng to correct
for the air flowing into the control volumei as a result of
adopting the lagrangian coordinate system, :is a valid and useful
simplification for modelling such systems. ]~igure 3.2 also shows
that preheating of the air entering the burnfng zone is minimal
and this justifies the thin wall assumption.

Although the gas-phase equations suggest a sudden change in
temperature gradient at the end of the combustrton zone this
behaviour is only observed in small fires such as run 5 and not
in fires with large air velocities. Run 3. in figure 3.5, for
instance, shows a rela~ively smooth temperature transition from
the combustion zone to the excess fuel zone. The discontinuity
in the model equations comes from the assumption that the fuel
burning rate is Lndependent;of position and that burning halts
at Xl' Neglecting radiation also makes a more distinct
discontinuity. Realistically I the gas-phase reactif'ln rate is
likely to slow down significantly as oxygen concentrations
becomesmaller at regions near the end of the combustion zone.
In this regime a constant '"(assumption is :Likely to break down
as reaction kinetics may control the rate of burning. The
result is a more gradual temperature t:ransition from the
combustion to the excess fuel zone. Di Blasi at 81 (1989) show
this concentration effect near the flame tip of a wind aided
fire. In spite of this assumption the model fits the
experimental data very well.

Duct heat transfer coefficients used in model, fitting suggest
that thermal radiation is a likely mechanismfor heat losses
from the duct wal.Ls. Ud and Ud2 are clearly too large when
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compared to literature values Uo' Excepting run 6, Ud2 is
smaller than Ud probably because ·0£ the lower gas temperatures,
and hence less radiation, in the excass fuel and preheating
zoneS. Whenthe model Lnc'Iude s thermal radiation duct surface
emissivities correspond reasonably with literature values. One

can in principle readily include radiation in the model but with
an increased (~omplexityin solving the equations.

Uo in table 3.2 is purely for convective heat transfer and does
not include radi i::ive effects. If comparison of Ud and Ud2 is
to be made 't'lllth predicted values thea radiative heat tran$fer
effects must be added to Uo and only then compared. For
example run 2 has its average gas temperature close to about
400QC, but the outer surface temperature of the duct; would be
somewhatcooLe r , If the surface temperature is about 300"C and
€~O. 6 then one should add about 12.4 W/m2Kto Uo in order to
account for radiation. This is estimated only for the decaying
portion of T(x) for run 2. This radiation term is calculated
from an expansion of the Stefan~Boltzmann equation in the form
of rhe convection-type equation. See equation (E.3) appendix E.
It is only approximate because it is based on
surfat:::.etemperature. The model estimated value of

is close to the predicted estimate of about

~=Uo+12.4W/m2K)which is quite reassuring.

the average
Ud2=15 W'/m21{

14.2 W/m2K

It should be mentioned at this stage that the exact reactions

occur:t:'ingare unknown. Comparisonof mOd:l estimates of fJ with
those determined from complete combustion indicates that actual

react:I.on stoichiometry is unknown. It was demonstrated in
secui.on 3.3 that there Ls a large range or combination of

possi1ble reactions that may contribute to these fJ values.
1\

ConsequentlyI AHr is only a rough estimate of its true value.

This wi.ll certainly affect estimates of Ud and e I causing
inaccurate estimates that do not display trends with Va,' Also,
runs 1 and 6 were performed with air velocities near to
extinction (bLow-out) conditions 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 reflected poor estima1:es of 'Y

and f3 and would strongly influence fits of Ud since the model
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is not formulated to account for bLow-out;effects or conditions.

Transient growth of fires from igniti::m to a state of maximum
size is a problem that has received no attention in developing
the mathematical ntodel. Most experiments showed that such
growth 'rates are rapid in comparison to fire propagation along
the; duct. Transie11t growth behaviour becomes important when
larger air flowrates are used and the fire is allowed to expand
ove.r a long burning zone. The growrh rate is slowed down even
further if low volatility fuels are used. Under such conditions
fire growth is slow enough to be observed in fire~front history

data. The initial part of run 4 in figure 3.3 shows this
trransf.ent; growth phenomenon. This effect is not reflected in
runs 5 and 8 probably because the burning zones are small and
the ignition source is sufficiently large to COverthis distance
rapidly.

All results in flgure 3.3 show the fires growing from ignition
to a maximumsize and thereafter remaining in their original
location inside the duct. As soon as the fuel in this region is
consumed the fire "jumps" displacing approximately one
combustion zone length along the duct. Then the jumping
attenuates rapidly to a relatively constant speed, All of these
fire propagation characteristics are in complete agreement with

the model. What is most reassuring is the value of hf that
would generate this modal prediction. Although fitted hf
values do not follow a general trend with respect to Vr:JJthey
are very close to literature correlations of internal film heat

transfer coefficients for nonreactive flows in conduits. The
use of liquid fuels results in large vaporization rate.s ahead of

the fire consequently rapidly shaping the fuel profile to such

an extent that (8m/8x)lx=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 model woul.d suggest

unsteady fire propagation for longer periods of time. This
merits further experimentation and will be examined in later
sections.



The effect of air f'Lowraueon combustion zone length is seen in
table 3.2, A graph representing this relationship is seen in
figure 3.6. There seems to be a linear direct dependencebetwe.en
air flowrate and combustion zone length as e:g.pected from

fuel-rich fires. Towardhigher air velocities though, close to
blow-out conditions prevail and -y may change, Leadf.ng to. the
observed deviation from lin.ear dependence as shown in figure
3.6.
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FIGURE3.6. Air flow effect on combuatLon zone length for Lsooctrane
fuelled fires in non-stratified flow.

This analysis is devoted to fitting modeI equations to
experimental data and thereafter examini.ng the result;ing
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
predictions 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
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combustion reaction stoichiometry and burning rates. A simple
but crude sensitivity analysis has been performed by setting all
free parameters to typical values as estimated from such
experiments (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 fire~front history, Section
2.4.1 presents such a study and is adequate if predictions are
required at similar conditions. The following c.hapter will
present an experimental study of duct fires supported by solid
fuels, Parameters will be estimated in the same maD/ter presented
here and the fuel mass profile m(x) of Polymethylmethacrylate
(pMMA) , 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 interpret some of
its aasumpt Lons ,

3.5 Conclusion

A one dimensional theory with a paeudo c stiaady-cstratie gas
temperature profile for the propagation of fires in fuel-lined
ducts has been derived. A set of experimental results on three
fuels in a small duct hav8 been obtained.

The model accurately describes the centre-line (average) gas
temperature profiles inside the duct as well as fire propagat.Ion
histories. This analysis has revealed that for the scale and
class of fires 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 duct 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
might 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 is dramatically enhanced. Use of the present
model for deterministic predictions of duct fire dynamics
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requires further knowl.edgeof fuel burning rates and reaction

stoichiometry.

A fundamental concept arising in theory is illustrated by virtue
of experiment, namely the important distinction between. fire

propagation rate ii and fire propagation speed Vet) defined
herein. Emerging from this study is the result that the
condensed fuel profile ;:\(x,t) is the key to understanding howa
fi.re traverses through the confines of a duct;, The familiar
assunrptdonof constant fire propagation speed i.n typical duct
fire scenarioE can break downand the possibilit. of a periodic
fire propa.gation motion is shown to exist. One Illay conclude
from the observed "jump" phenomenonthat the aasumptd.cnof
constant burning rate with respect to distance inside the
combustionzone is realistic for the major part of this region.

Theoretical considerations and mechanisms w1>ich have been
identified in this study suggest that if fuel volatility is
increased steady-state is achieved sooner in the propagation
history. The samee.ffect 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 l..')mparisonthat 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 clearly simplifies the mathematical analysis from
solving three-dimensiGnal equatd.ons describing the gas phase
processes to the much sImp'lr

here. It is LfkeIy that
'\e dimensional model presented

~ case of large scale mine
tunnels, with moderate vent.f.Lac.to.i eurrents, the one dimensional
approach may provide an adequat-e descr Iptii.cn 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 inclusion of
mixing would be necessary. The case where 'the flow is poorly
mixed and severe stratification occurs will be considered in
detail in chapter S.
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One can in conclusion say that the fundamental assumptions of
the model (fuel-rich fires, steady-state gas profiles, heat

transfer dominated p:tOlxss) seem to hold up well in practice.
This leads to a reasonably simple model "lith good po,\qers of
prediction. Manyof the parameters used in this model can be
estimated from eXisting correlations.

At this stage it may also be of interest to note that much of
the work presented in chapters 2 and 3 has also been publishec
(Colllitis et aI, 1994a) as part I of a series of three papers
This should provide a more concise presentation of the main
featureS explored up to this stage in the thesis. A copy of this

publication is provided in appendix F. Parts II and III (Colllitis
et: el., 1994b; Comitis at el , 1994c> of this series of papers
have been derived from work explored in chapters 4 and 5 of this
thesis and shall be submitted to the samej ournal.,



Page 87

4 SOLID FUELLEDFIRES

The topic of this chapter is to extend the analyses of chaptet3
2 and 3 to a case of fires in a ventilated duct lined with solid
instead of liquid fuels. Most confined fires in self sustained
or forced convective flows are supported by solid fuels $uch as
plastics, fossil fuels or. flammableliquids frequently soaked in
porous media (e. g., carpet, wood). The proposed model has
already been analyzed with experiments using liquid fuels soaked
in a porous solid inert. The use of solid LlIaterial as :fuel
lining provicles a system where an independent measure of the
fuel loading d::stribution m(x) is also practically possible:.. An
experimental study of this variable aids to corroborate the
phenomenologypzopoaed in the model to a greater extent. m(x,t)
is identified in che fonnulatioll as being directly related to
transient fire propag;ation along the duct.

Inherent in most models (Roberts and Clough, 1967; Hunter and
Favin, 1981; de Ris, 1970), including the present, is the

assumption of a radi.ally well mixed flow stream moving in the
direc·tion of fire propagation. A direct consequrnce is the

assumption of maxtmt.sedheat feedback to the solid fuel source
resulting in rapid fire propagation. A condition of maxi.mized
heat feedback has already been studied with liquid fuels in
chapter 3 and will now receive attention in a solid fuel
analysis. This study mayprovide useful clues as to whether Lhe
discovered jump phenomenonis repeated if fuel volatility is

decreased by using solid fue.ls.

In chapter 2 it was shownthat fire motion at any momentin time
is governed by rhe fuel distribution inside the combustion zone
at that moment. Studies in chapter 3 verify the useful
assumpti.conthat each model zone is const.ant; in size as the fire
propagates along the duct (pseudo-steady-state gac phase
assumption). As the combustion zc ne progresses aLoug the duct it
encounters a fuel profil._ already shaped by the excess fuel

zone. This fuel profile is consumeduniformly ill. t1. e combustion

zone (constant ')') and the fire moves in a manner described by
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equation (2.22). In turn, this motion aetet1llines the way in
which the excess fuel zone will shape the fuel lining ahead of

the combustion zone. This provides a newly shaped fuel profile
to be encountered by the combustion zone at a later stage.
Clearly this is a ntl'.nifestati.m of the familiar :feedback cycle
through which fires propagate. This same feedback mechanism
therefore also has a profound influence on the fuel profile
history and consequently fire motion along the dnct;,

It is worth noting that fire pro~agatlvn in this context implies
the forward migration of a fully deveLopcd fire a'l.ong the du.ct
and not fire spread or growth from an ignition source to a fully
developed state. Although both these p'rocesses result in forward
motion of the fire-front they are essentially different
dynamics. It will also be shown in this section that fire
spread is a more prominent featur~ when solid or less volatile
fuels are in quast.Lon , A brief ana'IysLs of fire spread will be
conducted in this chapter because of its importance on the fire
process. Specifically to assess the concept; of vaporization
tremper'atarreas a fir~ spread controlling mechanf.sm.Of course
flame spread over fuel surfaces has received much experimental
and theoretical attention by various researchers
(Fernandez-Pello, 1979; Fernandez-Pello and Mao, 1981; Loh and
Fernandez-Pello, 1984; Apte at aI, 1991; Di Blasi at ai, 1989;

Ishida, 1986; Ish.ida, 1988; Ishida, 1992).

4.t Experimental

Solid strips and shavings of polymethylmethacrylate (PMMA)were

used as solid fuel lining. PMMAis widely used in experimental

studies of fire phenomenaand is therefore a familiar substance
with knownburning properties. Such properties are often quoted
in t:he literature. It is t:het'efore 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. A schematic of

the equipment and fire duct arrangement are shown in figure 3. J
of chapter. 3, Experiments wer~ carried out in the same duct as

rbat; used for liquid fuel studies. The only difference is the
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absence of the asbescos wick from the 3 meter long fuel tray.

Fuel strips were cut from sheets of clear PMMA,each strip being
20 em long and laid down end to end in the fu.el tray floor
forming a continuou.s constant (flat) fuel mass distribution ll1ith
respect t(.1 distance. Each strip is 1 cm thick and 1 or 1.3 em
't>1ide,depending on the specific run per":'ormed. 111 the case of
experiments with PMhAshavings the shavings were collected from
machined sheets of c'Laar PMMA.Fifteen portions of equal mass of
shavings were then weighed. Each equal portion was distributed
evenly over a 20 em segment that constitutes the fuel tray

length.

To examine the model it is necessary to conduct experiments in
such a way that initial conditions are weLl. known. Since the
model is deterministIc in nature and attempts to describe the
system variables wit:h respect to time, setting the desired
initial condition is absolutely essential. This work 'tiT:! 11 focus
on a typical case where initially fuel is evenly distributed
with a constant loading with respect to duct length. The model
does not address the phenomenonof fire growth and assumes the
fire to grow to its fully developed size almost immediately
after ignition. In chapter 3 this was shown to be a good

assumption for liquid fuels soaked in a porous solid. However,
for solid fuels transient growth is more significant (see figure
4.1) and will therefore affect the initial fuel distribution in
a way not accounted for by che model. For this reason it is
necessary to avoid the growth pattern by igniting the, fuel
lining over a length equivalent to the combustLon zone Lengeh,
That is, instead of employing a point ignition source at x=Oand
allowing the fire to grow as in the case of studies in chapter

3.

The fully developed combustion zone length was estimated frloill

trial experiments on PMMAwhere the fire was:allowed to grow to

its fully developed size. This is achieved Iwhenthe combust.Ion
zone reaches its maximumlength, controlled by the rate of air
supplied to the duct. An ox.y-acetylene torch was used as the
ignition source. As soon as the air supply to the duct is !'9t
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and a de:sired length of fuel lining is set ali.ght, the fuel tray
is Lnserrced into the duct and the data logging arrangement
initiated to record gas stream temperatures. This technique W'6.S

adopted for both PMMA strip and shaving experiments.

In the case of PMt1A strips it was possible to measure the solid
fuel pr()file. Thi~ was done by cutting the air supply at any
moment when the fire 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 resultirLg from steady fire propagation
is removedand cut into small segments of about 2 to 3 cm, Each
segment is weighed and measured so that an independent measure
of m(x) is calculated at the end of each experiment. This
represem.ts the measured steady state fuel profile for each fire.

A trial. run was also conducted with small charcoal particles
(-0.5 em die.mete-r) uniformly dist:r:i.buted along the fuel tray.
Start~up procedure was similar to that of PMMA studies.

4.2 R~sults

4.2.1 Po1ymethylmethacrylate (PMMA)

Measurements of three system variables 't'lere acquf.red from each

experiment, namely the gas stream temperature profile 'l'(x, t),
fire propagation history xo(t) , and the steady-state solid fuel
profile m(x,t). Most model parameters are knowna. priori to the

analysis. The latent heat of pyrolys Ls for PIRMAis taken to be
903.7 kJ/kg. This is taken front Kanury (1974) where the sensible
heat raising the fuel from ambient to pyrolysis tempe~ature has
been subtracted. The vaporLaat Lon t<!lmperature and heat of
combustion for PMMAis taken from Fernandez-Pello (1979) to be

363 ~C and -l3.57x106 J/kg (If O2 respectively. Other
parameters are known from tha duct geometry or estimated by

fitting the modeL equatrf.on to experimental data. Simplified
techniques for estimating each free parameter havs been

discussed in chapter 3. Parameters estiulated from the model-fit
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are the fuel burning rate '1, reaction mass stoichiometric
coefficient /3. duct wall heat transfer, coefficients Ud and Ud2•
duct wall surf.ace emissivity E j and gas stream-to~fuel surface
film heat transfer coefficient hf. The value of hf determines
the rate of fuel Vaporization in the excess fuel zone and
therefore has .:l direct influence on the average fire propagation
:speed and propagation history.

Fire growth from a point ignition source ,to a fully developed.
fire over surfaces soaked in flammable liquids waS found to be
rapid and not significant in comparison t,o the remaining fi:·.~
i,)ropagatiol), process (chapter 3). Iti the case of l?MMAtransi.ent

fire growth shown in figures 4.1 and 4.2 is qu: te significant
and would clearly affect the initial fuel profile. t~ong ot~ers
Loh and Fernandez-Pello (198l~) have stutliad fire !.?,'to"~th0'.1:
spread over PMMA surfaces in wind-aided envdzonmentrs, ].i'1 xe
4.2 shows the fire-front hi,stol'Y Xf(t) of t.he same 'l'J)lMA
supported fi.re of figure 4.1. Eigur..;~4.2 i*, a plot of the
maxfmum temperature position Xf Versus time 'C. .f:.iax:i1Ul'Jn

tentperatur.e positions are determined froth parabolic

interpolation of temperature data and are assumed equal to t:hf..
fb::e~front position. The plot (figure 4.2.) is used to d••tqnn;tne
the initial fire growth or spread rate. Ir\itially X.E(t) is
horizontal during the ignition period \olhen an extiarna] heat

source (natural gas burner) is used. After sufficient heating

the external heat source is removed and the fire spreads over
the PMMAsurface (sloped section of Xf(t) da.ta). An analysiS
refe:rt'ing to fire growth over PMMAwill appear later in the

discussion section.

As discussed in the expe:dmental sl;!cti')n fire gro~o1'this <l'tTjjid.ad
in the, main tests by intentionally setting the entire combustion
zone alight at the start of each run. Th:i.sstudy will focus more
attent:ton on. propagation than spread or growth.
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'temperature profiles shown at 2 minute intervals.
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II
875

Steady state gas temperature profiles for two fully developed
PMt.fAfires are shown in figure 4.3. The model-fit is shown in

each case , Also shown are ~stima.ted gas temperature profiles in
the combustion zone if thermal radiation is incorporated into
the model equation as a mode of heat loss. That is, when E~O in
equation (2.25).

125 250 375 500 625 750
t (s)

FIGURE4.2. Fire growth data.
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FIGURE4.3. Gas stream temperature profiles for t\\70 typical fully developed
duct fires supported by PMMA(run 3 (x) and 5 ([I». Proposed model f:i.t is also
shown in each case with radiative (~---) or without (--~) radiatiVe model.

The profiles shown i.n figure 4.3 are for stationary fires at the
start of the duct section when the motion of the combustion zone

has not yet begun, By estimating the position of the maxfmum
temperature for each measured temperature profile it is possible

to follow the fire fron position in the duct as a function of
time. The maximumfor each profile is again estimated using
paraholic interpolation and taken to represent the end of tne
combustion zone. Fil:e propagation histoxy data are shown in

figure 4.4 for three typical PMMAfires. Figure 4.5 shows a
contour diagram of the time evolving gas temperature profile for
run 2 and may be compared to figure 3.4 (b) in chapter 3. T"_is
comparison is discussed later.
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I

FIGURE 4.4 Progresstve motion of the combustion zone represented as fire-front
propagation Xf(t) for three duct fires (run 2 (*), 5 (0) and 7 (x». Pr.oposed
model is also shown (._-).

FIGURE 4.5. Contour diagr~m of time evolving gas t.empezature
profile inside the duct for run 2 (l'MMA).



Page 96

'The system variables and estimated parameters for all
experiments are shown in table 4.1. In the case of fitt5.ng the
combustion zone equation

transfer coefficient Uo
correlations (Burrow et

evaluated front the fit.

with erdO the overall duct 1'1a11heat
is estimated from typical literature
aI, 1982) ..:1 the value of € is

Run mO V '1 fJ Ud Ud2 hf h.co 1.
NU1Ilber 2 cm/s kg/m 2 W/m2K W/m2l( W/m2K w/m2Kk.g/m s

1 Strips 4.52 ~3.3 -3 0.59 50 17 9.5 1.96.50xlO

2 Ctrips 4.79 29.8 -3 0.53 60 17 9.0 1.46.60xlC

3 Strips 3.86 29.3 -3 0.63 60 9.5 1..47.56xlO 18
4 Strips 3.82 29.1 -3 0.60 59 18 9.5 1.46.97xlO

5 Flakes 1.74 36.3 -3 0,67 31 12 5.9 1.73.03xlO

6 Flakes 1.74 32.3 -'1 0.554.l1xlO . 50 17 7.0 1.5

7 Flakes 1.74 32.0 -3 0.58 52 17 8.3 1.54.llxlO

TABLE4 ..1... Duct; fire conditions and estimated model, parameters f'or all
experiments. Also shown is hi the dUct inside film heat transfer coefficient
as estimated from correlations for air flowing in conduits.

Table 4.2 shows values of e used to fit the combustion zone
model for the case when radiative heat loss is incorporated.

\lso shown are some general fire chanact.e'rLatri.cs , namely the

length of each zone Xl and x2 Xl' steady-state fire
propagation speed V5S' and percentage of heat generated by
combustion that is fed back to the solid fuel up to the end Qf
the combustion (a1) and excess fuel (a2) zones according to
equation (2.2). TIlese fire characteristics are determined using
the model-fit.
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u xl (x 2
~ xl) V 0!1 0!2Ru.n 0 ss

NUlIlber w/m2K cm/s
% %m m x10

1 'trips 1.6 0.65 0.45 0..70 1.00 3.9 6.1
2 Strips 1.2 0.70 0.28 0.47 0.59 3.5 5.4
3 Strips 1.2 0.76 0.32 0.40 0.83 4.2 5.5
4 Strips 1.2 0.76 0.33 0.40 0.80 4.0 5.3
5 Flakes 1.5 0.33 0.68 0.72 1.66 4.5 6.3
6 Flakes 1.3 0.65 0.35 0.47 1.21 3.6 5.4
7 Flakes 1.3 0.70 0.38 0,42 1.27 3,·9 5.5

TABLE 4.2. Duct wall emissivities estimated from model fit. Some fire

characteristics determined from the model are also shown.

All model parameters are known after fitting the model to gas
stream temperature (lata and fire propagation histories. It is
now possfbLe to so'Lve the fuel loading profilE> m(:K.,t) usi:ng the
model equations on the basis of the estimated model parameters.
Figure 4.6 shows predicted fuel profiles for approximately
steady state conditions togethe:.: with measured profiles from
four PMMAstrip expe".:'iments.These are the profiles, measured
and predicted, at a time when the fire is propagating at

relatively constant .peed, Constant fire propagation speeds are
identified as straight Lfnes from plots such as those in figure

4.4.
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FIGURE4.6. Measuredf'.le1.mass distributions for run 1. <[I), 2 (*) j 3 (0), and 4
(+) after suff'Lcd.ent; time has evolved to allow relatively constant fire
propagation speeds. Modelprediction (-----) is comparedin each case.

A nLunberof trial experiments were performed in order to
establish combustion zone lp,ngths for all of the runs. As

described earlier this information was used when setting the
desired initial condition for each run. Trial experiments with
flakes together with run 5, 6 and 7 have also been used to

examine the effect of air mass flow and fuel loading on the
final steady fire propagation speed v,s (figure 4.7), In this

case Vss is estimated from linear least squares fits on the
straight line section of plots such as those in figure 4.t" Air
flowrate and mass fuel loading vary from one data point to
another in figure 4.7. For a lH'.t of data files from experiments

in this chapter see appendix B which also contains stored files
on a disc.
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4.2.2 Char-Coal

A trial run showed that char-coal burnt over approximately 1.8
meters of lining for a significant period and then Bxtinguished
without progressing fc...rTI.rard.Char-coal experiments in the
present appar"'tus were 'Very difficult to perform primarily
because of ignition problems due to large heat losses that may
have also resulted in the above observation. On inspection the
coal bed lining the duct was mostly consumed in the combustion
zone but ahead there was no evidence of burnt cc~l. From
combustion zone to "excess" fuel zone there was a step in fuel
maSs loading from almost no coal up to the initial masS loading
which a}:Jpearedunaffected. This feature waS ,..learlyevident by
observation. Implications of such findings ..1ill be discussed
later in view of the proposed model.
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4.3 Discusld.cn

4.3.1 Fire prcpagatuon

Evident in model pre~action,s of fuel profiles of runs 3 and l~

(figure 4.6) are small steps occurring at the end of the
combustion zone. This is because the model soIunf.on has not
quite reached steady state though the difference wouldbe small.
The model prediction of run I showsa discol.1.1:inuousbend inside
the combustion zone. This is because the mechanismfor fuel

. tions but is more ev:i.dent in the
'ue steady state the bend is no
eve described 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 m....;s distributions is further evldence to validate

also no' 1 in
longer t· ,.
over as c,

inherent L

model output of

longer pr..:sent. Be. _.

vapoxLaat.Lon in the combustd.on zone differs "~'-\Tl.ctionallyfrom
that in the ~xcess fUl~lzone. As a consequence of the::-~zone

length the excess fuel zone affects a

tr'" combustion zone eventually burns
This discontinuity is

the model. These are therefore good a priori predictions of
steady state :uel profiles.

The present study also confirms that energy feedback in small
scale duct fires is dominatedby convective heat transfer. Such

a conclusion comesfrom consistently good predictions of steady
state fuel distributions that are ultimately determined by a

convective heat transfer modeL at the fuel surface lbis
conclusion was also e.rrived at from liquid fuel studies in

chapter 3. If a conscant; fire propagat:i.onspeed is achf.eved at
steady-. tace then fuel vaporization ahead of the fire must be
posLt.Lon dependent. This is understood from explanations
pxovi.dedin chapter 2. If fuel loss rate ahead of rhe fire was

constant with respect to position the fire would continue
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jumping all the way. Because fuel loss ahead of the fire is
sLowar than inside the fire the initially flat profile would
merely be transformed into a series of steps and would never
form a line of constant slope. That is, constant fire
propagation speed would never be achieved. In this study and in
the previous chapter convective heat transZer is found to
control fuel loss rates whd.chresult in a 'Oositiorl \ I':...mperature)
dependence ahead of the fire. Constant fuel loss rl':';:e$ahead of
the fire were proposed by de Rb (1970) and Roberts and Clough
(1967) but are clearly not justified by present findings.

When the fire reaches its fully-developed size the gas stream
temperature prof:Ue is rapidly achieved and maintained while the
fire migrates along the duct. Equation (2.2) makes this pseudo-
steady-state assumption, shown to be valid for fIres supported
by Li.qudd fuels soaked in a porous solid (chapter 3). Pl-1MA
rlSlsults reflect sim:i.lar behcvd.our 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 is significantly reduced thereby
instantaneously adjusting the gas temperature profile. Also, the
solid PMMAtemperature profile way take longer to readjust to
such rapid effects and momentarily affect the fuel burning rate

since this is controlled by heating ef.fects. If this motion is
rapid enough the effect on the gas and solid tempera.ture
structure should not last long enough to influence the solid

significr!utly.

A pseudo-stea.dy-state assumption is therefore also valid for the
solid fuel (lase but to a somewhat lesser excent , Figure 4.5

shows the time evolving gas temperature profile for run 2 and

should be compared to the more regular at.ructure in figure
3,4(1)) . The liquid fuelled fire has a steadier temperature
profile with respect to time, whereas that of PMMAin figure 4.5
is less steady as it moves. This ef .ect is small but avid, 'It
and is probably dominated by an interplay between propagation
mechanisms described in the model and growth-type dynamics as
the fire shrinks and grows slightly while propagating.
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Model gas temperature p:r.o£iles and fire front histories

correlate with the measured data very 'tl)'ell. Estimated model
parameters from fitting procedures result in values that
correspond closelY to literature or e~pected values. For
example the estimated duct wall emissivities using the
corabuat.Lon zone model range from 0.65 to 0.76 (excepting run 5),
which corresponds to literature values for mild steel. in this
temperature range. This result explains why the duct; overall
heat transfer coefficients Ud and Ud2 a.re so much larger when
radiatj.on is exeLuded from the. model formulation. Run 5
represents the highest ail.' flow condition of the ].lMMAflakes
experiments and is not as consistent. with this conclusion and
particular set of results. It is likely that estimates of fJ and

1\

~Hr are inaccurate and do not represent the true combustion
prope:t'ties, ultimately resulting in a poor estimate of E and
Ud• Complete combustion would result in a value of fJ equal to
0.52. Table 4.1 shows that rul. 5 has fj=0.67 and represents the
largest deviation from the complete combuatrf.on assumptnon,

"Therefore lUIr, calculated for complete combustion conditions;
i:.'l likely to be more inaccurate in this case than in any of the
others, resulting in a poor model estimate of E. Most of the
other runs have resulted Ln fJ values that are closer to that of

1\

complete combustion, hence the assumed vhhte of Mir (complete
combustion) is closer to the tl:ue val.uea prl~vailing i.n those
fires. Good estimatas cf E are therefore obtained iroDI these

runs. It may also be that at higher air flowrates (run 5) the

constant 'V approximation breaks down. Gas stream concentration
profiles would begin to control the reaction rate to an extent

that vaporization kinetics need not dominate alone.

It "I is measured independently it may be compared to fitted
values of table 4.1. By burning in an open envir"Lunent a known
mass of PMVlA strip ",ith known surface area and measuring the
time taken to burn completely a value of 6. 84xlO~3kg/m2s Ls

obtained. This is ver.:y similar to those estimated using the
model (see table 4.1).

Gas stream-to-fuel surface film heat 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 strongly 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 PMMAseem to be lacking in the literature. This is evident
from varying estimates quoted by Kamrry (1974). Therefore no
firm conclusion may be drawn from this res,tIt. Uo,-1ever,model

estimates of hf compar-edvery well with hi in liqu.id fuel
studies of chapter 3 where the latent heat was well known.

It is interesting to note that although these duct fire results
rept'esent the case where beat feedba.ck is maximized, only about
6 percent of the to tal heat gener'aced goes back into the
vaporization, process. Despite the low percentage this value
rel t:esents an upper limit resulting in rapid achf.everaent;of a
constant fire propagation speed Soon after the first: fire "jump"
is observed (figure 4.4). Most of the heat generated is lost to
the surroundings or used to heat r.he flow stream. Clearly, fire
propagation dynamics of this type must be extremely sensitive to
energy feedback since 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, al=4 and a2=7
percent on average for all the fires j which is similar to what
is seen in PMMAfires. The 6 percent of energy feedback is also
in good agreement with results obta.ined by Sibulkin and Lee
(1974) who studied energy feedback in flames spreading over PMMA
cylinders.

The exact dependence of each estimated model parameter on air
flowrate is not clearly evident. To observe such trends one

would probably have to explore a wider range of air flowrates.

Also j the model G tting procedure is only approximate. That is,
the sum of the squared errors is not exactly minimised in each
case. In spite of this j estimated parameters are relatively

consistent in relation 'to expected values. HoweverI l7SS does
indeed fol10""-a definite trend with respel1t to mass flow of air
and fuel loading as figure 4.7 illustrates. The observed close

to linear behaviour is also in agreement with the model as



Page 104

equation (2.16) suggests. This behaviour also comes from che
fuel~rich fire assumption. More. specifically the combustion
zone length is directly proportional to air flowra.te and the
ex.cess fuel zone length is also near~y directly proportional to

air Zlowrate. Hence fuel mass loss rates are directly related to
these zone lengths and therefore air flowrate. As in the
combustion zone lengths of chapter 3l combustion and exces s fuel
zone lengths in this study also increase with air f10wrate as
table 4.2 suggests.

4.3.2 Fire growth

Fire growth has been avoided by setting the appropr Lutie initial
condition as described in the experimental section. However it
does form part of the natural fire phenomenon and would
othe~qise dominate the initial stages of the fire process.
According to Loh and Fernandez-Pello (1984) fire spread rate Vp
is coz'zeLatred well with a heat transfer based model. The spread

rate is determined by conduction through the g&S and solid
phases and the following reI ~ionship was developed

V
P V,co (4.1)

where Pg, Cp' >"g' are the gas densi.ty, specific heat capacity
and thermal c.-nduct.fvd ty respectively. p , C and>' are tbe ,tJolid

PMMAdensity, specific heat capacity and thermal conductivity

respectively. Ti' 'rv' Tf and v; are the initial
temperature, PMMApyrolysis temperature, adiabatic flame

temperature and average wind speed respectively. The constant of
proportionality can be calculated from their data to be
approximately 0.29. If che flame spread rate of the fire in
figure /Jr.2 is calculated using relationship (4.1) a value of
1.3xlO-S ms-l is obtained. Comparedto the measured spread rate
of 3.8xlO-4 ms-1, equal to the slope of the data shown in figure

4.2, the prediction is si'~ificantly smaller. Equation (4.1) is

formulated so that gas and solid thermal conductivities control
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the rate of heat transfer and hence the Spread rate. Apparently
the controlling mechanism is not yet kno~~ for the present fire
spread conditions.

According to Williams (1.!;76)spread rates may be modelled with a
simple but fundamental energy equation (eqn, 4.2). Also
introduced is the concept that the flame-front progres.sel3
forward to regions where the solid fuel tempera.turereaches its
ignition temperature. The ignition temperature Tig is usually
equated to the fuel pyrolysis or vaporization temperature Tvap'

(4.2)

Spread rate Vp is therefore exprressed in terms of q I the net
heating rate per unit area into the solid fuel source from the
fire. As described in section 1.2 this is the heat flow through
the surfa.ce of fire inception. In equation (4.2) p is the solid
fuel density, ~h is the difference in enthalpy (per unit mass)
betweGn the fuel at its ignition temperature and the virgin fuel
at ambient temperature. That is

A

6h = C (T. ~ T )P ~g 0
(4.3)

One may prescibe any heat transfer mechanism(s) for q and test
its effect on spread rate predictiol1S with equation (4.2), For
convective heat transfer q=hf{Tf-To} where Tf is the
adiabatic flame temperature and To is ambient temperature. If
radiative heat transfer is assumed to control the spread rate a
value that is ~bout half the measured value is predicted
(1.78~10-4ms-1). And this is when view factor and emissivity
are set at unity in the expression q=a€(T~-T~). Clearly
there is no other possible enhancement of heat transfer that
will account for such a rapid spread rate as that measured in
figure 4.2. One can only suspect that the ignition temperature
responsible for fire-front progress is in this case
significantly lower than Tvap' Ml1reprecisaly i::Vp is set at
the measured value Tig is found to equal 197.2 C C compared to
Tvap=390"C. Of course convective/conductive heating would art.dto
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the total heat transfer and Tig is likely to be somewhere
between 197.2 and 390 a C. It is therefore suggesteJ that the
fire-front might sprea.d onto fresh fuel even if its temperature
is not as high as Tvap' Another observation from figure 4.2 is
that the Xf is linear with respect to t during the spread or
growth period. From equation (4.2) this implies that
fi:r.e-to~fuel surface heat flux is time independent for this
scale of spread.

4.3.3 Char-coal

Char-coal has a very low volatility so that there is no fuel
loss ahead of the fire. When the, fuel was consumed in the
combustion zone the fire would have j"1llpedexcept that rhe post
fire zone is not volatile enough due to insufficient preheating
and low volatility. From the observations made this fuel has a
low enough volatility for repeated jumping but not 'Tolatile
enough for the fire to self ignite ahead of itself (propagate)
during the jlunp period. Hence, the fire dies before it can jump

forward outo fresh fuel. A 2 kW, 3 meter long heating coil was
added in a second attempt to assist propagacton but this too was
not adequate. A careful choice of duct/fuel system is ::<aquired
for the anticipated repeated jumping to OCCl,r.Woodwas also
tested in the present duct in an attempt to study its beh~viour
but thiE1 tC'o was unsuccessful since only charred woodwas left
inside the duct uft.er each attempt.

Presently the fire does not jumpbecause of insufficient heat

feedback (preheating) 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 (1974). Improvements on
this percentage may therefore be possible in larger and more
insulated passages ,.
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4.4 Conclusion

A one dimensional model describing fire propagation dynamics in
fuel-lined ducts has been studied with solid fuels. These
results showthat a solid fuel such as PMMAcan support fires in
a mannez that is essentially no different to Ij.quid fuels soaked
in a porous inert solid. Solid fuels were chosen because of
their lower volatility relative to liq\ 's. This was done in an
attempt to study the possibility of different fire dynamics from
that: observed with liquid £.,.~ Repetitive fire-front

"jumping", appearing only once in " propagation histories of
PMMAruns, results from the model if high latent heats are used,
or when very low values of hf prevail. That is, low
vaporization or pyrolysis rGlte ahead of the fire. Evidently the
observed duct fire behavior places PMMALn the same genaral,
category as volatile liquids. Despite a mere 6 peKcent feedback
of the heat generated in these f1' steady state is rapidly
achieved and, at most, one "jump'
obae'rved ,

he fire-front history is

Fire growth resulting fr~m a point ignition source would indeed
adjust the fuel profile to an extent that even the first "jump"

(a consequence requiring an initially flat fuel profile in tne
combustion zone) may not be observed. In this respect solid
fuels can beha"e differently.

A trial test on char-coal, being less volatile than PMMA, shows
that conditions for repeated fire jumping are possible but a new
duct design is required to prevent extinction during the jump

period.

'1,'hesteady ..state gas-phase assumption also works with PHMAfires

but to 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 ':',.,,1. : " i.ff. sumptLonmay therefore require

further assessment for other typically less volatile solid fuels
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such as carbon.

As in the case of liquid £u.els the model accurately descl:"ibes
gas tempe....':I.ture pro£iles and £ire-front hi.stories. Contributing
to the study of the originally proposed model, e~perim\3nts with
.PMMA provide physical meaSu.reme1.t:of fuel mass distribut:i ons
m(x, t) inside the duct. This variable provides an independent
check on the proposed fuel vaporization mechanisms. Close
agreement between predicted and measured fuel distributions
suggest that the proposed mechanism for fuel vaporization,
narue~y convective heat transfer, provides an accurate
description of the physical process , The fuel-rich duct fire
assumption has also been further validated by this stUdy. A
linear dependence between steady ...state propagation speed (or
protagatiott rate ii) and air f10,,,/fuel loading verifies the
fuel-rich fire assumption.

Horizontal flame spread over a PMMA surface is controlled by a
surface ignition temperature that is found to be considerably

lower than previously measured fuel vaporization or pyrolysis
temperatures. It might be a sufficiently high temperature such
that sufficient fuel vapors will issue from the solid surface to

sustain burning. Also for the present scale of fire I

fire-toNfuel surface heat flux is time independent during the

gzowchperiod.
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5 FIRE-INDUCED STRATIFICATION EFFECTS

fire induced stratification in passages implies layering or
sepa.ration of a hot gas stream from a cooler stream fhat;
bypasses the fire and eventually runs along the tunnel floor.
The result being in effect two almost immiscible layers of gas
travelling along the duct in the direc.tion of ventilation, which
is either forced or naturally induced. Newman(1984) performed
ex.perimental evalua.'.ions of stratified flow where the degree of
.stratification is c.:>rrelated with th2 Fraude number. The
present work concentrates on stratified flow ahead of and within
the fire. The phenomenonof reverse stratified flow occurring as
hot combustion gases travel along the tunnel ceiling in a
direction opposing the direction of ventilation is not
ccnai.dexer , A two dimensional ana'IysLs of reverse stratified
phenomenawas presented by Hwanget: el: (1977) but will not be
considered here.

The purpose of this secti.on i,s to pxesent; an analysis describing;
stratified gas flow during a typical tunnel fire and to study
its effect on propagation. The analysis is aided with the one
dimensional model that has been developed and will be used to
describe the reactive flow stream inside a tunnel under

stratified conditions. Propagation will be described by the same

model. Although many simplifying assumptions are made, the
present analysis should prove useful for interpreting results
for this class of fires. Developing more sophisticated .node Ls
and simulations would also be aided by findings in this study.
In this chapter more attention is focused on the flow regime
where stratification is severe. The case of close to well mixed
or non-layered flow has been explored in chapters 3 and .+ and

will also be considered here to some degree.

S.l Experimental

A diagram of the tunnel used for studying duct fires with
stratified flow is shown in figure 5.1. A detail drawing appears
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in appendix D. The tunnel geometry is such that fire induced
buoyancy forces can overcomeventilation crossflow forces. By
allowing the fire plume to rise high enough a large vertical
momentumcan be achieved and a buoyancy dominated plume .nay

develop if crossf'Low forces are small. This argument can be
quantified in terms of a Froude number (Fr) analysis which has
been presented by Newman(1984). The analysis is based on a

correlation where Fr is ",ritten o',s

VFr = ~a~v~g~__

(I.\T fiT )gU) 1/2c avg

(5.1)

flTcf is the gas temperature difference 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 due to
gravity and duct height respectively.

According to Newman (lr,84) three distinct regin es are
identified, each associatld with different degrees of gas
temperature and composition stl'atificatiorl. The first region is
associated with small Froude numbers (Fr ::s 0.9) resulting in
severe stratification where hot combustion gases travel along
the duct ceiling. The f \cond region, with larger Froude numbers
(0.9 < Fr :S 10), is dominated by strong interactions between

crossflow .md buoyancy forces. This region, although not
severely stratified or layered, involves vertical temperature
gradients llnd is mixing dominated. The third region has
insignificant vertical temperature gradients (Fr > 10). This

does not necessarily imply that the flow is turbulent.

Work in this chapter involves duct fire conditions in the first
two regions (Fr :s 10). Gas stream temperatttres are measured
along the tunnel length at three different heights; SOrom,147
nunand 250 mmabove the floor. This provid.es a two dimensional

gas temperature grid which will aid analysis of the flow
structure. Thermocouplepositions and an ignition port are also

spown in figure 5.1. The duct is constructed of mild steel and
a three metar metal fuel tr.ay rests along its floor. Liquid
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fuels a.:e distributed along the tray length by soaking the
required amount along an asbestos wick residing inside the tray.
Thirty four chromel-alumel thermocouples are used to measure
stream temperatures. The tunnel also includes glass windows to
allow visual inspection of the fire. To eliminate end effects
two meters of tunnel length was added to the tunnel end. A one
meter Call1lb\g section is placed before the test section to
:ttraighten the air stream originating from the mains air supply.

WIRE GRID

I

2 m

AIR
SUPPLY

THERMOCOUPLE
PORTS

Z,
~I..,
:A'ul... ,
,_ 1 •..,
"".. ,,,,,

FIGURE 5.1. Fire tunnel apparatus used for stratified flo,..experiments.

Ethanol (Etoh), isooctane (Iso) and ethylene glycol (Eg) fires
were studied. For each fuel, mass fuel loading ar.d ventilation
air flowrate are varied. One can therefore study the effect of
air flowrate and fuel Lading on the gas phase process as we-ll
as on fire propagation. Experimental procedure follows that )f
the non-stratified flow experimants when liquid fuels were used
(chapter 3). All expez Imerrta are gdven i.ntable 5.1 with their
respective conditions.
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Run Q

Number, m" V "Y (1-Bp1) a C Ud U
00 d(est) 0

Fuel 2 xl02 2 mass an' a
W/m2K W/m2Kkg/m m/s kg/m s fraction fraction m

1 Iso 1.11 9.11 -3 0.35 0.25 0.23 73 3.04.51x10_3
2 Iso 1.12 12.8 4.85x10_3 0.32 0.32 0.26 62 3.1
3 Iso 1.25 10.8 4.17x10_3 0.29 0.23 0.21 70 3.0
4 Iso 1.33 9.20 4.87xl0_3 0.38 0.29 0.25 81 3.0
5 Iso 1.33 12.7 5.56xlO_3 0.35 0.40 0.32 54 3.1
6 Etoh 1.11 9.00 4.54x10_3 0.22 0.08 0.12 88 3.0
7 Etoh 1.11 17.0 5.70x10_3 0.27 0.26 0.23 49 3.2
8 Etoh 1.25 12.9 5.10x10_3 0.22 0.13 0.15 85 3.1
9 Etoh 1.33 9.10 4.87x10_3 0.25 0.11 0.14 86 3.1

10 Etolf 1.33 17.0 6.82x10_3 0.29 0.29 0.25 63 3.1
11 Eg* 0.56~ 17.2 4.47xl0_3 0.13 0.07 0.12 .3 3.3
12 Eg* 0.569 25.2 4.47xlO_3 0.09 0.01 0.08 2.)4 3.6
13 Eg* 0.570 50.0 4.47x10_3 0.04 -0.09 0.02 940 3.B
14· Eg* 0.667 17.1 4.47x10_ 3 0.12 0.06 0.11 171 3.3
15 Eg 0.834 50.0 ~.47x10 0.04 -0.09 0.02 825 3.8

c Ud calculated using estimated Cd(estt.and not Cd=0.7Sm.
~'( "Y es:.:imatedfrom asbestos tray open a.re tests.

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

5.2 Results

For each duct fire gas temperature distributions may be
represented on an x-y grid. Measured grid temperatures are
interpolated and a two dimensional gas temperature structure is
constructed with contour isotherms. Figure 5.2 shows contour
isotherms for runs 1, 2, 7 and 13. The first c...ntour diagram
shows the thermocouple grid. Runs 2, 7 and 13 in figure 5.2 are
gas tem.perature distributions for stationary fires. Stationary
because sufficient fuel remains at the beginning of the fuel
tray ani the fire therefore contifnuas 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 tunnel. A degree of
reverse stratification is evf.dent;on the x-y gri.d but this will
Hot be discussed. any further.
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(c)

0.15 0.86 1.57
X (m)

2.29 ;S.OI')

(d)

x On)

FIGURE 5.2. Contour plots of 2~D gas temperature profile inside duct for (a)
run 1 (isooctane)I (b) run 2 (Lsooccane)I ~c) run 7 (ethanol) and (d) run ',3
(ethylene glycol).

I
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Figures 5.2 (a), (b) and (c) display a striking feature
consistent wi.th the aaeumptrl.on that extreme stratification

occurs and results in gss stream layering. This feature is seen
if one follows the likely path of the hot fire plume, from floor
to ceiling, along the maxfmumtemperature ridge. The ridge
starts at a high temperature near the floor and, as it rises
toward the ceiling the temperature drops gradually. Further
upward towards t!J.e ceiling, the temperature rises to a high
value aeain. Clearly it is impossible for the hot fi.re plume to
blend "lith the. cold. eros ~flow stream and then reappear ~t the
ceiling as the contours suggest. It is more likely that the
fire p'-uxl1erises past the cold stream, but in so doing bypasses
the thermocouples in that region of the tunnel. Hvt plume gases
would therefore avoid mix.ing and evencual.Ly collect at the
ceiling where rhe measured peak ceiling temperature is located.
S~e figures 5.2 (a) and (b). Such tendencies for Lwofluids of
d:i.fferent transport nroperties to avoid mixing '\orhile flowing
[doSt each ocher are often observed in meteorological and
oceanographic processes. As already suggested by de Ris (1970),
similar mechanismsmay control such stl:atification results.

The plume uses the third pbys Lca'l dimension of tunnel width as
it avoids mixing with the bypass stream. Hot plume gases
collect where a maxilhUIDceiling temperature is recorded and
t.ravel along the ceiling in the direction of the ventilation
current. This is not seen directly or- the ccncorrr ~i.agramwhich

is just one 2-D planar cross-section of the 3-D temperature
structure inside the tunnel. Together with the above discussion

this explains the "saddle" feature appearing along the maximum
temperature ridge somewherebetween the floor and ceiling. It
is likely that most of the interchange between the streams
occurs in this region of the tunnel where the "saddle" appears.

Figure, 5.3 provd.des a means of distinguishing severely
stratified cases (such as run 1 and 2) from those dominated by

strong intera.ctions between crossflow and buoyancy forces (such

as run 13). The plot is based on the correla.tion developed by
Newman(1984) who estimated from tunnel fire tests that

--------_ ......_--
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(~T f/ATh) = O.67(~Tf/~T )0.77c c avg

for the strong interaction regime (0.9 < Fr ~ 10), and ATh""tI.'Icf
for the severely stratified regime (Fr ~ 0.9), Gas temperature
rise, above ambient, along the ceiling is written as ATh and
the average gas temperature rise above ambient is A'I'avg' It can
be seen that present results follow the proposed correlation.
Isooctaue and ethanol supported dQct fires resulted in extremely
stratified flow, whereas;ethylene glycol fires lie in the strong
interaction region as well as in the buoyancy domirated region.
This is expected as ethylene glycol ;.s the least flammable fuel
used and wou.ld support a smaller fire with weaker buoyancy
forces. Also the air velocities us~d for ethylene glycol fires
were on average much larger in order to achieve strong
interaction between crossflow dnd buoyancy.
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E'IGURE 5.3. A comparison between the correlation (---) developed by Newman
(1984) to predict fire induced stratification and present results. Isooctane
(*), Ethanol ([I), and Ethylene Glycol (0) results.

/
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As previ.ously mentioned extreme strati.:Ei.cation as it is observed
in these profiles is unavoidably a. three diroens:i.onalphenomenon.
As streamlines of fluid flow cannot intersect it is impossible
tor a rising plume, on its way to the ceiling, to pass by (or
through) the bypass stream without using the third physical
dimensior of tunnel width, To model this fire syscem the
complexity r)f the problem has been reduco!..'to one schematically
represented in figure 5.4. II. this simplified analYfds, cold
air that flows over already vaporizing fuel is assumed to
instantanel")usly react with the vapour as it is produced. Heat is
generated locally and a significant increase in local gas
temperature occurs. An upward plume develops which, on itp way
to the tunnel ceiling, passes the remainir1g unreacted air.
Effectively the two gas layers, in order to achieve stable flow,
un"lergo Lrrverrs Lon, In doing so somemixing and heat trransf'en

occurs between them. Also, as the hot plume rises it loses heat
to the duct walls. Beyond this region the two gas layers are
stable and lose h. .~to the tunnel wal.l,s as they travel with the
ventilation current. Further evidence supporting this model is
clearly seen in figure 5.5.

5.2.1. Modelling

Aided by the one dimensional model from cha.pter 2 the above

descripcion. of the flOl" process provides the basis for analyzing
fires in extremely stratified flow. Ilie one dimensional burning
region in figure 5.l~ is made to follow the fire pIume inside the
tunnel for ~ases of severely stratified flow.
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FIGURE5.4. Flow pattern expected from severely stratified flow inside a
flaming tunnel.

The one-dimensional model, as it is described in chapter 2, wiJl
be used ~o model the gas phase processes inside the one
dimensional burning region shownin figure 5.4. In the severely

stratified case the burning region starts along the tunnel floor
and is assumed to rise virtually instantaneously 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. It is assumed at the interchange
point, where the fire plume rises, some plume mass is lost to
the bypass stream, and the bypass in return Loses some of its
cooler mass to the plume. A net mass gain 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 is in principle poasfb l.e

using simple mass and energy balances on the hot and cold



Page 119

streams after reaction has occurred. Such calculations \'lere
done but were not revealing for reasons explained in Apperrdf.x E.

Exchan+e of hot and cold mass betweelL the two streams will

result in a mismatch in enthalpy from the end of the floor

burning region to the sta.rt of the ceiling region. Because of

this discontinuity I the energy balance, which is the gas-phase

model equati.on, is first used from the entrance of tihe burning

rl;!gion 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 first fitting the

gas-phase equations to floor temperature data up to the maximum

floor temperature. Then the gas-phase equations are fitted to

ceiling temperature data starting from a point ahaad of .zhe

mixing zone. Floor temperatures thereforA represent the

combustion zone while ceiling temperatures represent ~ excess

fuel and preheating zones of the original model. The difference

between the floor and ce:i.ling maximumtemperatures at toe end of

the combustion zone is therefore r.elated to mixing and heat loss

occurring between the two streams.

Parameter estimation and plume model evaluatj.on

Fuel burning rate

Except for ethylene glycol fires fuel bwrnf.ng rates "( are

estimated in the same manner as non-stratified analyses in

chapters 3 and 4. All ethylene glycol experiments resulted in

slow initial fire growth. Initial fuel distribut.ions were

affected to an extent that fire-front history data displayed no

stationary period at the start of the tunnel (tres of "( could

not be determined). For ethylene glycol "( was es timated by

meaaurrLng the time taken for a flame to burn over a known

platform Area of wick soaked in a weighed quantity of fuel

(outs:Ld.e the tunnel). This value of "( is then used in the modeL,
To check thi.s assumption 'Y for isooctane and ethanol was also

measured in this manner. Comparison between values estimated

from the model-fit (table 5.1) and independent test~ are

reported in table 5.2. The same comparison is done for "I

;{
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estimated from modelling non-stratified fires of chapters 3 and

4. It can be seen that estimated parameters from fits of large

(stratified) tunnel fires agree well v7ith those measured

independently (outside duct) and those estimated from medel fits

of small duct fires are on average somewhat; larger. This is

because irl the slim (non-stratified. chapters 3 and 4) c~ct heat

feedback 'l)7ithin the combustion zone is likely to be larger than

in the stratified. cases. hence more rapid vaporization or fuel

burning occura . Large tunnel results in table 5.2 therefore

justify us Ing "((measured) for modelling ethylene glycol fires

instead of fitcing "( as it is done for isooctane and ethanol

fires.

Large Tunne l,

"(model)

2
kg/m s

Small Duct

1(model)

2kg/m s
Fuel

Outside Duct

1(measured)

kg/m
2
s

Isooctawa -31l.lx10
Ethanol

Ethylene Glycol

n-Butanol

-35.39xlO
-35.40xlO
-34.47xlO
-36.76xlO
-36.8l~xlOPMMA (strip)

-34.80xlO
-35.41xlO

-3b.95xlO
-37.35xlO
-36.91xlO

TABLE 5.2. Comparison between measured burning rs.tes

"((measured) and averaged values ('Y (model» :trom table 5.1 and

non-stratified fires (table 3.: and 4.2) in chapter 3 and 4.

Air bypass fraction

The reaction stoichiometric coefficient fJ is assumed as being

that for complete combustion (pruduction of C02 and H20). This

may be a poor assumption and is not backed by experiment.

Therefore, only trends will be considered from calculations

which involve t.his assumption. Using the known air flowrate

ma entering the tunnel, 1, /3. and the estimated combustion

zone length Xlbz' one can calculate the fraction BpI of air mass

flowrate bypassing the reaction. Bypass fractions are

calculated as
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(5.3)

BpI is "basedon the combustion zone lengths Xlbz estimated from
floor teJ!lpera:::ureprofi.les. This the fraction of air that
crosses the rising fire plume. The .Ltc! dimensional model will be

used with the fraction (I-BpI) of air flowrate that reacts.
Based on this fraction of air the ccrsbusui.on zone model is
fitted to floor temperature data up to a point '!lhere the
temperature is a maximum. The remaining model temperature
pt'ofile is then fitted to measured ceiling temperatures (a
temperature decay).

GOO

450

l- 300

150

o
0.00 0.40 1.20 t.60

x em)
2.00 2.400.80 2.80

.[o.i:GORE5.5. Model fit to plUIi18of run 1. Temperature profiles at three
different heights are ~hown(O.OSm(*), O.147m(0), and O.25m(6) atove floor).
First the floor (--) and then the ceiling (- - - -) section of the plume are
followed with :he one dimensional model.

Figure 5.5 shows a typical model fit to a severely stratified

Lsooccane fire. The profile is n:easured while the fire is
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stationary. A. time averaged profHe is shownbecause the fire
remains staticnary for enough time to measure the same profile
several times. Table 5,1 shows results obtained after fitting
mOdelparameters.

Area fraction occupied by pls:...:rt.e layer
Severe flew stratification takes the hot gas away from the fuel
and thus effectively stops fuel vaporization ahead of the

fi:ce-front. In this case the value of hf can be set to zero,
where hf is the heat transfer coefficient from the hot gas to
the fuel in the lIexcess fUel" zone (along the ceiling). The
model equation for this section then reduces to that ,)f the
preheating zone, A Simpl.;)linear least squares fit is used to

determine dUd2for this section. Cd is the perimeter of duct
cross-section (thin walls) and Ud2 is the. duct overall heat
transfer cceffi.c:tent along the "excess i"'uel" and "preheating
zones", Slopes from 1:'. linear least squares fit of the
temperature decay data along the tUl1udl cening give this
information from

where (ma(I~Bpl)+JiJ"u)is the mass flow of the hot Layez and
requires bypass fraction data. Note that BpI depends on f3
Which, as previously discussed, is assumed equal to tihat; for

complete combustion. Therefore CdUd2and any number derived
from it will only be an estimate. Despite this the analysis may
still prove useful and revealing if trends are considered with

respect to (I-BpI)'
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1

FIGURE 5.6. Fraction of cross-sectional area Q occupied by hot gas layer as a
function of bypass mass fraction BpI'

Assuming the two layers are immiscible and of constant thickness
throughout, the fraction Q of tunnel cross-section occupied by
the hot gas layer can be calculated. An estimate of the hot
layer perimeter of cross-sectj.on Cd(est) :'5 used to calculate IX.

See appendix E for details of these. calculations.

Values of IX and Cd(est) are shown in table 5.1.. Figure 5.6 shows
a increasing as (I-BpI) increases. This relationship should be
trrue if the relative average t.emperC':tureand velocity of e.aca
layer does not vary much between runs. As BpI decreases the hot
plume layer gets thicker and hence IX should increase as
indicated in figure 5.6. A theoretical relationship between IX

and BpI is derived in appendix E and possible cases for each
fuel are compared in figure 5.6.

While there is some resemblance 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 somecaution.

Heat transfer coefficient in combustionzone
Cd(est) can also be used to estimate the combustion zone heat
transfer coefficient Ud. The fittp.d value uded (fitted to
floor temperature profiles in the samemalLnerto fits of studies

from chapters 3 and 4) is simply divided by Cd(e.st) to get an
estimate Ud' Values of Ud are listed in table 5.1.

Quenchfng of the hot plume layer )y entrainment of cold air

might explain why for ethylene glycol fires the estimated Ud in
table 5.1 increases dramatically with increasing air velocity.
This effect is more noticeable with ethylene glycol fires
probably because a wider range of air velocities were e~amined.
Alsc, chene were the least buoyant of all fires studied,
permitting more entrainment.

Fire propagation and averaging gas temperature profiles

Hot gases traveling along the duct ceiling do not significantly
v~porise unburned fuel, and hence do not affect the fuel profile
ahead of the fire. This was not found in chapters 3 and 4 where
flow was non-stratified. Here, energy feedback to fuel is at a
mtntanaa. Fuel loss rates ahead of t:he fire are consequent.Ly

reduced., even though volatile fuels are used. Onemight e.rpect;
more jumpIng, a phenomenonalready expLored in chapters 2, 3 and
4. In earlier chapters it was shownthat evaporation of fuel
ahead of the fire attenuated fire jumping.

Figure 5.7 shows the fire propagation history of a sevr+ 'ly
stratified fire. In many of the experimental fires the .l.~..;.e
length was shorter than the distance -;"C'tweentihezmocoup Les.
Since parabolic interpolation is used to estimate the position
of the maximumtemperature the stop 'wise motion observed in
those cases could be an artifact gf over-spaced thermocouples.
Tbe propagation history shownin tigure 5.7, however; is for a
case when the fire length, as measured along the center-line
thermocouples, is about twice the distance between each
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thermocouple. Measurements of this kind are therefore more
representative of the propagation history and c:early show
j~ping.
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FIGURE 5.7. Fire-front hir-':':oryof an isooctane fire (run 2) measured from 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 zone 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 forcing the fire plume forward.
Also evident in figure 5.7 is a jump length longer than the
combus tLon zone length measured from floor thermocouples. This
would occur if tne plume bends over and above the fuel surface
and significant~.y heats and evaporates fuel ahead of the
combustion zone length measured from the flQ·~. ThUH fuel will
be depleted over a longer length than that. .easwred 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 describe fire prope.gatic.nusing the one dimensi.ortal
model fllel vaporization profiles ahead of the fire must be
known. This determines the propagation history. The g,."s
temperature profile determines the heat transfer rate from gas
to fuel which in turn determines fuel vaporization. If the
average gas temperature profile is used to obtain a descriptil..n
of fuel loss rates (heat; transfer rates) then the model is found
to describe propagation 'histories quite well. The gas-phase
mode::.equat:i.on is first fitted to the measured averaged gas
temperature profile (average profiles from 3 heights). Then the
propagation history is fitted to XC vs t data by adjusting hf
in the model. hf determines heat transfer from the gas-phase
to the fuel surface.

Propagation of severely stratified fires is then modelled in tha
samewayas propagat.Ion in chapters 3 and 4 (1.e., h~O) since
somefuel will !:ltill veporize ahead of the fire despite the hot
layer being far above the floor. For the purpose of modelltng
gas temperature p~.·ofjllesin severe stratification hf was set tu
zero as already dBI!>cribedin the previous section. TLis is
because the effect of hf is almost negligible on the gas-phase
energy balance (see figure 2.11) and this clearly simplifies
model fitting. In d.ealing "7ith propagation (fuel loss rates.)
one cannot ignore hf since its effect is very significant as
f:tgu'r.B 2.11 indicate:s.
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FIGURE5.8. Floor templ~rature profile (*;---) and ceiling profile (0' of run
5 meet with no discontinuity. Average gas temperature profile (L\) and modeI, 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 fractions Bp2 are now used to determine the amount of
heat generated by combustion and not to split the flow into a

hot and cold layer. Xlbz from average temperature profiles (not
floor prc~1.les) are used to calculate Bp2 from equation (5.3).
Bp2 is determined from combustion zone lengths that are
estimated from average gas temperature profiles as opposed to

floor proflles used for BpI' Average gas temperature profiles
are used also in the fitting procedure. Figure 5.8 shows an
average gas t.emperature profile for run 5 together with a model
fit. Values of hf fitted to propagation history data appear in

table 5.::l and are compared to estimates hi from a correlation
(Coulson and Richardson, 1986). Table 5.3 also shows
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correlation estimates of overall heat transfer coefficients Uo
which include radiation effects. See Appendix E for radiative

effects of Uo'

For the combustion zone U1 is fitted to average gas temperature
profiles in exactly the sante manner as was done in chapters 3
and 4 and values are reported in table 5.3. Ca=O. 75m in this
case and is not an estimate since all the flow is used in
calculating the average gas temperature profile.
therefore be compared to Uo in t,able ~.3.

For ethylene glycol fires average gas temperatures were always
below ()r just above the fuel boiling point. Evaluation of hf
from the model is therefore riot possi'Vl..e.for these cases because
hf has little or no effect on propagation in the model. The
'value of h£ is therefore set to zero and the model equation for
th~ excess fuel zone reduces to that of the preheating zone.

Values of Ud2 can therefore be determined from linear least
squares fits of the gas temperature decay using a value of
CdeO.75because the entire gas stream is LnvoIved with average
gas temperatures . .Modelcomparisons to data using fitted values
of Ud2 in the model, for some ethylerle glycol :tireS I appear in
figure 5.9. Figure 5.9 also shows the effect of l,ncreasing air

velocity on the goodness of model-fit to measured average gas
temperature profiles. Ethylene glycol runs represent the poorest

of all fits obtained from all fuels "ltl;.died but display an

improvementat increased air velocities.
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FIGURE 5.9. Effect of increasing air velocity on the model fit co data when
the average gas temperature is used to describe the gas phase process.
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u* h * - 0

Run (1~Bp2) Ud Ud2 hf II

NUlJIber,
0 i

xl02Fuel mass
W/m2K Til/m2l{ Til/m2l{ Til/m2l( Til/m2Kfraction m/s

1 Iso 0.35 26.0 5.0 3.0 1.3 1.1+ 0.141
2 Iso 0.57 40.0 5.0 3.1 1,4 1.6 0.261
3 Iso 0.51 32.0 5.0 3.0 1.3 1.5 0.182
4 Iso 0.38 31.0 5.0 3.0 2.0 1.4 0.098
5 Iso 0.63 33.0 5 ..6 3.1 1.8 1.5 0.229
6 Etoh 0.30 17.0 5.0 3.0 3.5 1.4 0.165
7 Etoh 0.40 n.o 6.5 3.2 1.7 1.7 0.307
8 Etoh 0.31 20.0 4.5 3.1 3.2 1..6 0.210
9 Etoh 0.39 21.0 4.0 3.1 3.2 1.4 0.173

10 Etoh 0.48 33.0 7.0 3.1 O.S 1.7 0.245
11 EG 0.14 60,0 3.5 3.3 0.0 1.7 0,146
12 EG 0.10 33.0 5.0 3,6 0.0 1.9 0.235
13 EG 0.05 8.0 8.62 3.8 0.0 2.4 0.172
14 EG 0.14 40.0 3.58 3.3 0.0 1,7 0.139
15 EG 0.05 8.0 8.5 3.8 0.0 2.4 0.133

* Correlation estimates which include radiation effects.
o Average fire propagation speed v i~ estimated from linear least square fits
of X" vs t data,
Table 5.3. Parameters estimated from fire propagation analysi::.where the
average gas temperature is used to describe the gas phase process.

It is also possible to examine the effect of air ~l~wLate
(total) and fuel mass loading or. the average fire propagatrl.on
speed jj. Figure 5.10 shews this for Lsooctrane and e.thanol,

fires. Because the daily ambient temperature To can vary,
propagation rate data in figure 5.10 display some error. This
effect was observable on XO vs t plots of some reproducibility
runs performed in the smaller acaLe duct: of chapter 3.
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FIGURE5.10. Observed effer.t of air ventrlLacf.on rate (total) ma and fuel
mass loading on fire propagation speed for ethanol (*) and isooctane (0)

fire:,;.

Ethylene glycol fire propagation speeds show no trend with
respec t to (ma/m a ) and aloe omitted for clari ty . Fire

propagation data for ethylene glycol (XO vS t) reflected a large
degree of noise and the steady fire propagation speed for each
run coulf not be dete~~ined accurately.

5.3. Discussion

Reaction stoichiometry was
combustion. This fixe~ the

assumed as t.hat; for complete
1\

value of Lllir and consequently
leaves Ud as the only free parameter in the combustion zone.
Comparison of Ud in table 5.1 with Uo ShO,"lS no agreement
between fitted Ud and e.xpected Uo which includes radi.ation
effects. This discrepancy is attributed to poor estimates of fi

1\

(BpI and therefore Cd(est» and ~Hr' since complete combustion
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conditions maynot have been achieved in p-ractice. The model isI
also ve-ry sensitive to p. See section 2.4.1.

Fo-r severely stratified flow I temperatu-re profiles a-re well
modelled if one follows the reactive stream, and therefore such
an approximation is valid. If stratification is not severe, such
as for someethylene glycol fires (fig. 5.2(d», then layers do
not form and the plume cannot be follo'l'led. Large degrees of
mixing with the bypass stream prevail. Runs 13 and 15 are
examples of this and are identified in figure 5.3. In this
-regimeflow is neither severely stratified nor well mixed (0.9 <
Fr :s 10). Average gas temperature profiles can describe the
gas-phase process in this case. Figure 5.9 and work in previous
chapters on non-stratH flm<1 verify this result since fires
in chapter 3 and 4 are e....,her in well mixed conditions or lie in
the strong interaction (mixing controlled) regime. Ethylene
glycol fires are described by the model to a lesser extent but
the average gas temperature approach works muchbetter for less
stratified cases (0.9 < Fr S 10) than for severely stratified
(Fr S 0.9). See figure 3.9.

~Jhel'l.the model is fittal 1::0 average gas temperature profiles

values of hf' used to fit propagation histories. correspond
very welT with literature estimates hi (see table 5.3). This Ls

true even for severely stratified cases. Not only is hf close
to hi but the step-wise motion described by the model

cor.responds closely to what is measured (see figure 5.7).

Whenmodelling average gas temperature profiles values of lJd2
are somewhat larger than those from correlations (Uo)' Uo is
about 1.5 to 2 times smaller than Ud2 in table 5.3. This is
partly attributed to an imprecise average gas specific heat

"capacity used in the energy balance (Cp=l400 kJ/kgK). Also.
such low values of Uo are often obtained ~.;rithsome error since

they come from correlations based on log scales. The difference
between Uo and Ud2maybe due to such error.

Figure 5.10 shows a linear relationship between average fire
propagation speed and ail' flowrate/fuel loading. Such linear
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dependence was also observed in non-stratified fires studied in
chapter 4. This corresponds with the proposed one dimensional
model which assumes fuel-rich fires in ideal plug-flow. Although
results in this chapter are not for well mixed flows (quite the
opposite) increasing air flowrate effectively supplies more
oxygen into the reaction region (plume). This increases the rate
of fuel consumption by enlarging the fire and effectively
enhances heat transfer. Evidently the net effect is a close to
lineA.r dependence of propagation speed on air flowrate. Also,
the slope of isooctane fires is somewhat larger than fo~ ethanol
in figure 5.10. This is expected because propagation is
controlled by heat transfer and subsequent resistance to
vaporization. As the model suggests, the fuel latent heat has an
inverse effect o~ the propagation rate (eqn. 2.17), Of course
not only latent heat affects the slope but also variables such

1\as L'.Hrand Cf. This is also seen from equation 2.17.

5.3.1. A proposed simple correlation for stratification.

In order to use the one dimensional model for predictive
purposes the degree of stratification needs to be determined
without prior experimentation. That is, to decide whether a
fire system would be in the severely stratified or mixing
controlled regime and therefore follow the plume or model with
average gas temperature profiles. Newman's correlation could be
used to do this, except that measurements of L'.Tcf/ATavg are
required. The use of this correlation for prediction of
stratification without experiment is thus not possible. It is
therefore desirable to have a correlation, based on fuel/duct
properties I which can be used to predict stratification in
advance. Clearly g and ATcf/L'.Tavgform the buoyancy term in the
Froude number and are essential for describing 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 consequence of local heat generation. A fire

1\

intensity number is therefore defined as G=r(-AHr/fi)(l-Bpl)
W/m2, and considered to be that fuel property contributing to
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buoyancy inside the fire. This number may be unders.tood as a
heat generation rate per unit platform area of tunnel and will
be incorporated into a proposed Proude- type number correlation
for predicting stratification.

Because gas stJ;eam temperatures decay along the duct the Fraude
number is position dependent. Heat loss rates, causing this
decay, depend on duct wall properties and film heat transfer
coefficients. For si.mplicity the distance variable x ",ill b·
used to correlate gas temperature decay along the duct. Th,_~
analysis is therefore developed only for the present tunnel.
Be'..:ause stratification is determined by the balance between
crossflow and buoyancy forces variables g, Vro and H must also
be used. Acceleration due to gravity g is constant and comllionto
all present tunnel fires and is combined into the stratification
correlation's constant of proportionality. A dimensional
analysis results in the followi.ng correlation for stratification

[
G

J[
A ]1.6k x H (T -T)(T C )VH vap ~ap 0

oPo pg ro T2 C
o pg

(5.4)
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FIGURE 5.11. Stratification correlated with fuel properties.

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

Figure 5.11 shows present data correlated according to equation
(5.4). The above correlation can be extended to include the
tunnel overall heat transfer coefficient Uo and then could be
applied to other tunnels. Of course this correlation is only
estimated for three fuels and may require further manfpul.acf.on

if other fuels are examined. Also, BpI is not known prior to a
fire scenario. This variable contributes to the heat generation
term and further experimentation is required to correlate BpI
and predict its value in advance. An interesting result seen in
table 5.1 is that (I-BpI) ranges from 0.29 to 0.38 for
Lsooctiane. 0.22 to 0.29 for ethanol, and 0.04 to 0.13 for
ethylene glycol. Each fuel has its own limited range of BpI
which suggests this variable may be correlated with some simple
flame characteristics of the fuel in question. Flame height and
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temperatu~e could be co. related with BpI since these variables
are directly associated with fire induced buoyancy forces inside
a passage. BpI is not only a£fect:.edby the rate at which hot
plume gases will rise but also by the average croas-wfud speed
VOO~ hence the observed range of BpI for each fuel. Therefore a
~orrelat:i..o:. for BpI based on fuel properties and wind speed may
be possible.

5.4 Conclusion

The present analysis has shown that a simple one dfmensLona.I
model can be used to describe fires during typically severely
stratified flow inside a passage. The assumption of immiscible
layers occurs in practice if Fr :S 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, refle~ted in hot plume
stream tempe.rature profiles, occurs between the rising f'Locx
stizeam and the hot ceiling layer. There is also evidellce of
increasing air entrainment from the cool bypass to the rising
plume as air velocities are increased. i)espite 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<F:r:SlO)mixing between bypass and
rising plume are extended to a degree where the layers blend or
mix. The flow is then non-stratified and the original one
dimensional approach of chapters 2, 3, and 4 applies if average
gas temperature profiles are used. The model can describe the
average gas temperatures of the entire stream as in previous

chapters. Judging from figure 5.9 and work in chapters 3 and 4
the average temperature method works better if the flo\11 is
closer to well mixed, which is achieved at higher ventdIat Icn
velocities.

The decision to choose between following the. plume or to use the
average temperatura approach depends on the flow scenario;
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extr~mely stratified or mixing controlled. This decision is
aided by the Newman(1984) cor:rela<;ionwhich is in agreement
with flow ):'egimesstudied in this work. A cozze'Latzl.on0.": this
kind is therefore indispen,~able.

It is suggest.ed in this chapnex that stratification may be
correlated purely in terms of fuel and duct properties and a
correlation based on this assumption is presented. Morework is
required to assess the accuracy of the correlation that has been
proposed. Someparameters such as BpI and ~ still need to be
correlated with fuel prop0rties and flow conditions. This
correlation, based purely on fuel and duct propert-:ies, could be
very useful in order to predict flow conditions for modelling
purposes. Coupled with the or'; dimensional model this
correlation cou'lr' in principle be used to model fire behaviour
in pa!:sages.

There may of course be some cases of fires "'ith intermediate
velocities where mixing mechanismswould dominate and a three
dimensional model with the inclusion of mixing mechanismsmay
still be required. HoweverI the two extreme cases, severe
stratification and close to well mixed flow, ;!ire in all
important aspects adequately described by the muchsimpler one
dimensional approach presented in this thesis.

Extreme stratification is a case where fuel loss rates ahead of
the fire are reduced to an extent where the transient jump-type
phenomenonis more evident. Propagation histories are well
described by the model suggesting correctly assumedmechanisms
for the fuel loss rate. Morejumping is therefore possible with
passage fires in cases of severe stratification due to less heat
feedback ahead of the fire, This is true if fuel is lined along

the passage floor and not the ceiling.

The observed direct dependencebetween fire propagation rate v
(steady-state propagation speed) and air flowrate, and inverse
dependencewith fuel mass loading is similar to that found in
fuel-rich fires where stratification does not occur.
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Finally the chemistry of these combustion reactions needs more
attention. Although in the present analysis the problem of

"understanding combuatifonchemistry has been avoided, p and Lllir
must be known if accurate a. priori duct fire predictions are to
be made. Therefore more sophisticated models or simulations are
not 1I,Tarranted until such information is avaf.LabLe,
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6 CONCLUSIONS AND RECO~fi{ENDAtIONS

6.1. Summary and Conclusion

6.1.1. Duct fires in well mixed flow.

A theoretical treatment of fire p'ropaganfco. along a fuel-lir.ed

duct with a radially well mixed axial flow has been presented.

The gas ?hase is modelled as a steady state process whereas the

condensed-phase (fuel source) is tak£n to be the cause of

trransLent; fire propagation along the duct. Experi'llents. were

performed, with liquid fue.Is soaked in a porous medium, in a

small scale duct where fi.re propagation histories and gas

temperature profiles were acquired. Experimental results

confirm hypotheses of pseudo steady-state gas-phase processes.

Theory and experiment display trrnnsl.ent; fire propagation for

typical duct fire scenarios where ini·tial fuel mass loadi.ng is

constant with respect to duct length. The phenomenon observed,

as predicted by theory, is an initial "jump" of the fully

developed combustion process followed by attenuation to ... steady

state conscane fire propagation speed. The theory is in all

important aspe~ts able to quantitatively model the experimental

res...:.::"ts.

Fire propagation supported by solid fuel lining in a small scale

ventilated duct were studied in an attempt t'l exte the

analysis from the ca.se of liqutd fuelled fires to that of solid

fuels. Polymethylmethacrylate (FMMA) and char-coal were used.

The use of a solid fuel has also provided the possibility of

acquf rf.cg an independent measure of solid fuel mass

distributions along the duct in.terior, an important transient

var Labl,e involved propav,ation dyn.amics 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 che

assumptions of the proposed model. By imposing the desired

initial condition on PMMAduct -Fire experiments, in order to

avoid fire growth phenomena, it was shown that the propagation

of duct fires supported by a solid fuel behave in a :::imilar
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manner to fires supported by liquid fuels soaked in a porous
solid. In accord with the model, a trial run with charcoal
sugg~sts that fuels with very low volatility might support
repeated fire jumps if fuel prehea.ting ahead of the fire is
sufficient. a b:rifi:!ffire g:r:o'l.<)'thanalysis on l?N!MA is used to
assess the concept of an ignitioll tE;tnperature as a controlling
mechanism. The model also gives good quantitative descriptions
of gas stream temperature profiles and fire front histories llThen
fitted to PMMAduct fire data.

Fromstudies of non-stratified flow, liquid fuel supported fires
the following major findings maybe summarized:

1) The simple model accurately describes centre-line (average)
gas temr~r.ature profiles inside the duct as well as fire
propagation histories even if the flow is 'not perfectly mixed in
the radial direction.

2) For the scale and cLaas of. fires studied, convective heat
transfer from the gas stream to the condensed fuel governs the
fire pr~pagation history and average propagation speed.

3) For the case of thin duct "'alls heat J.o·:'v.::. .cromthe system
to the surxoundfngs Ls dominated by radi<l.tiv'e heat t:ransfer,
especially from the flaming region.

) "e th.e pzesenc model for deterministic predictions of
cuct fil:.·EI dynamics requires better knowledge of reaction
stoir..n';'ometry.

5) An important fundamental difference is identified between
fire propagatiLon rate ii and fire propagation speed V(t), a
concept nee addressed in duct fire literature.

6) Coupled with gas-phase dynamics mass fuel Loadfrig
distributtons m(x,t) control fire propagadon histories and can
be used to successfully predict these histories.

7) The aasumptd.on of constant £....el burning rate ("() in the
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combustion zone works very well in models for this class of fire
and explains whya jump phenomenondoes indeed occur ..

8) Points 5, 6 and 7 explain why the familiar assumption of
constant fire propagation s-peedcan break downin typical tunnel
fire scenarios. These findings are used in the model to
determine the j ump-Eype behaviour, propagation histories and
conditions for possible periodic fire motion.

9) If fuel volatility is highe!.' and/or heat transfer (feedback)
from the fire to fuel is more effective then steady-state
propagation is achieved soo~er during the history.

10) For close to well mi}red flow or in cases where use of
center-line average temperatures are justified the following
assumptions seem to 'Y'o:r.kwell in practice:

- fuel-rich fire.
- sceady-s catre gas-phase process.
- heat transfer dominated fire process.

This leads to a reasona.bly simple model with good powers of
prediction. Manyof thE! parameters used in the model can be
estimated from existing correlations.

From studies of non-stral:ified flow, solid fuel supported fires
the folloWing major findi.ngs are revealod.

1) Despite a mere 6 pe-rcent; feedback of the heat generated in
these fires, constant propagation speeds are rapidly achieved.

This is also observed l"it:h fires supported by liquid fuels.

2) Prolonged fire growth reSUlting from a point ignition source
is observed. This may adjust the solid fuel profile to such an
extent that the first fjLre jump may not be observed. In this
rasp c'" solid fuels can hehave differently from liquid fuels.

3) ThE>steady-state gas-phase assumption also works ~1'ith fully

developed solid fuelled fires, but to a somewhatLesser extent.
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This is at least true for PMMAbut may require reassessment for
other solids, such as carbon.

4) The model accurately predicts measured fuel mass
This justifies the convectivedistributions at stea<!y state.

heat transfer mechanismused in the excess fuel zone model to
quantify fuel loss rates as well as the constant 1 assumption.

5) The fuel-rich fire assumption is once again further verified
for this flow regime (close to well mixed or non-stratifilad).
The observed direct dependence between fire propagation rate v
and air flowrate and inverse dependencewith initial fuel mass
loading is evidence for this.

6) Horizontal flame spread over a PMMl~. surface seems to be
controll.ed by a surface ignition. temperature that js
considerably lower than the pyrolysis or vaporization
temperature. Presumably this is a temperature at which
sl1{ficient fueL vapors can issue from the solid surface and
sustain burning,

6.1.2. Duct fires with stratification.

A simplified approach to the study of fires in ventilated
passages with fire induced stratification is presented. In
conjunction with small scale experiments on liquid fuelled fi~es
it is shown that a one dimensior.al model, requiring minimal
computational effort, may be used to describe propagation as
wtdl 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 an.dReynolds numbers may result in no evident layering,
although mixing may still control. Identification of the two
types of flow scenar i,o is fc'md to be important in the
application of the one dimensional model to such fire systems. A
previously developed Froude number based correlation (Newman,
1984) is used to identify severely stratified case: from those
whE'.Lelayering is not likely to occur. The present analysis Ls
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in good agreement wit'h flow regimes delineated by Newma.n's
(1984) correlation. A new correlation 'f.'or stratification usxng
fuel/duct properties and air velocity is also presented as a
means of a priori predictions of stratification. The l-D modeL
is found to operate well in the severely stratified regime and
in a regime where the flow is neither well mixed nor Laye red ,
Fire propagation along the passage is also well described by the
model under such flow conditions. In conjunction with a
correlation for predicting stratification the one dimensional
mode'l,can in principle be used to describe fir£!'~ Ln well mi'ltEld,
mixing controlled and severely stratified flow regimes.

Studies ott stratified flow have resul.t ad in ti:e following main
findings:

1) A simple one dimensional l):Qdelcan be used to ..lel.l~':.ribetihe
hot reactive plume stream during severely stratifi~d flow :;'ns1.de
a passa.ge. A hot and cold gar layer develop and ramai.l +Lmc.at;

immiscibl~ with the exception of some entrainment. l4:oci.el
temperature profiles Seem to follow closely wit:;" hot plume

temperature profiles.

2) If the Frauds number falls into the non-Layered regf.me

(0.9<Fr:s:lO) or flow is cLoser to well mixed the one dimensional
approach may still apply. J:n this case average. gas tiempe-ratnures

are used instead of following the "plume".

3) The exact method of appl.Lcatrl.onof the model is determi'rl.ed
from a correlation that delineates various stratification
regimes. That is, seveze stratification requires followi.ns; a
plume stream whereas non-layered flow is better modelled wlth

average temperatures. Such a correlation is theref':lre
indispensable.

4) The observed direct dependence between fire propagation rate
(steady-state propagation speed) and air flowrate and inverse
dependence with fuel mass Loadf ng is similar to that found in
fuel-rich fires.
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5) Stratification can be correlated purely :tn terms of fuel/duct
properties .nnd flow veloci.ty. Ultimately a correlation based
purely on such properties ",auld provo useful in a. pr.iori
predicti()1').s of the flow condition. Point 3 justifirr.s this need.

6.l,~. Concluding remarks.

Studies of liquid and solid fuelled fires in a passage with no
severely stratified flow have provided a better understanding of
duct; fires in. moderate Froude number conditions. Higher Froude
and Reynolds numbers would result in closer approximations to
the idealized situation that is already well described by the
model. Well mi.:x.edflow scenarios are therefore not problematic
from a modelling or simulation point of view. In contrast to the
well mi:x.edflow condition is that; of severe stratification or

layering. evidently this flow scenario is also not problema.tic
when described with a simple model despite its appearance as
being in complete contrast to ideal plug flow. It is likely that
the intermediate flow regime, neither close to well mi:x.ednor
severely stratified, could present a more formidable simulation
problem. Such methods as computational fluiCt dynamics (CFD)may
be requtred to simulate or model this intermediatE' flow regime.
However. an average gas temperature approach has also proved to
be adeq, dte whenmodelling in this flow regime.

In conclusion the present study has explored a broad range of
flow scenarios. From well mixed flow, where heat feedback to
fuel ahead of the fire is maximized, to mixing controlled and
all the way to severely st':'atified flow, representing "auditions
of minimwnfeedback. The study has explored the flow problem
and its effect on propagation for. this class of fires.

6•2. Recommendationsfor F1.tturEIWork

It is of the course quite difficult to dete'rmine the relevance
of present results to ducts o:E realistic dimensions. One could

specul.c.,e with some confd.dence that these results are scalable
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in terms of Fraude and Reynolds numbers, but in the end
verification with results from larger passages ~ould be
necessa.ry. ~vorkon pressure modelling would also be valuable
because, as de Ris et: 8.1 (1973) show, small scale experiments
maybe used to simulate large scale events if certain conditions
are met. Radiation is likely to be very important in larger
scale fires and would certainly require more attention.
Full-scale exper~~ents to study radiation effects might also be
unavoidable since not even pressure modelling techniques can
accurately simulate radiation in the fire process unless
specific conditions are met. See last paragraph of section
1.2.2. Present results in which stratification occurs provides
somebearing on what one might: expect from modelling large scale
fires. This is b~cause sever stratification is an effect that
tends to persist in full scale fires.

One could in principle try to. use CFDto model these fires, but
this task is manyorders of magnf.tudemore complex than the one
undertaken in this thesis I palC'ticularly if one accurately allows
for radiation, mixing and the actuaJ reactions involved. It
seems that there are other approximations i.n the one dimensional
model, such as radiation and stOichiometry, to which one should
first pay attention before delving i~lto CFDcalculations. On
the face of the evidence of fits between the present formulation
and results, such complex calculati.ons are not really warranted
at this stage. ThH present model is one which uses only the
average (center-line) gas temperature profile along the duct or
reactive plume stream and has proved to be quite precise.

From a dynamics view point the observed jumping phenomenon
displayed. by fully-developed fires in dUcts is very interesting.
The question of whether subnequent; jumping is indeed possible
throughout the course of propagation is s1l:ill unanswered, at
least by experiment. Conditions for this are that very little
or no fuel should vaporize or pyrolyse ahead of the fire while
the fire burns at a uniform rate in the combustion zone.

Ironically this same condition could result in extinction just
as the fire attempts to jump onto a hardly volatile fuel surface

occupied by the "excess fuel zone". However if a fuel/duct
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system is chosen to have appropriate properties there may be
just enough fuel pyrolysis and preheating ahead of the fire to
prevent extinction during the jump-transition period. In such a
case several clear jumps might be observed before steady state
is reached during propagation. Fires propagating in severely
stratified flow conditions also showsoruepromise with regard to
prolonged jumping because of minimal heat feedback to fuel ahead
of the rising fire plume.

One can only speculate that open bush fires in strong wind
conditions propagating downwindmight also burn in a Similar
mannerwhen the plume rises above the f'ueL surface ahead of the
fire. Strong l(Tindscreate a boundary layer over the burning
c~shes and therefore restrict air supply pr.imarily to the
upstream end of the fire. Muchlike confined fires studied in
this thesis 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. Coupledwith fuel loading distributions and varying wind
speeds these are the same mechanisms controlling duct fire
propagation in its simplest form. In a sense, these fires are
also fueLc rLch if one considers an envelope that engulfs only
the reactive plume stream and its combustion products. In most
cases such a plume stream will rise ovez the fuel surface and
ahead of the fire due to an interar.tion between buoyant and

crossflow forces, 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 af.ded through fire-brand
spotcfug due to strong winds transporting fire brands to new

regions far ahead of the original parent fire. An extensive
review of such wind effects on mass fire phenomenahas been
presented by Pitts (1991).

A fuel property based correlation for determining stratification
has been proposed and although present data are well correlated
more experimen.tation will he necessary. Prediction of

stratification would be most useful, in practical situations, and
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indispensable :in the application of the prl;lsent model, if only
fuel/duct properties need be known. Of cour'se a great deal of
work is still needed to understand t;he :reactions occur in these
fires befo·re the stoichiometry can be predi.c~tedand used in such
a correlation. It is pleasing to see that: a recen't pub1.ication
('!eWarsol1 et 8.1, 1993) addresses some of these issues.
F:tediction of temperature stratific.ation may then also be used
tio predict: combustion product species st'l:."atification because it
was shown by Newman (1984) that temperature and species
stl:'atificatio'U fo11ot\]'closely. Knowledge of such effects in
passages becomes critical in avoiding hazardous encountrer's with
hot toxic gases typically produced in confined fires.

...r
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APPENDIX A: PROGRAMS TO SOLVE MODEL EQUATIONS

The first program solves the entire set of model equations and
oucpucs to three separate files. The gas temperature profile,
fire propegatrtonhistory and fuel mass loading at various stages
of the propagation history are output to the files TMPR5ST.DTA,
TMPR5S:x..DTA,and TMPR5SM.DTA respectively. It can also provide
such info.rm.ationas the c.. Terage fire propagation speed, fuel
Loss rates, and the fraction of heat generated that goes into
various parts of the fire process. The program is written in
TURBO PASCAL and appears under the file name DUCTFIR.PAS. S0me
parts of this code are adapted from Young and Glasser (1990).

($M 32000,0,655360)
Program Firehop(input,output);

type
vectlby100 array [1..800] of real;

i,j,kk,l,ie
xlbz, qbl,xmo.,
xmvf,xil,xmv,x,
x2,dt2,di,dx,
qvap,qtot,vprop,
tl,tvl

:integer;

:real;
tc,xc,te,xe,tp,
xp,dmodx,mo,m,
me,mb,too
outfile,outfil~2,
outfile3

:vectlbyl00;

:text;
const

{* MODEL PARAMETERS ARE ENTERED HERE *}
(l ENTHALPY OF REACTION OF FUEL (GASEOUS) WITH OXYGEN J/(KG OF OXYGEN)}

dhr=12. 76E6 j

{2 DUCT CROSS SECTIONAL ~EA (M2)}
xar=i. .556e-3 j

{3 WIND SPEED (M/S)}
vw=0.314j

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

r



Page 149

beta=l. 5~_.
{5 FUEL BURNING RATE (KG FUEL/M2 OF FUEL S)}

fbr=O.0120;
{6 PERIMETER OF FUEL CROSS SECTION M}

fprim=O .05 ;
{7 ENTHALPY OF VAPOURI2ATION OF FUEL J/KG}

hvap::27.2e4;
{8 MEAN SPECIFIC HEAT CAPACITY OF GAS J/KKG}

cpg=1400.0;
{9 PERI}1ETER OF DUCT M}

dprim=O.085i
{IO HEAT TRANSFER COEFF BETWEEN GAS AND DUCT WALLS (W/M2K)}

ud=42.0; ud2=18.0;
{11 HEAT TRANSFER COEFF BET1iJEENGAS AND FUEL, hf (W/M2K)}

uf=3.0;
(12 FUEL VAPOURlZATION TEMP C)

tvap=>99.2;
{13 AMBIENT TEMP C}

tamb=24.4;
{14 A-MBIENT PRESSURE Pal

patnb=85113.0 ;
(15 FUEL LOADING IN DUCT (KG OF FUEL/M ~~GTH OF DUCT)}

xlmda=O.1833;
{16 FUEL LOADING PER l"'NITAREA}

ma=3.6667;
{17 I-bypass fraction}

bypass""'l.O;
k=lO; {*increment*l

=}

function pr(base, power: real) :r:eal;
begin
pr:=exp(power*ln(base»;
end;

procedure combustion_zone(var xil,xmvf,xmo,xlbz,qbl
var tc,xc

:real;
:veetlbylOO);
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vax
xnto t ,xmvx.,tma)t,.
htrcor,alpha,fhl,
fhv,fhh,ftot :.:real;

begin
(CALCULATE INITIAL GAS FLOWRATES USING I. G LAW]

xntot :=vw*xa:r*pamb/(8.314* (tamb+273 .0» ;
xmo:=O.02B8*xntot;
xmvf:=O. 032*0. 21*xnto·t*beta*bypass;

{CALCULATION OF LENGTH OF BURNING ZONE}
xmvx:=fhr*fprim;
xlbz :=xmvf/xmvx; {BURNING LENGTH}
tmax:=«dhr*(l/beta)*xmvx-xmvx*hvap»/(xmvx*cpg+dp:rim*ud);
ht:rcor;=dp:rim*ud/(xmvx*cpg);
for i:=1 to k do

begin
xcj d]:=(.i*xlbz)/(k-l)-xlbz/(k-l);
tc[iJ:=tamb+tmax*(1-pr(1+xmvx1~c[i]/xmo,-(l+htrcor»);
writeln(xc[i]:3:3,' ,,tc[i):3:3);)

end;
alpha: =xm:VX/X1110 ;

if(htrcor > O)then
xil:=tmax*(xlbz+{I/(ht:rcor*alpha»*(pr~l+alpha*xlbz,-htrcor)-l»
else
xil:=tmax*xlbz-(l/alpha)*ln(l+alpha*xlbz);

qbl:=dprim*ud*xil;
{ENERGY BALANCE CONSISTRWCY CHECK}

fhl:=qbb\"beta/(xmvf*dhr) ;
fhv:=xmvf*hvap*beta/(xmvf*dhr);
fhh:=(xmvf+y~o)*cpg*(tc[k]-tamb)*beta/(xmvf*dhr);
ftot:=(fhl+fhv+fnh);

(ftot SHOULD BE I)
writeln('latent:',fhv:3:3,' lost:',fhl:3:3,' heated:' ,fhh:3:3);
end;

=====~}

function fn(cl,c2,c3,c4,cS,c6,x,y real): real;



begin;
fn:=(cS*~-c4*Y"c6)/(c2*y-c3*~+cl)
end;
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Procedwre rk4(cl,c2,c3,c4,c5,c6,h,xO,yO ; real; var x1,y1 : real);
{This ~erforms one step of the 4th order Runge Kutta Method}
Var

xkl ,xk2,xk3 ,xk4 real;

Begin

xld:=h*fn(cl, c2 ,c3,c4,c5,c6 ,XC, YO);
xk2:=h*fn(cl,c2,c3,c4,cS,c6,xO+O.5*h,yO+O.5*Kkl);
xk3:=h*fn(c1,c2,c3,c4,cS,c6,xO+O.S*h,yO+O.S*xk2);
~'k4:=h*fn(cl,c2,c3,c4,c5,c6;xO+h,yO+xk3);
x1:=xC+hj
yl:=yO+(xkl+2.0*xk2+2.0*xk3+xk4)/6.0;

end;

Procedure excessfuelzone(xmo,Xffivf,xi1,xlbz
var xmv,x2.dt2,qb:,di,dx
var j

var te,xe

Var
c1,c2,c3,c4,cS,c6,
dxO,diO,h,dxf,dte,
xwr,test,dxh,qblex,
dxmv, dt ,fu12 ,fhv2 ,
.hh2,ftot2 :real;

:integer;l"num

Begin

Cl:=(XlllO+xmvf)*cpg;
c2:~fprim*uf*cpg/hvap;

real;
real;

:integer;
: vectlbylOO);



c3:=(fprim*uf*cpg*Ctvap-tamb»jhvap;
c4:=dprim*ud2+fprim*ufj
cs :=:tprin"uf*(tvap-tamb);
c6:=dprim*ud*Xi1+xmvf*hvap-dhr*xmvijbeta;

dxO:=O.O;
diO:=O.O;
h:=x1bz/(k~1) ;
dxf:=500;
j :=1;
test:=l.O;

While test > ° do begin
rk4(cl,c2,c3,ch,c5,c6,h,dxll,diO,dx,di);

{*x-incl:iment*}dxO:=dx;
diO:=di;

dte:=fn(c1,c2,c3,c4,c5,c6,dx,di);
xwr:=d.x+xlbz;
writeln(dx:5:3,":3.d~e+tamb:5:2,' P,j);}
j :=j+1;

te[j]:=dte+tamb ;
xe [j]:=dx+xlbz ;
(write1n(xe[j]:5:3,":3,te[j]:5:2,' ',j);)
dt:=(c5*dx-c4*di-c6)/(,:2*di-c3~"dx+c1);
test:=d:c-(tvap-tamb) i

end;
te [1] :=tc [k];
xe [1] :=xc [k] ;

dt2:=dt;
qblex:=dprim*ud2*di;
qbl:=qbl+qblex;

{*SET THIS CONDITION*}

dxmv:=(fprim~'ouf/hvap)*(di-(tvap-tamb)*ax);
xmv: =xmvf+dxnrv ;

x2:~'dx;

{Energy b~l.\l1.ce conaLscency check in the coebus tLon and excess
(fhl2 is the fraction of energy liberated lost to th: walls)
{fbv2 is !.:hefraction of energy used to vapot.'..:::lzethe fuel}
(fhh2 is the fraction of energy used to heat the gas)
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fuel zones}
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fh12;=qbl~~bet:a/(xmvf*dht");
fhv2:=xmv*beta*hvap/(xmvf*dhr);
fhh2:=(xmv+xmo)*cpg*dtkbeta/(xmvf*dhr);
ftot2:=fh12+fhv2+fhh2;
writeln(,latent:' ,fhv2:3:3,' lost: ',fh12:3:3,' heated: I ,fhh2:3:3) ;

end;
(==,~= M=~~~~============~-=~ u~~===============:_tj~==_=====~===)

Procedure preheatingzone(xil,di,xmv,xmvf,
xmO,x1bz,x2,dt2,qbl
var qvap,qtot,vprop
var kk
var tp,xp

:::eal;
:real;
:integerj
:vectlbylOO) ;

Val'

xi2,eta,x.mu,dx.,
dt,x,increment,qpr :real;

Begin;
increment:""O.Ot~
xi2 :='It.i1+di;
eta:=dhr~\'xrilvf/(beta*dprim*ud2)-xi2 -xDlvkhvap/(dprim*·J.d2)-xil*(ud/ud2-1) ;
xmu:=dprim?\,ud2/((xmO+ymv)*cpg);
dx:=O;
dt:=5000.0;
kk:=O;

whi.le dt > 10 do begin
kk:=kk+1j
dx:""dx+increuent;
dt:=eta"rxmu*exp( -xmuwdx) ;

x:=xlbz+x2+dx;
tp[kk]:=dt+ta~b;
xp[kk] :=x;
( writeln(outfila2,x:5:2, ":3,dt:5:2);}

end;
(H6at loss in the preheating zone)

Qpr:=(xmO+xmv)*cpg*dt2;
(Total heat loss)

Qtot: ==qp,,=+qbl;
Qvap :=xmv=hvap ;
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(Fire P~opogation velocity)
vpxop !=( (dhri'x.rnvf/beta) -qnoti) !(:ltlmda.*hvap) ;

end;
(=.== ~====~=====~-=======~======~=-===============)

p~ocedure initial_mo(j,k !integer;
va~ mo :vect1by)_(),'));

var
i :integer;

begin
for i:= 1 to k+i-l do

mo j L]:=maj
{*INCLUPE COl1BUSTION ZONE*1

{*EQUATION FOR INITIAL FUEL LOADING*}
end;

(=" ===. = ============================ . -==)

procedure excessloss(j,k :integer; t :REAL; l'll.o,tm:vectlbylOO;
var m :vectlbyJ.OO);

v~r i:integerj

begin
tru [j]:=trvap ;

for i:=1 to j do
begin
m[i] :=mo[i+k~l) ~ t~\"uf'\-(tm[i]-tvap)/hvap;
writeln(m[i] :3:3, I , ,mo[i] :3:3,' , ,t~I[i]:3:3, I I ,i);}

end;
for i:=j+1 to j+k-l do
m[ i) :=ma;

endj
{========== =====================~~=~==~~--=====-==== -~ ~=,=========}

procedure reinitial(m :vectlbylOOj j,k :integ~r;
va~ mo :vectlbylOO);

va~ i :integer;
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beg-tTl.
for i '--:1. to k-L de

U!o[i]:=O;
for i~=k to j+k-l do

begin
.mo[i):=m[i);
endj

end;

procedure burn(k :integer; m :v<::ctlbylOO;
var rob :vectlbylOO) ;

,Tar i :int.eger;

begin
for i:=1 to k do

mb [1J : =m [i] -m [1J ;
end;

(=

procedure dist_time(mo :vectlbylOO; tv :REAL; k : integer:
var too :..,ectlbylOO);

var i :integer;

begin
for 1:=1 to k do

too[i]:=mo[i]/fhr + tv;
end;

(=

procedure velocburn(mo,tm :vectlbylOO;too :veC'tlbylOO;k :inte:ger;tv :rea.1;
var' m :v'ect1by100);

var
trap :REAL;
i,kk,cc :in~eger;
i"'1t,burn,h :vectlby100;
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begin
if (k>j) then
begin
for cC:""j to k do
tm[cc) :=tvapi

end;
tm[j] :""tvap;
h[1]:~too[2]-tv;
for 1:'='2to k-L dCI

h[i):'='too[i+lJ-too[i);
burnj L]:""tbr*(too[k]-tv);
iN'![l]:=O;
for 1:=2 to k do
begin
trap:"=O;
for kk:=l to i-I do

begin
trap :=h[1-kk]*u.f*( (tm(kk] -tvap)+(tm(kk+l] -rrvap) !(hvapl\-2) -:- tra:;>;

(USING TRAPEZOIDAL RULE)

end;
int[ i] :=trap;
burn[i]:=fbr*(too[k]-too[i]);
end;

for i;"",l to k do
m[iJ:= mo~i]-int[il-burn[i];

end;
{=--:::::== ..s=:n::=JC::::;::: == =" =====. == n=-~==== "__=====-~i::======= dr=:tl=}

procedure velocexcess(mo,tm :vectlbylOO;too:vectlbylOO;tv :REAL;j,k:integer;
var m :vectlbylOO);

var
trap :REAL;
L I kk :integer;
int :vectlbylOO;
h :vectlb:,:lOO;

begin
tm[j] :=tvap;

h[lJ:=too[2J-tv;
fo~ i:=2 to k-1 do
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h(i]:~too[i+1]-too[i];
for i:~O to j-k do {USING TRAPEZOIDAL RULE}
begin
trap:=O;
fo~ kk:=2 to k do

begin
trap:""h(k+1-kkJ*uf*«tm[kk+i~lJ-tvap)+(tm[kk+i]-tvap»/(hvap*2) + trap;
end;

int[i+l]:=t:rap;
end;

for i:=l to j-(k-l) do
m[i+(k-l)"-= mo[i+(k-l)]-int[i];

end;
-== =}

procedure velocfresh(mo,tm :vectlbylOO;too :vectlbylOO;tv :real;j,k :integer;
var m :vectlbylOO) ;

var
trap :REAI;

i,kk,cc :integer;
int,burn,h :vectlbylOOi

begin
if (k>j) then
begin
for cc:=j to k do
tm[cc] :=tvap;

end;
tm[jJ :=tvap;
h[1]:=too[2]-tv;
for i:=2 to k-l do
h(i]:=too[i+l]-too[i]j

for i:=l to k-l do (USING TRAPEZOIDAL RULE)
begin
trap:=O;
for kk:=l 'toi do

begin
trap:=h[k-kk]*uf*( (te[j+kk-i-l] -tvap)+(teL'+kk-i] -tvap) )/(hvap~\'2)+ trap;
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end;
int[l<-i] :=trap;
end;
i.nt [k] :==0;

for i:=1 to k do
m[i+j-lJ;= tno[i+j-1]-int(i]:
end;

procedure ve1t>efresh2(mo,tm :vectlbylOO;too :vectlbylOO;tv :real;.:! ,k :integer;
var m :vectlbylOO) ;

var
trap :REALj
i,kk,cc : integer;
int,hurn,h :vectlbylOO;

begin

if (k>j) then
begin
for cc:~j to k do
tmf('cj :ctvap;

en1;
tm{j i:"",tvapj
hj L] :=too[2] -tv;

for i:=.2 to k-1 do
h[i]:=too[i+l]-too[i];

for 1:=1 to j-l do (USING TP~PEZOIDAL RULE)
bagf.n

trap:=O;
for kk:=l to i do

begin

.rap :=h [k-kk] *uf'''"( (te [j+kk~i-I) - tvap)+(te [j+kk-i) -rvap) / (hv1?>p''''2).1- trap;
end;

int[j -i] :""trap;
end;
int[j) :=0;
for i:=1 to j do
begin
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m[i+k-lJ:= mo[i+k-l]-int[i];
end;

end;
{=-=~====,

(* MAIN CODE BEGINS *)
begin
assign(outfile,'c:\tmpr5sx.Dta'); {* Propagation History *}
rewrite(outfi1e);
assign(outfile2,'c:\tmpr5st.dta')j (*Gas Temperature Profile *)
rewrite (ou·tfile2);
assign(outfile3,'c:\tmprSsm.d·ca'); {* Fuel Mass Loading Distribution *}

rewrite(outfile3);
for 1:=1 to k do

teo (1] :=0;
i~\- Solving the Gas Temperature Profile *}

combustion_zone(xil,xmvf,xmo,xlbz,qbl,tc,xc);
excessfuelzone(xmo,XUlvf,xil,x1bz,xmv,x2,dt2,qbl,di,dx,j,te,xe);
preheatingzone(xi1,di,xmv,xmvf,xmO,xlbz,x2,dt2,qbl,qvap,qtot,vprop,kk,tp,xp);
for 1:=1 to k do

writeln(outfi 2,xc[lJ :3:3,'
f.or1:=1 to j do

wr:i.teln(outfile2,xe[l):3:3,'
for 1:=1 to kk do

writeln(outfile2,xp[lJ:~:3, '

,,tc [1) : 3 : 3) ;

,,te [1] :3: :3) ;

,,tp[l] :3:3);

writeln('Combustion zone length:' ,xlbz:3;3,'
writeln( ,Excess fuel zone Lenguh r ", dx:3 :3 ,'

writeln(outfi1e,O,' ',xlbz:3:3)i
initial_mo(j,k,mo)j

t1:=mo[lJ/fhr; X:=2*xlbz;
writeln(outfile,t1:3:3,' ,,x1bz:3:3);
excessloss(j,1,t1,mo,te,m);
for ie := 1 to j do

writeln(outfile3".e[ie] :3:3,' I ,mlie) :3:3);
{tl:=tl + xlbz/Vw;} (*Must put an if statement for other fuel loadings}

vprop: ',vprop:3:9);
, ,j) ;

(7\'initialize~\-)
initial_mo(j,k,m);}

t.vl:=m[l)/fbr + tl;
~"riteln(outfile, tl:3 :4,' I ,x:3:3);

{*Initail if mo is not flat*}
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'tITriteln(ol;ttfUe,1.-vl: 3: 4, ' , ,x: 3: 3);

If (k<j) Then
begin

{* !F COl1BUST!ON ZONE IS LARGER THAN EXCESSFUEL ZONE *1

for 1:""1 to 10 do
begin
burn(k,m,mb) ;
writeln(outfile3);
for ia := 1 to k do

{* R~PEAT AS MANY TIMES AS REQUIRED *}

writeln(outfile3,xc[ie]+x-xlbz:3:3, , ',mb[ie]:3:3);
reinitial (m,j Ik,mo) i
dist_time(mb,tvl,k,too);
for i:~ 2 to k do

begin
x:=x+xlbz/(k-l);
( if (too[iJ«x-xlbz)!Vw) then

begin
too[iJ;d(x-xlbz)jVw;
end; )

writeln(outfile,too[i]:3:3,' l,x:3:3);
end;

excess1o$s(j,k,tvl-tl,mo,te,me);
for ie := 1 to j do

writr1n(outfile3,xe[ie}+x-2*xlbz:3:3,' ,,me[ie] :3:3.);
velocburn(me,te,too,k,tv1,m);
ve1ocexcess(me,te,too,tv1,j,k,m);
velocfresh(me,te,too,tvl,j,k,m);

tvl:>=m[l]/fbr+too[k] ;
t1:=tioo [k] ;

writeln(outiile,tvl:3:3,' l,x:3:3);
end; {* UNTIL ns MANY TIMES AS REQUIRED *}

end
else {* IF COMBUSTION ~, IS SHORTER THPu~ EXCESSFUEL ZONE *}
bli'gin

for 1:=1 to 5 do
begin

(~'c REPEAT AS MANY THiES AS REQU!RED ~':)



burn(k,ll1,mb) j

'\o1riteln(outfile3);
for is ~=1.to k do

writeln(outfile3,xc[ieJ+x:3:3,' l,mb[ie):3:3);
reinitial(m,j,k,mo);

for ie := 1.to j do
writeln(outfile3,xe[ic]+x:3:3,' l,mo[ie+k-l]:3:3);
dist_tirue(mb,tvl,k,too);
for i~= 2 to k do

begin
x:"",x+:dbz/(k-l) ;
{ if (too(il«x-xlbz)!Vw) then

begin
toor;):=(x-x1.bz)/Vw;
end; }

writeln(outfile, tioo] iJ :3: 3, ' , .x :3: 3) ;

end;
excessloss(j,k,tvl-tl,mo,te,me);
velocburn(rne,te,too,k,tv1.,rn)j
'ITelocfresh2(rne,te,too,tvl,j ,k,m) j

tvl:=. l[l]/fbr+too[k];
t1:=too[k] ;

writeln(outfile,tvl:3:3,' l,x:3:3);
end;

end;
{* UNTIL AS MANY TIMES AS REQUIRED *}

close(outfile);
close(outfile2);
close(outfile3);
end. {* END OF MAIN GODE >~}
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burn(k.lJl,mh) i
writeln(outfile3) i
for ie !~ 1 tp k do

writeln(outfile3,xc[ie]+~:3:3,' ',mb[ieJ:3:3);
reinitial(m,j,k,lllO);

for Le ;== 1 to j do
writelt).(outfile3,~ fie]+x:3:3, I , ,mo(ie+k-l] :3:3);

dist_time(mb,tv1,k,too);
fo~ i:== 2 to k do

begin
...:=x.+xlbZ/(k-l);
( if (too[i]«x-xlbz)/Vw) then

begin
too[i]:=(x-x1bz)!Vw;
end; )

writeln(outfile, tao (iJ :3; 3, ' , ;x:3; 3) ;
end;

excesslo$s(j ,k, tvl-tl,mo, te,lJlI'I);
velocburn(me,te,too,k,tvl,m);
velocfresh2(me,te,too,tvl,j,k,m);

tyl:=m[l]/fbr+too[k];
tl:=too[k};

writeln(out£ile,tvl:3:3,' ,,x:3:3);
end;

end;
{* UNTIL AS M~J{ TIMES AS REQUIRED *}

close(outfile);
close(outfile2);
close(outfile3);
end. (*END OF MAIN CODE *)
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1'1"-.efollowing TURBO PASCAL program solves the combustion zone
equation w-ich the effect of thermal radiation heat losses using
the Stefan~Boltzmann expressi,n.

Program Radiation (input,output);

var
outfile :text;

const
(*MODEL PARAMETERS ARE ENTERED HERE *)

(l ENTHALPY OF REACTION OF FUEL (GASEOUS) WITH OXYGEN J/(KG OF OXYGEN)}
dhr=13.07E6;

{2 DUCT CROSS SECTIONAL AREA (M2)}
xar--L. 556e -3;

{3 WIND SPEED (M/S)}
vw=O.283;

{4 STOCHIOMETRIC COEFFICIENT FOR FUEL (KG FUEL/KG OXYGEN)}
beta=O.962;

{5 FUEL BURJ.'UNGRATE (KG FUEL/M2 OF FUEL S)}
fbr=7.3le-3;

{6 PERIMETER OF FUEL CROSS SECTION M}
fprim=O .05 ;

(7 ENTHALPY OF VAPOURIZATION OF FUEL J/KG)
hvap=272000.00;

(8 MEAN SPECIFIC HEAT CAPACITY OF GAS J/KKG)
cpg=1400.0;

{9 PERIMETER OF DUCT M}
r"_)rim"",O.085;

{IO HEAT TRANSFER COEFF BETWEEN GAS AND DUCT WALLS (W/M2K)}
ud=2.0;

(11 FUEL VAPOURlZATION TEMP C)
tvap=99.2;

(12 AMBIENT TEMP C)
tamb=33.0j

(13 AMBIENT PRESSURE Pal
pamb=85113.0;

l14 I-bypass fraction)
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bypass=l.O;
xlbz=0.26;
e1)1=O.60;
stef=5.6697e-8;
m()=4.26e 'J.;

{* Emissivity ~\')
{* Stefan-Boltzmann const. *}
{* Mass of air flowrate *}

==}

function fn(x: reali T: real): real; {* CO~mUSTION ZONE EQUATION *}
var
a,b,c,d,e,aa :Lealj

begin
a:=(dhr/beta)*fprim*fbr-hvap*fprim*fbr;
b:=cpg*fprim*fbr+dprim*ud;
c:=dprim*em*stef;
d:=mo*~pg;
e:=cpg*fprim*fbr;
fn:=(a-b*(T~Tamb)-c*(sqr(sqr(1+273»-sqr(sqr(Tamb+273»»/(d+e'll-.lt);
end;

=1

procedure rungek4; {4th ORDER RUNGE-KUTTA ALGORITH *}

var
xnew, Tnew,xIl,Tn,ko,
kl,k2,k3,xnl,xn2,x~3,
Tnl,Tn2,Tn3,h :rea1;

begin
h:=0.005;
xnew:=O.O;
Tnew:=Tamb;
repeat
xn:=xnew;
Tn:=Tnew;
ko:=h*fn(xn,Tn);
xnl:=xn+h/2; Tnl:=Tn+ko/2;
kl:=h*fn(xnl,Tnl),
xn2:=xn+h/2; Tn2:=Tn+kl/2;
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k2:=h*fn(xn2,Tn2);
xn3:=xn+h; Tn3:=Tn+k2;
k3:=h*£n(xn3,Tn3);
Tnew!=Tn+(ko+2*kl+2*k2+k3)/6;
xnew:=xn+h;
writeln( out:Hle) XI',ew:3 :3, ,
until(xnew > xlh~),

end;

I ,',Cnew:3:3);

begin {* MAIN CODE *}
assign( outifd.Le, ' c: \buto1l~br.dat ') ;
rewrite(outfile);
Rungek4;
clo:::e(outfile) ;

end.
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Al'l'EN!JXX B: DATA AND PILE LlS'l'l:NG FOR RE'I'RU:VAL

RUn Air F10wrate
:L/ndn

File Name
T(x, t)

1 Iso
2 Iso
3 Iso
4 Iso
5 Iso
6 Iso
7 Buto1
8 Butl)l
9 Eg

*10 Iso
~\-11Butol

140
29.0
85.0
61.0
29.4
104
60.l.
26.4
26.0
29.3
25.9

TMPtS.OAT
TMP2S.0AT
TM1'3S.0AT
TM1'4S.DAT
J:'ME'5S.0AT
TM1'6S.DAT
BU'TOL2•W\'T
.8U'J:OL4R. OAT
EG1~.OAT
TM1?R.::iS.OAT
.8UTOL4. OAT

*Repeat runs.
'fABLE .B. L P,\ta files of 1:i.quidfuelled fires in small due t.

1 StripS'
2 Strips
3 Strips
l~ Strips
5 Flakes
6 Flakes
7 Flakes

GR.OWTH OVER }
SHEET EXPERIMENT

Air Flowrate File Name
l/min T(~,t)--------------~-------
43.6 1'MMA19.DAT
30.0 1'MMA15.DAT
30.0 .PMMA20.DAT
29,8 1'1&17, DAT
33.9 1'MMA26.DAT
30.1 pwt~22.DAT
29.9 PMMA2? DAT

pMMA.DA'£21.3

TABJ...E B. 2. Data fil~s of P~{A fuelled fires ill small duct,
including the fire growth run of chapter 4.
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Run Air FloWl:ate
l/min

File Name
'L'(x,y,t)

1 Iso
2 l,so
3 !so
4 Iso
5 IElo
6 Et:oh
7 Et,')h
8 Etoh
9 Etoh

10 Etoh
11 Eg
12 Eg
13 Eg
14 Eg
15 Eg

123
173
Ib.6
124
17;~
122
229
174
123
229
232
340
675
231
675

T111'2.¥.iKQ
T111'3.1.JRQ
TM1'4.WKQ
TM1'5.v7KQ
TMP6.WKQ

ETOH1.WKQ
EtOH2 •.tVRQ
t!TOR3 • (.JI(Q
ETOH4.WKQ
ETOR5.WKQ

EGl.vi'Kq
EG2.m<Q
EG3.'tJl<Q
EG5.WKQ
EG6.WRQ

TABLE B.:3. Data files of 2. iquid fuelled £'i1:'e5 in 5tratifieJ flow
(chapter 5).

Air Flowrate
l/min

File Name
T(x,t)

1.16
2.33
1.16
1.74
1.74
1.16
1. 7/.j.
1.16

21.3
29.6
'~3.4
83.9
83.8
43.4
43.3
43.9

Pl1MAF.DAT
1'MMA1.DAT
I'MMA2.DAT
PMl'1A3•DAT
1'.MMA5•DA'l'
PMMA7.DA'J:
PMMA8.DAT
PMMA9.DA'f

~rABLE B.4. PMMAflake experiment data files for Vas versus (ma/A) r' ca ,
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PNMA15 PMMA17 PMMA19 PMMA20

X mO X m.P X m" X mO
2 2 kg/m2 2m kg/m m kg/m m m kg/m

1.360 O.~!1. 0.820 0.21 1.135 0.28 0.930 0.33
1..379 O. !19 0.842 0.37 1.1.55 0.30 0.952 0.49
1.404 0 •.70 0.869 (l.6S 3.. 177 0.42 0.991 0.87
1.430 1.08 0.892 0.92 1.2.09 o.71 1.035 1.18
1.456 r.ss 0.917 1.27 1.241 L05 1 .•0.71 1.28
1.481 1. 94 0.946 1.37 1.283 1.45 1.102 1.65
1.506 2.2~8 0.973 1.40 1.339 2.06 1.141 1.96
1.532 2.58 1.002 1.62 1.390 2.40 1.182 2.30
1.558 3.0.0 1.0.32 1.82 1.'+37 2.65 1.223 2.59
1.584 3.35 1.066 2.32 1.486 2.94 1.265 2.84
1.611 3.52. 1.10.2. 2,.90. 1.536 3.35 1.306 3.10
1.643 3.7·6 1,134 2.,98 1 •.587 3 ,50 1.348 3 .54
1.619 4.15 1.166 3.24 1.637 3.67 1.389 3 .76
1.713 1•.•30 1.196 3.24 1.6-91 3.91 1.429 3.76
1.746 4.2H 1.225 3.62 1.749 4.05 l.l~67 3.89
1.779 4.33 1.2.60 3,87 1.800. 4.09 1.504 3.96
1.809 4,58 1.297 3.92 1.842 4.21 1.544 3.80
1.838 4·,64 1.331 3.89 1.590. 3 .89
1.873 4. 73 1.%5 3.91 1.631 3.81
1.909 4. 90. 1.66B 3,79
1.938 4.68
1.966 4.69

'tABLE B.S. li'uel mass loading data from PMMAstrips ex.petiments (steady-state).
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~ pmlllClf
.----Q pmrncH
+......,,+ prnrna2
Jl,.. ••_ ••-A pmma3
~pmmaS
~----K pmma7
<).." ..... ¢ pmrnaS
6-••- •.-. pmma9

'f :: 0.0567459 ... 0.0011123 )t

V " 0.O~S&949 + 9,,'°21121<10-4 )(
Y '" 0.1181893 + 0.0021329 X
y = 0.4741772 0.0030106 )(

Y = 0.3073767 0.0029233 X
Y::I - 0.3841$74 "" 0.002(11$ )(
y::: • 0.147447 ... 0.0017494 X
Y ..c - 0.4457329 + 0.0023081 X

4'iO 1350 1800

l (s)
2250 2700

DATA RETRIEVAL

900

F'IGURE a.r. Steady-state propagation rate data from );1MMAflakes experiments.

All computer programs and data files referret to in this
appendix are stored on a disc which is included in this
appendix.

All data files have rJ.en compressed to save disc space.
Compressed versi(Jns are in four files namely Bl.ARJ I B2.ARJ,
B3.ARJ and B4..ARJ, each representing data files found in tables
B.l, B.2, B.3, and B.4 respectively. To de-compress, for
exaapl.e , filesl in Bl.ARJ (files listed in table B.1) and send
data files tio a disc on drive b type as follow at the DOSprompt
when the origiln.al parent disc is in the current drive

ARJ e Bl b:\

For help on ANT (the back-up utility), type "arj 11 and ENTER,
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The rt1RBO PASCALprogram below reads~in data from the source
data file (e.g., PMMA20.DAT)and arranges the data in DISTANCE,
TEMPERATUREand TIME columns into another file (e.g.,
PMMA20C.DAT). It is written only fot the small duct data
(n(ln~stratified analyses). It appears under the filename
"DATSORT.PA8tI • The source files contain no distances, only
thermocouple numbers for each temperature measur-ed, Stratified
flow (large duct) data, however. are already in this type of
format and are in the form of QUATROspreadsheet files and do
not require sor+Lng (files in table B.3). Data files from
tables B.l, B,2 and B.4 WILL require this program to sort the
data.

Program datsort(input, output) ;
VAR

(FORSMALLDUCT}

INFrLE,OUTFILE,INFL
I,U
TITLE

:TEXT;
:INTEGER;
:STRING[30] ;

TEMP,TIME,DIST,OIS,TEM,TIM :ARRAY[1 ..34]OF REAL:
BEGIN
018[1] :=0.0;DI8(2) !,,,,O.091;D1S[3]:=O.182;DIS[4] :=0.273;D18[5] :=0.364;
DIS[6]:=O.455;D1S[7];=O.546;D1S[8]:=O.637;OIS[9]:~0.728;01S[10]:=0.819;
DI8[11]:=0.91;OIS[12]:=1.001;OIS[13]:=1.092;018[14]:=1.183;0IS[15]:=1.274;
DI8[16]:=1.365;D18[17]:-1.456;DI8[18]:=1.547;018[19J:=1.638;018(20):=1.729;
OI8[21]:=1.82;01S[221:=1.911;OIS[23]:-2.002;D1S[24]:=2.093;0IS[25]:=2.184;
018[26):=2.275;OIS[271:=2.366;OIS[28]:~2.457;OIS[29):=2.548;OIS[30]:=2.639;
018[31]:-2.73;018[32]:=2.821;018(33]:=2.912;018(34]:=3.003;
AS81GN(INFILEj'a:\pmma20.dat');
RESET(INFILE);
ASSIGN(OUTFILE,'a:\pmma20c.dat')i
REWRITE(OUTFILE);

READ(INFILE,TITLE);
1:=0;
WHILE NOT EOF(INF1LE) 00

BEGIN
1:=I+1;
READ(INFILE,01ST[IJ);READ(INF1LE,TEMP(I]);RF~(INFILE,TIME[1]);
IF (r",,34) THEN
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BEGIN
for 11:=1 to 34 do
begin
writeln(outfile,dis[ii]:3:3,' ',temp[ii]:3:2,' ,,time[ii]:3:2);
end;
writeln(outfile);
i:=O;
END;

END;
CLOSE(INFILE);
GLOSE(OUTFILE);
END.

The TL~O PASCAL program below reads a source datr file (e.g.,
PMMA20.DAT) and calculates the position of the maximum
temp~rature for each measured temperature profile and stores in
another file (e.g., PMMA20X.DAT) this position versus time data
(fire~front versus time data). As the program b shown it Ls
only for small duct data and appears under the filename
"FLAMFRON.PAS". For large duct data the set of numbers shown in
the program code must; be replaced with those appearing at the
and of this program. In this case the program can be USed on any
one set of thermocouples (fl~or, middle or ceiling).
Calculations of fire-front versus time data are based on
pF ~abolic interpolat~ons.

Program FlameFront(input,output);

VAR
INFILE,OUT.FILE,INFL :TEXT;
I,Imax,J,N,K,L,pointl,point2,count
NUM,TMAX,Ql,Q2,yl,y2,y3,xl,x2.
x3,xmax,ymax :REAL;

:INTEGERj

TITLE
TN

:STRING[30] ;
:ARRAY[1 ..34) OF INTEGER;
:ARRAY[1 ..34]OF REAL;
:ARRAY[1..34]OF RE~L;

TEMP,TIME,DIST
DIS
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tim,:K.
lASTELEMENT

:ARRAY[1..200]OF RF~L;
:BOOLEAN;

Procedure Quadratic(xl,x2,x3,yl,y2,y3 :Real;
Var xmax ,ymax :Real) ;

Var a,b,c :Real;

Begin
a:=«xl-x2)*(y2-y3)-(xZ-x3)*(yl-y2»/«sqr(x2)-sqr(x3))*(xl-x2)-(x2-x3)*

(so .(xl) -sqr(:x.2»);
b :=( (yl-y2) -a*(sqr(xl) -sqr(x2):>)/(xl-x2);
c:=yl·a*sqr(:x.l)-b~~:K1;
xmax:=-b/(2*a);
ymax:""a*sqr(xmax)+b'l~xma}~+c;
End;

BEGIN
{*This set of numbers is used to convert thermocouple numbers}
{to actual distances (meters). For the large due'" r"",eymust be}
(replaced with the set of number-s appearing at nd of this)
{program. ~~}

DIS[1]:-O.0;DIS[2]:-O.091;DIS[3]:-O.182._IS[4]:-O.273;DIS[5]:=O.364;
DIS[6J:=O.455;DIS[7]:=O.546;DIS[8]:=O.637;DIS[9]:=O.728;D1S[10]:=0.819;
DIS[11]:~O.91;DIS[12]:=1.OOl;DIS[13]:=1.092;DIS[14]:=1.183;DIS[15]:=1.274;
DIS[16]:~1.365;DIS[17]:~1.456;DIS[18]:=1.547;DIS(19]:=1.638;DIS[20]:=1.729;
DIS[21]:=1.82;DIS[22] :=1.911;DIS[23]:=2.002;DIS[241:=2.093;DIS[25]:=2.l84;
DIS[26]:=2.275;DIS[27]:=2.366;DIS[281:=2.457;DIS[29]:=2.548;PIS[30]:b2.639;
DIS[31]:=2,73;DIS[32]:=2.821;DIS[33]:=2.912;DIS[34J:=3.003;

ASSIGN(INFILE,'a:\PMMA20C.DAT');
RESET(:iNFILE) ;
ASSIGN(OUTFILE,'a:\PMMA20x.DAT');
REWRITE(OUTFILE);
( READ(INFILE,TITLE);)

I:=O;j:=O,
WHILE j<50 DO (* Depends on length of data file*)

BEGIN
1:=1+1;
READ (INFILE ,DIST[ I]) ;READ(INI.:.Lb,TElvll'l J..j) ;.t{i':AD(INF1LE,THiE[I)) ;



Page 172

IF (1=34) THEN
BEGIN
Q1:""Oj
FOR i:=1 TO 34 DO

(1=12 For Large Tunnel; I=34 For Small Duct)

BEGIN
If (temp[!]>Q1) Then Begin
yl:ctemp[i];xl:~dis[i];
Q1 :'=temp[iJ ;
pointl:",,!End;

END;
Q2:==O;
FOR i:'=1 to 34 do

BEGIN
If «temp[i]>Q2)AND(temp[i]<Q1» Then Begin
y2:=temp(i] ;}t2:=dis[i];
Q2 :=temp [i} ;
point2:=i End;

END;
IF (point1<point2) THEN
BEGIN
y3:=temp[pointl-1];x3:=di.s[pointl-1]
END

ELSE
BEGIN
y3 :=temp [point1+1] ;x3 :=d Ls [pointl+l]
END;

1:=0;
j :=j+1j
Quadratic(x1,x2,x3,yl,y2,y3,xmax,ymax);
tim[j] :.ctime[pointl]; xU] :=xmax;
writeln(outfl d,time[pointl]:3:2,' l,xmax:3:2)j

{writeln(temp[point1]:3:3,' ,,xmax:3:3,' ,,pointl,' ,,time[pointl]j}
END;

ENDj
CLOSE(INFILE);
CLOSE(OU'tF!LE) ;
END.
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These numbers are to be used with large duet data files where
only one of either row of thermocouple readings are used, i.e.,
floor, middle or ceiling. The following are large duct
thermocouple positions (in meter.s) along the x-direction
(horizontal axis):

DIS[l] :=0.0;DIS[2]:=0.17;DIS[3]:=0.335;DIS[4]:=0.505;DIS[51:=0.675;
DIS[6):=O.845;DIS[7]:=1.Ol;DIS[8] :=l.l75;DIS[9]:=1.52;DIS[10]:=1.855;
DIS[ll]:=2.19;DIS[12]:=2.525;

NOTE: In the above program 1=34 in the IF statement. This is for
the small duct data. For large tunnel data replace with 1=12.

o
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These numbers are to be used with large duct; data files where

only one of either lroW of thermocouple readings are used, i. e. ,

floor I' middle or ceiling. The following are large duct

thermocouple positions (in meters) along the x-direction

(horizontal axis):

D1S[1]:=0.0;D1S[21:=0.17;D1S[3]:=0.335;DIS[4]:=0.505;D1S[5J:=0.675;
DIS[6]:=O.845;DIS[7]:=l.01;DIS[8]:=1.175;DIS[9):=1.52;D1S[lO]:=1.855;
D1S[ll]:=2.19;DIS[12]:=2.525;

NOTE:In the above program 1=34 in the IF s t.acemerrt. This is for

the sIJlall d~ 'I;: data. For large tunnel data replace with 1=12 .

. .

),
;~~i .~. (fJJ,.... . 'f l/1J/' ., "h ,(a :; ", /''.' ·' Q

V . ·V . ";. ;" .

G>-
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APPENDIX G: GAS TEMPERATURE HEASUREMENT

Gas temperatures along the duct length are measured using 34
chromel...alUlIlel (type K) thermocouples. Each chromel-alUlIlel
junction node is protected inside a 1.6 IIlIll diap'eter stainless
stl?el cylinder containing a silicate packing to electrica.lly
insulate the terminals. These thermoco1.l.pleprobes are half a
'meter in length and are inserted into the duct So as to measure
the flowin& stream temperature. The electromotive force (emf)
generated by each thermocouple is recorded using a data
acquf.sf.tn.onunit (HP 3497 A) which is controlled by an HPl6
person&.l computer. A simple computer program was W'ritten in
order to actuate the appropriate swi.t.ches for measuring the
millivolt readings of each thermocouple. The circuit constructed
to connect the thermocouples to the voltmeter appears in Figure
C.1. Thermocouples are connected to a 2.0-Channel thermocouple
card (one chan~el reads the cold junction reference temperature
from a thermistor) and a 16-Channel actuator card (a series of
double-throw switches). These CiOl\t:'t..'lo are slotted into the back

of the acquisition unit.
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ACTUATOR ASSEMBLY CARD

t-- l..- __ _-1- -1

20 21 33 3~

.. THERMOCOUPLE
JUNCTION

FIGURE C.1. Circuit diagram of thermocouple connections showing how the
switches are mu1tiplexen to read the emf of 34 thermocouples individually. At
this instant thermocouple 20 is connected to the voltmeter.

The computer program used to measure and record temperaturep is
written in HP-BASIC and appears at the end of this appendix. Two
versions of this program exist, one for the small duct
experiment.s 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 subsequently store them on disc.

Altogether 34 thermocouples could be usod and individually
actuated to record their millivolt read~ngs. Individual
thermocouples connActed to the thexmocouple card can be closed
into a circuit 'ttTiththe voltmeter using the appropriate command,
so long as the actuator channel number 0 is set to NC (Normally
Closed). If this switch is set to NO (Nonnally Open) only those
trermocouples connected tc the actuator card may be part of the
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'.tmeter circuit.

The Case ror Radiation Shielding

For the simple case of a hot gas stream having a true gas
tiempe'ratane Tg and flowing through a duct of a diameter large
compared with that of the thermocouple pzobe, the measured
temperatur~ Tmmay be significantly lower. This is due to the
probe .ceceiving thermal :cadiation from the hot; gas and losing
heat by radiation to the cooler duct walls which may be at a
temperature Ts' An energy balance on the thermocouple probe
gives the e~uation:

(C.I)

where h is the convective heat transfer coefficient;c

qgr i'" the radiative heat transfered from the gas
&..;reamto the probe;

A is the probe surface are'p

E is the probe emissivity;
p

qk is the heat loss due to probe conduction;

T is the probe \;mperature,
m

McAdams(1954) discusses the use of equation (C.l) . Methods of

reducing the difference between rm end Te are discussed in
King (1943). In the special case where a luminous flame is
present within the gas stream the value of itgr (radiation
coming from the flame and hot gas) maybe large enough to result
in Tmbeing larger than the true gas stream temperature. The
extent to which this occurs will depend on the probe-to-f1ame
view factor, tha gas absorptive or emissive property, and
various orher gas and flame radiative characteristics.

An effective recourse is to interpose a number of radiation
screens or shields, in the form of concentr5c cylinders, between
the the-rmo. ouple tit an-i the duct walls. An extensive study
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coneerned with dete:cmining an optimwn size and arrangement of
these shields was carried out by King (1943).

77D
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FIGURE (J. 2. Effect of radiat5.on on a thermocouple probe 1.018 m along the
larger tunnel during fire propagation using paraffin lamp oil as the fuel.

In order determine whether radiation shielding ofto
thermocouples is
shield of the

necessary
form shown

the effect
Figure

of a brass radiation
C.2 was studied. Twoin

Ldentrl.ca'l. experiments were perfo'rmed, one ''lith no shielding of
. '-r lermocouples, and the other where one of the tihexmocoupLes
half-way along the tunnel length is protected from radiation
using the shield. The two temperature versus time results for
that specific thermocouple are compared in Figure C.2.

Clearly there is no significant difference in '2mperature
between the shielded and unshielded probe, except for a small
difference in pe.ak temperatures. This effect may not even be
due to radiati()U (because it is so small). The radiation

shield's added specific heat capacity may cause this. A number
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of experiments were repeated to ~erify this result.

The fact that thermal radiation does not distort gas temperature
measuremenns may be attributed to a small view factor inherent
in the wind tunnel and to the use of thin probes. Equation (C.l)
could also be used to show that the effect of thermal radiation
l~aving the probe may be roughly equal to radiation striking the
probe from the hot gas and Lumdrious flame" '£hiswill result in a
small dIfference ~etween Tg and Tm'
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TEMPERATURE MEASUREMENT PROGRAM FOR HP COMPUTER

10 CLEAR 701
11 'PROGRAM FOR LARGE TUNNEL
13 GRAPHICS ('IN
20 DIM Volt av(48)
30 DIM Volt(48)
32 DIM Vo1tint(h8)
33 DIM T2int(48)
40 DIM Tint(48)
50 D111T2(48)
51 DIM Tn(15)
60 RO=8.2E-7
70 Rl=3.964E-S
80 R2=1.6E-8
90 MASS STORAGE IS ":HP9121,700,1"
100 INPUT "ENTER FILENAME FOR DATA STORAGE; ",Filename$
110 Drsp "DOES ";Filename$; II EXIST (YIN) : II ;
120 LINPUT Option$
130 IF Option$="Y" THEN
140 DISF -oo YOU wANT TO OVERWRITE THIS FILE (YIN) : II ;
150 LINPUT Overwrite$
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 Tl=TIMEDATE
211 I SET-UP AXES FOR GRAPHIC DISPLaY
213 GCLEP..R.
214 GINIT
215 WINDOW -0.5,3,-250,1000
216 AXES 1,100
217 LORG 6
218 FOR 1=0 TO 3 STEP 1
219 MOVE 1,0
220 LABEL I
221 NEXT I
222 LORG 8
223 FOR 1=0 TO 1000 STE~ 100
22l,· MOVE O.I
225 LABEL I
226 NEXT I
227 I OPEN FILE PATH FOR DATA STORAGE ON DISC
229 ASSIGN @Path_l TO Filename$
230 OUTPUT @Path_I;"THERMO NO TEMP TIME"
240 ! PRINT "THERMO NO TEMP TIME"
241 ! INITIALIZE DATA LOGGER
250 OUTPUT 709;"SI"
251 OUTPUT 709;"VCO"
260 OUTPUT 709;"AR"
270 OUTPUT 709 j "VTl"
280 OUTPUT 709;"VN1"
290 OUTPUT 709;"VR5"
300 ! THERl10COUPLEMEASUREMENT AND STORAGE LOOP STARTS HERE
310 ON CYCLE 30 GOSUB Twenty
320 ON DELAY 2400 GOTO Quit
321 T:DISP TIME$(TIMEDATE)
322 GOTO T
331 Twenty:!
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332 I SWITCHING TO ACTUATOR CARD IN SLOT 1
334 OUTPUT 709;"DV1"
336 OUTPUT 709.;"001,0"
338 FOR M=l ro 15
339 OUTPUT 709;"DGll";M
340 NEXT M
341 ! HEASUREMENT OF THERMOGOUPLE EMF's THROUGH ACTUATOR CARD
343 FOR M=l TO 15
34·4 OUTPUT 709;"D01,":M
345 ENTER 709jVoltint(M)
346 T2int(M)=TIMEDATE
347 OUTPUT 709;"DGl,";M
348 NEl.....M
349 ! SWITCHING TO THERMOCOUPLE CARD IN SLOT 0
351 OUTPUT 709;"DC1,O"
367 OUTPUT 709;"DVO"
369 OUTPUT 709;"AFOAL19"
370 ! MEASURE THERMOCOUPLE E.~I s THROUGH THERMOCOUPLE CARD
372 FOR N=O TO 19
373 OUTPUT 709;"AI";N
374 ENTER 709;Voltint(N+16)
375 T2int(N+16)=TIMEDATE
384 OUTPUT 709:"AS"
390 NEXT N
400 OUTPUT 709;"AR"
4iO! CONVERT REFERENCE JUNCTION TEMPERATURE TO THERMOCOUPLE

EMF EQUIVALENT
413 Volt_av(35)=RO+(Voltint(35)*10)*(Rl+R2*(Voltint(35)*lO»
420 PRINT ""
421 I STORAGE C DATA ON DISC
430 FOR 1=1 TO 34
440 Volt av(I)=Voltint(I)+Volt av(35)
450 Calt;mp(Volt_av(I),Tint(I»)
460 OUTPUT @Path 1;(I-l),Tint(I),(T2int(I)-Tl)
470 !PRINT (1-1), T';.nt(I),(T2int(I)-Tl)
480 NEXT 1
481 I AVERAGING GAS TEMPERATURES FOR GRAPHIC DISPLAY OF AVG.

TEMP. PROFILE
483 FOR 1=1 TO 11
484 Tint (1+1)=(Tint(3''<'I-1)+Tint(3*I)+Tint(3*1+1» /3
485 :'m.xT I
486 FOR 1=1 TO 12
487 Look(I,Dist)
488 DRAW Dist,Tint(I)
489 NEXT I
498 PEN-1
499 MOVE 0,0
500 PEN 1
SOLON KEY 0 GOTO Quit
502 RETURN
503 I END OF MAIN LOOP
505 Quit:PRINT""
510 ASSIGN @Patl:.\_lTO *
511. PRINT "DATA IS STORED, I/O PATH IS CLOSED"
513 END
5g ! SUBROUTINE FOR TYPE-K T/C CALIBRATION OF TEMP. VERSUS EMF
520 SUB Caltemp(V,Temp)
530 PO=-S.lE-2
540 Pl=2.48503E+4
550 P2=-3.82662E+5
560 P3=9.9661057E+7
570 P4=·1.0820624E+IO
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>80 P5=6.0392855E+ll
590 P6=-1.9109E+13
600 P7=3.4762347E+14
610 ~6~-3.3991026E+15
620 1'9",,1.3828S14E+16
630 '£l==PO+Pl*V+P2V"2+P3*V"3+PI~*V"4+P5*V"'5+l?6*V"'6+P7*V"7+

P8*V" 8+P9*V" 9
640 Telllp=INT(T1*1000+0.5)/1000
650 SUBEND
651 ! SUBROUTINE t.JITH THERMOCOUPLE DISTANCES USED IN GRAPHIIJ

! DIS:PL"Y
669 SUB Look(I,Dist)
661 DIM 1'n(19)
662 1'n(1)=0
670 1'n(2)=0.035
680 To(3)=0.135
690 1'n(4)=0.335
700 1'11(5)==0.,505
710 Tn(6)~O.675
720 Tn(7)=O.845
730 Tn(8)=1.01
740 Tn(9)-1.353
750 1'0(10)=1.686
760 Tn(11)=2.019
770 Tn(12)=2.354
790 Dist~Tn(I)
aDO SUBEN'O
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APFENDIX D: DRAW!NGS OF APPARATUS
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FIGURE D.1. Details of small tunnel construction (non-stratified).
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FIGURE D.2. Details of large tunnel construction (stratified).
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APpENDIX E: RO'!' AND COLD LAYER ANALYSIS (STRA'XIFICA'1'ION)

Hot and cold layer mi:;d.ng

COLD STREAM HOT STREAM

®
HOT STREAM C'OlD STREAM

.rMIXiNG .
1----1>-

REGION

h

@MIXING

2
REGION

me

m

FIGURE E.l. Simplification of mixing zone showing hot plume streaw exchanging
mass with cold bypass.

Simultaneous mass and energy balance on both streams, assuming
"Gp is constant and same for all streams, shows that

me = ml (T4 -T1)(T2 -T3) "[(T4 -T3) (T2 -TI) J

- m2(T2-T3)(T2-T4)/[(T4-T3)(T2-Tl)J, (E.l)

and.
(E.2)

In this study it was not possible to obtain any meaningfull
information f:com such calculations for two reasons.

i) Values of IDl ami ID2 depend on Bpi which re~.li!es knowledge
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of stoic.hiometric coefficient /1. f3 i'> tilot knownand one cannot;
assume complete combustion. However, t.rends inay sti.ll be
explored with this assumpt.Lon,

ii) More serious is temperatures 1. equations (E.l) and (E.2)
are not easily determined. mc and ~ depend cridcally on
choosing the end of the mixing region. Temperatu:r.,esvary
dramatically around this vicin:i.ty.

Calculating a from data
the value of Ud2 is equated to predicted Uo' Uo is calculated
using a heat transfer correlation (Cou'l.aonand Richardson, 1986)
witt the added effect of radiation. The rac:iative component;of
Uo is estimated by factorising the radiation equatio!!
Cdae(t4-T~) into a convective type equation

(E.3)

The radiative componentof Uo (term ins.ide the square brackets)
is evaluated at T='Io for chaptiez 5 as outer surface
t.empcnatnrres are closer to To especially in stratified fires,
because, in these cases, heated gases are cooler ~han for
non-stratified fires. An estimated 'value of Cd used by the hot
gas layer (=Cd(est) in table 5.1) is. calculated using the fitted

value CdUd2and dividing by Uo' The result is Cd(est),

edCest) is equa~ed to the perimeter of cross-section occupied by
the hot gas layer. A hot ceiling gas layer runs along the
ceiling of width W. The hot gas layer is channeled by the two
side walls up to a depth Y, measured from the ceiling down.

Therefor.e Cd(est)=2Y+Wand a=Y/H, where H is the total tunnel
hei.ght. This i...: an averaged area fraction through which the )lot
stxeam flows. The actual area probably varies along the tunnel
length.

Evaluating ~(Bpl) theoretically
A relationship between BpI and a can be derived if the ideal gas
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1a", is used ,dth the assumption of immiscible Layere, One can
shoW'that

(E.4)

wh1arekl is the ratio of L10tto cold stream molar masses. k2
the ratio of hot to cold stream velociti.es and k3 tl1e ratio of
hot to cold stream temperatures. Because individual layer
velocities and molar masses are not knownprecisely it is nut
possible to determine an expected :relationship between O! and
BpI' Instead equation (E.4) is plotted in figure 5.6 using
estimates of klkZ/k3 and is comparedto measured data.

Possible combustion reactions are considered, namely the
formation Qf Co, C02 j C and H20' If the reaction forming C is
considered the hot. ceiling layer would h.w e an average molar
mass of about 26 and t:be:r.'eforek1",,0.9. }1easured ceiling and
floor temperaturt!s show that k3",,1.96 for Lsooccane , 1.53 for
ethanol and 1.2 for ethylF;:ne glycol. If k2 is close ':0 unity
comparison of theoretical and measured data of O! versus (I~Bpl)
is possible.
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APPENDIX F: COPY OF JOURNl~ PUBLICATION ON LIQUID FUELLED FIRES

428 COMBUSTjON ~lND FLAME 96: 428-442 (1994)

An Experimental and Modeling Study of Fires in Ventilated Duds.
Part I: Liquld Fuels

S. C. COMlTIS, D. GLASSER,* and B. D. YOUNG
Department of Chemica; Engineering, Univer.rily of the Witwatersrand,

Priuate Bag XJ, WITS 2050, Johannesburg; South Africa

A theoretical model for lire propagation through a fuel-lined duct with a radially well-mixed axial flow is
presented. 'The gas-phase is modeled as a steady-state process whereas the condensed-phase (fuel source) is
taken to be the cause of transient fire propagation along the duct. Experiments were performed in a
small-scale duct where fire propagation and gas temperature histories were acquired. EXperimental results
confirm hypotheses of pseudo-steady-ctate gas-phase processes. Theory and e•.perlrncnt display transient fire
propagation for typical duct fire scenarios 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 process followed by convergence 10 a steady-state constant lire propagation speed. The theory is
in all important aspects able to quantitatively model the experimental results.

NOMENCLATURE

A,B,C,D,
E,jJ,q
. Cd

constants
perimeter of duct wall cross-sec-
tion (m)
exposed perimeter of Iuel-lining
cross-section (m)
mean specific heat capacity of flow
stream (J/kgK)
Froude number
gas stream-to-fuel surface film
heat transfer coefficient (W/
m2K)
gaseous enthalpy of combustion
per unit mass of oxygen reacted
at ambient temperature ,J /kg
oxygen)
latent heat of vaporization or sub-
Iimation of fuel (J /kg)
temperature integral variable
(m.K)
mass flowrate of air (kg /s)
mass flowrate of fuel vapor (kg/s)
transient fuel loading profile in-
side duct Ckg/m2)

llvnp

lex)

lit a
m;
m(X,I)

'Corresponding author.

001 0·2 WIl/!J4/$7.00

nt(x)

Ire.

T(x)

T(X,t)

Uti

~/2

vet)

initial fuel loading profile inside
duct (kg/ml)
rate of heat loss through the duct
walls (J/s)
time variable (s)
fire residing time before "jump"
(s)
gas stream temperature in the la-
grangian coordinate system (OC)
transient gas temperature in the
eulerian coordinate syster.. eC)
ambient gas tempera lure ("C)
fuel vaporization or sublimation
temperature (OC)
overall heat transfer coefficient of
combustion zone duct walls
(W /m2K)
overall heat transfer coefficient of
excess fuel and preheating zone
duct walls (W/m2K)
overall heat transfer coefficient
for duct calculated from correla-
tions (W /m2K)
air ventilatlon average velocity
(mys)
fire propagation speed using the
passage walls as the frame of ref-
erence (rnys)

Copyright © 11)1)4hy The Combustion lnstltute
l'uhlished by Elseviur Science Inc.
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x lagrangian distance coordinate
(m)
length of combustion zone (rn)
oxygen mass fraction in air

c = (lira + liz", )C1';

_ C,h,Cp•C2 - • ,

J/'ap

C,h/~pO vaP
C3 = A -;

llv.p

C4 = C"u'n -I- C,Ir,;

C5 = Cr",(}.",,;

C6 = C"U,/I(x,) + Ih"lllvllP + (t1/ir)fil,.,/{3;

Greek Symbols

f3 combustion stoichiometric coef-
ficient, IlH1SS of fuel reacted per unit mass of
oxygen

'Y
8

fuel burning r de (kg/m2s)
incremental change
duct wall emissivity
gas temperature above ambient,o

T - To (ac)
A constant fuel loading (kg/m2)
o: Stefan -Boltzmann constant

(W /mlK4)
fire propagation rate (my's)
molar fuel stoichiometric cocffi-"VI

dent for combustion reaction
X eulerian distance coordinate (m)
XO(t) srart of combustion zone (rn)

INTRODUCTION

Duct fire problems are frequently addressed
when trying to understand fire propagation in
large tunnels. One of the most striking fea-
lures of large-scale confined fires i~the persis-
tence of severely stratified flow prttcrns in-
duced hy rising hot combustion gases [I J.
Whether there are naturally induced or forced
convective air currents entering the Immel,
stratified 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
conf leG of a passage poses the problem that
such stratification phenomena often _intrude
upon the effect of underlying fundamental
flame spread mechanisms. It is therefore nec-
essary to study, in isolation, 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 gas flow 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 10000) are easily achieved in
full-scale mine lunnels with low ventilation
currents ('" 0.3 m/s) flowing through large
cross-sectional areas, the large 4nct diameter
being an important parameter that allows tur-
bulence to prevail. Here, the fuel source is
considered to be in its condensed form (solid
or liquid) where burning is the result of diffu-
sion type flames burning over the solid fuel
surface. The aim of this work is to obtain a
quantitative description of the fire -lynamics
inside the duct. Attention is focused on ducts
with thermally thin walls, where heat transfer
is important only in the outward direction, and
there is assumed to be no accumulation in the
walls. The assumption of thin walls should not
affect t he general form of the fire process
inside the duct.
Ultimately the use of good math ':-::al

descriptions of such fire processes m!!y , _ in-
corporated II1to designs of fire control strate-
gies for poten ially hazardous environments
such as mine roadways or tunnels. Accurate
estimates of certain fire characteristics such as
propagation rates and combustion gas pro.luc-
tion rates become critical variables in the de-
sign of optimally sized life support systems for
mine tunnel occupants. Also, duct fire models
can be used to interpret results from small-
scale tests, revealing important Information re-
lating geometrical, chemical and physical prop-
erties of materials to their fire safety value [4].
These aspects are of immediate concern from
a fire hazard point of view.



430

Most duct fire models to date are developed
for fuel-rich fires and follow the same line as
introduced by Roberts and Clough (2J, who
also performed small scale experiments. A sim-
ple duct fire model for ducts with thin walls
has been developed by Hunter and Favin [3J,
where the case of an insulated dod is also
analyzed. On the other Irand, de Ris [4] per-
formed a rigorous analysis of duct fires where
heat transfer through the surrounding rock of
a mine duct or tunnel is considered;

A SIMPLE :MATHEMATlCAL MON~L

Although part of this analysis is an adaptation
of that presented by de Ris [4], a fundamental
difference will emerge when the concept of fire
propagation speed is in question. Moreover,
the model presented by de Ris [4J is .! steady
state one, whereas this work will extend the
model to include the nonsteady motion of the
fire in the duct. The conceptual understandir ;
provided here should nrove helpful in inter-
preting results from duct fire experiments.
Three distinct zones. the lengths of which

remain unknown prior to solving the model
equations, arc identified in the formulation of
this fire model. Figure 1 depicts the relative
position of each zone On a system of axes that
moves along the duct at the fire propagation
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speed v. The value of V remains to be solved.
Because no steady-state restriction is placed
on V this variable will he written as time
dependent V(t).

As the ventilation air stream crosses the
boundary x = (} it encounters a combustion
zone where the oxygen is consumed by the
combustion reactions. In this zone the fuel
volatilizes and is then assumed to instanta-
neously react with the inflowing oxygen. By the
time the gas stream crosses x = XI the entire
oxygen inventory is depleted and the heated
gas stream enters the second of 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 WIllis and to vaporization uf condensed
fnel lining the duct. It is assumed mat the
condensed fuel will vaporize at a fixed temper-
ature termed the vaporization temperature.
This will be valid for si..gle component stable
liquid fuels, Vaporization continues up to .x ==
X:2 where the flowing gas stream has cooled
down to the fuel vaporization temperature. This
marks the start of the preheating zone. Beyond
this region the gas stream cools down to ambi-
ent temperature as it loses heat to the duct
walls. Recondensation of fuel vapor will be
ignored in this zone. de Ris [4] shows this

AIR
----1>-

Coordlni" syst.em
at. nre pi Jpasat.lon
vet.)
~r--+-~--~~------""";'----~----~--

X

lCombustl

----t>j Zo ne
----;

Excess Fuel

Zone

x = 0

TCx)

Preheat-Ins

Zone

moves
speed

POSITION ALONG DVCT
Fig. I. Schematic rcnresenrutlon of proposed duct lire model.
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effect In be small. in any case this would only
be relevant to fuels that do not pyrolyze to
noncondensable rna terials.
It is worth mentioning that Care should be

taken when considering !hc rate of air supply
into the combustion zone. The air flow crossing
the boundary at x = 0 ;s moving past this
boundary at a velocity equivalent to the in-
duced air velocity r<, mint'S the fire propaga-
tion speed V. In most fires, [ tllis type, because
of the large difference in molar density be-
tween the condensed Jfuel phase and the oxy-
gen in the air (about a thou-and times), V is
small in comparison with v." and is t'rerefore
neglected in this analysis. This same logic im-
plies that, relative; to the axial speed of the
flame-front, the gas-phase .ernperature is
rapidly achieved. This allows us to assume a
pseudo-steady-state in the gas-phase energy
balance.

Gas-Phase Equations

An energy balance is considereo over a control
volume which starts at x = 0 and extends to an
arbitrary value x. This control volume en-
velopes only the gas phase inside the duct An
energy conservation equation call be written
using t:IC lagrangian coordinate system where
x = 0 is always at the start of the combustion
LOne.Ihe overall er ~rgy equation can be writ-
ten

(- Mlr/ f3 ) (dril,./dr;)

= OC/dm,./dx)

+ (;,,(11Ia + Ih,.)(dfj/dx)

+ dq/dx -1- llvz/lbi1,./dx). (1)

The mass Ikwrate of fuel li,~,. that vaporizes
into the gas n, -w stream, the rate of heat loss q
to the duct walls, and the gas stream tempera-
ture 0 above ambient all 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 assumption 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 Vet). That is, the length of each zone
and the How streams involved are time inde-
pendent. Hence, only total derivatives with re-
spect 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

"IF + O2 - ... Products.

One mole .of oxygen molecules reacts with "I
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 than vaporization rates and fuel burning
is assumed to be controlled by the rate of fuel
vaporization. This 'eads to the assumpuon of a
fuel-rich fire. It is also assumed that the fuel
vaporization rate y 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 nux at the fuel surface is approximately
the same everywhere in this zone. This results
in the same combustion zone model developed
by de Ris (4J. Fuel vaporization in the combus-
tion zone will therefore be described as

(2)for 0 :::;x .s; X I'

Because of the thin duct wall assumption heat
losses will be modeled by an overall heat trans-
fer coefficient. The heat transfer coefficient If.J
represents the overall resistance to heat flux,
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(j/(b: = CdlJd(T - To) + CdlTl=(T4 - To4),

for x;::: 0, (3)

where Cd is the perimeter of the duct wall
cross-sectio: . Ttl the surrounding ambient ter-
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perature, € the duct surface emissivity, and a
the Stefan-Boltzmann constant. Substituting
Eqs. 2 and 3 into Eq. 1 gives

dT AT4 - BT+ C

dx D+Ex

The boundary condition is at x = 0, T = TO'
Equation 4 can be solved also for the case
where radiation is not important (E = 0). The
remaining two zones will be modeled without
thermal radiative heat losses (E = 0) since
these zones on average tend to be cooler.

Excess Fuel Zone. In the excess fuel 7011e
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
constant vaporization rate throughout the ex-
cess fuel zone. The rate of loss of fuel lining
can therefore be written as

In this region the condensed fuel is assumed to
be at its vaporization temperature Tvnp. The
fuel is assumed to be a pure substance that
vaj.orizes cleanly at its boiling or sublimation
point. The convective film heat transfer coef-
ficient between the flowing gas stream and the
condenses! fuel is assigned to the variable 11/.
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Substituting Eqs. 3 and 5 into Eq. 1 and intro-
clueing a new variable I defined as

lex) == to dx'
o

(4)
or

dl/dx = 0 = (T - To) (6)

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

(CI + C2!::J.I - C3 !::J.x)d l1I/d l1x

+ C4 11! - Csl1x + C6 = 0,

for 0 ~ llx ~ (X2 - XI); (1)

where

The constant ,ii,,! appearing in C1 and C6 is
the total mass of fuel flowing into the control
volume up to x = XI' and can be easily calcu-
lated from Eq. 2; Ovnp= (TV8p - To); and Ud2 is
the overall heat transfer coefficient for the
duct wall of the excess fuel zone. The bound- .
ary condition for Eq, 7 is simply !::J.I= 0 when
Ax = 0.

Preheating Zone. In the preheating zone the
gas has cooled to below the fuel vaporization
or pyrolysis temperature 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 o.ily process
occurring here is heat transfer to the duct
walls. The same heat transfer coefficient used
in the excess fuel zone is used for the preheat-
ing zone. Using Eq. 3 in Eq, 1 and the fact that
tilil,,/dx = 0 for X ~ Xl the following equation
describing the gas temperature profile In the
preheating zone is obtained:

d b.I"/d AX" = {p - M")/q

for 0 ~ l1x" < 00, (8)
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where

p = (( -6.li,)thll[/f3 - l1Jt",Hvnp)/(C,/Ud2)

-1(xl)[Ud/Ud2 - 1] -1(x2)'

q = Cp(lha + !111,.)/(C,Pd2)·

The boundary condition for Eq, 8 is Ill" = 0
when Ax" = O. Again, the variable I is used
where 61" == 1 - I(x2) and 6x" = x - xz'
The new constant Iii"" is equivalent to the
total mass of fuel flowing into the control
volume up to x := X2' This is the total rate of
fuel entering the entire control volume and
can be calculated from Eqs, 2 and 5 to give

From the boundary condition, a very simple
analytic solution to Eq, 8 can be found.

Defining a Fire Propagation Rate. If an en-
ergy balance is performed between x = ()and
x .....00, over the gas phase only, a very simple
relationship results:

Since all the solid fuel is either burnt or vapor-
ized it is possible to deduce a relationship
between Eq. 10 and the condensed fuel lining
inside the duct. If, for simplicity, it is assumed
that the duct is uniformly lined with fuel, so
that the duct fuel loading ,.\ (mass of fuel per
unit platform area of lining) is constant with
respect to x, then

(H)

The number ji has the units of speed and is
defined as the fire propagation rate (sometimes
ref .d to as the average surface regression
rate). Substituting into Eq, 1~ results in an
expression r uting v tr. the thcrrnophysica.
properties of the fuel-lined duct system.

(-611r)tit"f/f3 - q
"\c/ivoJ'

(12)
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It is easy to mistake v, the fire propagation
rate, for the fire propagation speed V. The
distinction between these two terms is crucial
to the development of an accurate description
of fire motion through a tunnel. Whereas V is
the speed at which the combustion .zone is
moving along the duct, Ii is a measure o~ how
rapidly the solid fuel lining is disappearing
from the duct. In order to evaluate Vet), the
time-dependent fuel loading profile mi;», t)
(mass of fuel per unit platform area of lining)
must be known. Such information is not used
in formulating Eq. 12, which therefore does
not possess the information necessary to de-
scribe the form of Vet). The following section
deals with the solid phase analysis, where the
exact relationship between the fire propagation
speed vet) and the fuel loading profile m(x, t)
is shown to be quite simple.

Condensed. Phase Equations

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

Equations of Change. Consider a tunnel lined
with a condensed fuel that reacts with a well.
111i:;:~dgas phase thr+ flows at a constant veloc-
ity 1'<,. 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, t) (mass of fuel per unit
platform area of fuel surface), which is initially
mO(x). A schematic representation of this sys-
tem is shown in Fig. 2.
When consider ing the gas phase a reaction

can occur only when the condensed phase is
present in that region of the duct. Hence, the
position alol1g the duct thut represents the
point where the fuel loading begins (i.e., where
In = 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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Burnlns Zone
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Fig. 2. Fire propagation along duct.

evolving material balance on the condensed
fuel shows

am(X,I)/I]t

(13)

Now consider the eulerian coordinate system
that has the fire propagating away from its
origin in the positive X direction, ,1( .being the
eulerian distance coordinate. Relating the mo-
tion of the lagrangian coordinate system to the
eulerian is one way of establishing a relation-
ship for V(t). Fuel loading in the duct changes
as time progresses. It also varies with re-spect
to distance. In differential form this can be
written as

(
(7111 ) IX ( am '1,\'

dm = at dt + ax) d x- (14)

Equation 14 only applies to regions inside the
duct where fuel exists, that is, for .t z O. Con-

sider a moving point XO(t) in the eulerian
system, which lies on top of and follows he
point x = 0 (Fig. 2). The mass of fuel is always
zero at this point so that dm = O. Bearing in
mind that X = x + V(t)t one can show that
(dX/dt)I,~n = V(t). Equation 14 can he writ-
ten for the condition where x = 0 (which is the
point X = x°(l». This results in an expression
for the nrc propagation speed V(t) where the
frame of reference is the duct wall.

(dx/dt)I,=o = Vet)

-(am/BtiX

«(hll/ sx )',\' x"(l)

= y/(am/iJx)lx'(I)' (IS)

Clearly, if the fire is 10 propagate at a constant
velocity, the fuel profile inside the duct must
he in n specific form so that (am/a,y)lx'(I)
remains constant as time evolves. If a solid
homogeneous fuel is used then V(I) is i~-
versely proportional to the physical slope of
the fuel surface at x = 0 (or XQ(/», in which
case (am/(7x)lx'(/) can take on a large range
of values (from infinity to zero) throughout the
fire propagation history. Of course, the govern-
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ing equations have been derived only for cases
where V(t) « v..,. The situation where V(t) is
close (0 V", is not considered in the gas-phase
analysis.

Model Output

The above analysis completes the formulation
of the governing equations. The equations de-
scribing the gas temperature profile can be
solved 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 I ::;;:z ::;; X2) a root searching technique
must be employed which leads to problems
of selecting the nontrivial root. In this case it
is convenient to use a standard fourth-order
Runge-Kutta algorithm to solve Eq. 7.
The analytic solutions of Eqs, 4 and 8 together
with the numerical solution of Eq.· gives the
complete gas temperature profile prior to
any knowledge of the condensed-phase equa-
tions. The gas temperature profile is then used
to solve the condensed-phase equations. The
condensed-phase equation t3 is solved numeri-
cally for ,\,0(1), since this system of equations
depends on the numerical solution of Eq. 7.
To illustrate the basic method that is used to

calculate ,\'O(t) (or ,\'0 versus () consider the
fire moving a distance equivalent to the com-
bustion zone length XII" along the duct. As-
sume that the upstream end of the fire is at the
point X°(t I) and moves the distance XII» to a
point XO(12). The values t I and t 2 are the
associated times. We wish to know how XO

varies with Lime as it progresses from ,\'°(1 I) to
X°(/2)' The distance X/b: I:; 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. l3 to be

where XO ill this equation is the point of inter-
est within the interval X"(t I) :s; XO s x"(t 2)'
This procedure gives Xo versus t information
that describes the fire motion up to the point
X°(l2)' This calculation can be repeated for the
next distance interval that would take the up-
stream end of the fire to a point XO(t2) + X/b.
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along the duct, except that m(x, tt) must first
be evaluated. While the fire was migrating
from XO(t I) to XO(12) the region ahead of XO(t2)
was exposed to the migrating excess fuel and
combustion zones. The new fuel profile
achieved at time 12 can therefore be calculated
from Eq. 13 as

III(X, (2) = m(x, t,) - (hf/Hvap)

ft·{.t)(1'( ) T ) dX J x, t - yap t
I,

- y[t2 - ,'(x)].

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

t'(x) = II + mi:x - X1bZ'tl)/y. '

The value I '(x) - t I is (he time that the excess
fuel zone spent over the point x while the
upstream end of the fire moved from XO(tl),
and t1 - t '(x) is the time the combustion zone
spent -over x until the upstream end of the fire
moved to X°(t2)' The computation of the new
fuel loading mt;x, '2) shown above is specifi-
cally for the region 0 :s; x s X/hz' Similar ex-
pressions can he written to evaluate the fuel
loading downstream of X/hz' When this is done
one can obtain the new fuel loading m(x, 12)
for the entire length up to the preheating zone
where recondensation 'of fuel vapor is ne-
glected. Clearly, the above procedure can be
repeated.
The above sequence of calculations displays

stability. Depending on the system parameters
a constant fire propagation speed may be
achieved after sufficient iterations. Inherently,
the steady-state speer' is proportional to the
fire propagation rate 'ii. If the fuel volatility
ahead of the fire is high the fire preparation
speed converges rapidly to its steady state. The
other extreme is when fuel volatility ahead of
the fire is negligible, because of a high latent
heat or poor heat transfer to the condensed
phase. In such a case the fire propagation
speed may settle down to some type af 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 model suggests.
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that the fire will initially "jump" along the duct
length, moving incremental distances equiva-
lent to the combustion zone length. This step-
ping at "jumping" motion comes as a result of
the initially flat fuel distribution inaide the
duct and because of the way fuel is consumed
evenly in the combustion zone, that is, con-
stant burning rate y.

lEXl?.EJ1UMENTAL

Appmratils

Fire propagation experiments were in a 5-m
long, 43-mm wide, and 42-mm h.igh mild steel
duct, as shown in Fig. 3. For these dimensions
and the air velocities employed the degree of
gas stream temperature stratification can be
estimated (1) from a Fronde number calcu-
lated as

v.vg
Fr == . 172'

(6. Tcf/T,.yg)gll)

Here /{ is the tunnel height, v"vg if, calculated
as the average "hot" velocity through the duct,
calculated at Tnvl: the average gas temperature.
d ~f is the difference between the ceiling and
floor gas temperatures, and g the acceleration
of gravity. In the present work T.vg was ap-
proximated as equivalent to the measured gas
stream temperature, because it is measured
approximately at the center of the duct flow
stream. This approximation is reasonable if
stratification is not severe and the gas temper-
atnrr rises from floor to ceiling. Using this
information and a correlation developed by
Newman [1] that relates 6..Trf to H, Tnvg. and

. V.vc it is possible to calculate 6.Tcf• For these

/Ollll ION ~.Rr FUCl TRAY

hun; ._3WI I

Mnllls
Mil SUPPLY
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experiments Fr is found to lie within the range
1 ~ Fr :::;;10, a regime dominated by strcng
interactions between cross flow and buoyancy
forces (1) where severe stratification does 10t
prevail.
It is thus likely that fop, the present experi-

ments flow conditions are 'j1Ot characteristic of
two separate gas layers (one hot stream along
the ceiling and a cold stream along the floor)
as in the case of severe stratification but rather
of a single hot gas stream flowing across the
entire duct cross-section with a definite vertical
temperature gradient. Since the Reynolds
number for these experiments is either within
the laminar or transitional regime between fully
developed turbulence and laminar flow (800 <
Re < 4500) the above analysis suggests some
radial temperature variation. Using Newman's
[1] correlation the estimated order of magni-
tude of 6..T.,f' :f ~'Vg = 40QoC, can range from
0" to 400°C, depending on air speed. However,
the gas stream temperatures are measured
midway between the duct floor and ceiling and
arc therefore taken to be approximately equal
to the average gas temperature, thus allowing
comparison with the model which assumes good
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 vel) narrow
duct cannot accommodate sufficient fuel mass
for experimentation, 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-

....
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creased well into the turbulent regime without
having to operate at blowout 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
length where the gas stream has cooled to
below TvlIll) in order to measure the gas stream
temperature profile. In the present work a
compromise used a duct which could not en-
sure good mixing, although stratification was
absent. A subsequent article will examine cases
where stratification OCcurs.

Also, 11 simple criterlr 't based on a varia-
tion of the Froude nu. (can be used to
reduce the possibility of back flow of hot com-
bustion gases along the duct ceiling. For the
present arrangement and range of air veloci-
ties the dimensionless group /).pl-lg/pV,/ lies
between 0.12 and 3.5 when /).p/p::::: 2/3 and
V. is the ventilation air average velocity. Ide-
ally this dimensionless group should be less
than unity to ensure no back flow. This crite-
rion for backflow is discussed by de Ris [4J.
Again the necessary situati m was not ideal.
The first meter of lengtb provides 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 effects. 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 investigated by Takeno and
Hirano [51. If the liquid level does not lie
above the upper surface of the porous solid,
then flame spread behavior is similar to that
over solid fuels.
Thirty-four chrornel+alurnel thermocouples

are inserted half-way into the flowing stream,
to measure the gas stream temperature distri-
bution, at 91 mm intervals over the 3·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 Ilowrate is measured with a
rotameter and an orifice plate meter inserted
upstream from the duct. An ignition port is
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located 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 to
achieve a uniform fuel distribution alor.g the
tray. The fuel tray is carefully 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
simultaneously. 111e ignition port is sealed im-
mediately.
The data acquisition unit is programmed to

take all 34 thermocouple readings every 30 5,
the first set 30 s after ignition.

RESULTS
EXperiments were with a variety of fuels all of
which are pure organic liquids. Their thermo-
dynamic properties are well known so ~hat the
governing equations can be used to 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 (Rg), 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 model was fitted to the
first temperature profile when the fire is 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
along the duct it was assumed that the flame-
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Fig. 4. Gas temperature profiles Iiom Tun 5 showing stationary firc soon after ignition ($) and moving
fire. 750 seconds (D) and 1200 S (x) lifter ignition. Proposed model fits (-) are also shown.

front position is the position of the maximum
gas temperature. To estimate the position of
this maximum. parabolic interpolation was used
on each of the measured gas temperature pro-
files. Figure 5 shows flame-front position ver-

SUf; time data for three different fires (includ-
ing one replicate).

Fitting the gas-phase model to gas tempera-
ture (' ita provided values of all unknown model
parameters except hf' This is because the tern-
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Fig. S. Flame-front history alnHg duct for run 4 (x), run 5 (* >, and run 8 (A). RUn 8 Wasrepealed (0) to
test for the quality of reproduction of the experiment. Proposed model fits (....:..)UTC also shown.
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perature distribution is hardly influenced by
significant changes in ",. However, the fire
propagation speed V is a strong function of the
gas stream-to-fuel heat transfer coefficient hr
It is this free parameter that is used to fit the
condensed-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 fitting procedure,
together with the fuel loading and air flowrates,
The reported values represent the "best"

fits. They were determined by visual compari-
son (If the model curve and experimental dnta
of gas temperature versus X or flarne-frr nt
versus t. It is very convenient that the parame-
ters can be fitted individually because every
free parameter affects a different feature of
the curves T(x) and ;y"(t). Table 1 also reports
values of the duct in~ide forced convective heat
transfer coefficient, h;, as estimated from liter-
ature correlations t61. The difference between
It f and hi i!, that h, is estimated from the
model fit, whereas hi is calculated from heat
transfer correlations for hot air flowing through
conduits.

Fuel Burning Rate

The fuel burning rate determines the time Ires
the fire will take before it "jumps" from its
initial position (the length of the horizontal
part of the curves in Fig. 5). To calculate r the
initial fuel loading m" is divided by the mea-
sured time I,es'
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Reaction Stoichiometry

For the reaction stoichiometry there are a large
number of possible reactions. The stoichiomet-
ric coefficient (3 is therefore also calculated
from the data. Based on the fuel-rich fire as-
sumption and the measured c"'rnbustion zone
length Xlb •• f3 may be evaluar-. as

{3 = (-yC,X'bz)/(titIlYo,,)·

If complete combustion occurs the (3 values
will be 0.286 for isooctane, 0.385 for butanol,
and 0.7'76 for ethylene glycol. Incomplete com-
bustion reactions result in very different val-
ues. Consider isooctane, for instance, which
may react to produce H20 and CO, C, or even
a cocktail of unsaturated hydrocarbons. In
which case f3 will be 0.420,0.793, up to values
greater than 1.4, respectively.

Duct Heat Transfer Coefficients u, and Ud~

Ud was estimated by adjusting its value until
the combustion zone model produced a maxi-
mum gas temperature close to that of the data
points. Ud? was adjusted until the excess fuel
zone model produced a gas temperature decay
that matched the data.

Stream-to- Fuel Heat Transfer Coefficient 1zI

This value is varied until the fire propagation
rate ii, predicted by the model, matches ,.Ie
final slope suggested by the flame-front versus
time data.

TABLE (

Model Parameter Listing for All Experiments"

Run v.- ii
Number, ",. X 102 r {3 u,t 11.12 iJl X 102 "IFuel (kg/m2) (m/s) (kg/m2s) (W/1Il1K) (W /1Il2K) (W/0l1K) (m/8) (W /1Il2K)

1 Iso 2.0 150 9.30 X to'3 0.947 50 35 2.B 0.972 ~.9
2 lso 2.0 31.0 7.27 X 10-3 0.892 55 15 2.3 0.239 2.3
3 Iso 2.66 91.1 1Il.3 X 10-3 1.69 31 31 3.4 0.676 3.3
4 Iso 3.66 65.3 12.0 X 10-3 1.63 38 25 4.0 0.409 3.0
5 Iso 3.66 31.5 11.0 x 10-3 1.21 5{) 17 3.6 0.193 2.3
6 Iso 3.66 111 15.9 X 10-3 2.20 26 40 5.0 0.B06 3.5
t Bulol 3.34 64.4 8.44 X 10-3 1.42 30 22 6.0 0.358 3.0
8 Bulol 2.66 28.3 7.31 X 10-3 0.962 51 15 3.5 0.134 2.2
9 Eg 3.34 2VJ 6.95 X IO-J 0.937 50 15 4.8 0.093 2.3

• Also shown is II, the duct inside film heat transfer coefficient as estimated from correlations for air flowing in conduits.
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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 '.empetature model prediction where
th.:-rmal radiation is included ss a heat loss. If'
.his ese h, and Ito, the duct inside and outside
heat .ransfer coefficients, were calculated from
C( HI Iatlons [6J and used to estimate Uo, the
0\1 .\talJ duct heat transfer coefficient. The duct
wal~ emissivity € was then used as the only
model fitting parameter. Table 2 shows these
results. The mode! equation for gas tempera-
ture was found to be very sensitive to e com-
pared to the much weaker effect of Uo• Emis-
sivltles for various types of steel surfaces can
range from 0.3 for mild steel to 0.6 for oxidized
steel (7}.

DISCUSSION

In the light of tl; '! present theory the self-
similar form of the gas-temperature profiles
displayed by data in Fig. 4 provide conclusive
evidence for a steady-state gas-phase process.
Figure 4 also shows that the stationary lire
(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 adopting the
lagrangian coordinate system, is a valid and
useful simplification. Figure 4 also shows that
the preheating of the air entering the burning
zone is minimal and this justifies the thin wall
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 5 and
not in !ires. with large air velocities. Run 1 in
Figure 6 shows a relatively smooth tempera-
ture transition from the combustion zone to
the excess fuel zone. The discontinuity ill 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 I' and is also aggravated by .
neglecting radiation. Realistically, the gas-
phase reaction rate slows down significantly as
oxygen concentrations become smaller at re-
gions near the end of the combustion 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 Blasi et al, [81
show this concentration effect near the flame
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Fig. 6. Comparison of gas temperature profiles from run I (0) and rUII 5 (.) wltu proposed modI!! (-).
Combustion zone model solved with the rudlatlou term is also shown (•••• ),
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TAllLE2

Combustion Zone Parameters Where Thermal Radiation Is Included as an Important Pathway for
Heat Losses

Run Number 3-----.------~-------------------------------------------------------2

U(l(W/m~K)
€

:!.6
0.42

1.8
0.60

2.3
0.30

tip of a wind-aided fire. In sp.te of this assump-
tion the model fits the experimental data very
well.

Duct heat transfer coefficients used in model
fitting suggest that thermal radiation is a likely
candidate for heat losses from the duct walls.
u" and U,12 are clearly too large when com-
pared to literature values, Un. Excepting run 6,
Ud2 is smaller than U,I' 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 surface emissivities correspond reason-
ably with the literature values. One can readily
include radiation in the model but with an
increased complexity in solving the equations.
It should be mentioned that the exact reac-

tions occurring are unknown. Consequently,
t.llr is only approximate. This will certainly
affect the fitting of U,I' Ud2, and €, causing
inaccurate estimates that do not display trends
with v",. Runs 1 and 6 were performed with air
velocities ncar to extinction conditions and, in
the case of run 6 the fire actually died out
before reaching the end of the test section.
Transient growth of fires from ignition to 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 Ilowrates 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 used. Under
such conditions fire growth is slow enough to
be observed in the flarne-Iront history data.
The initial part of run 4 in Fig. 5 shows this
tranaient growth phenomenon.
All results in Fig. 5 show the fires to grow

from ignition to a maximum size and there-

" 5 96 7 B

2.1
0.42

2.4
Q.60

2.1
0.60

1.7
0.60

1.7
0.60

after Icrnain in their original location inside
the duct. As soon as the fuel in this region is
consumed the lire "jumps," displacing approxi-
matelyone 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
h, that would generate this model prediction.
Although fitted hf values do not follow a gen-
eral trend with respect to V", they come close
to literature correlations of inside film heat
transfer coefficients for nonreactive flows in
conduits. The use of liquid fuels results in
large vaporization rates ahead of the fire, con-
sequently rapidly shaping the fuel profile to
such an extent that (am/ax)lx-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 model 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 all free parame-
ters to 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 by (solid) polyrnethylmethacrylate
(PMMA) are underway. Parameters are being
estimated in the same manner presented here
and the fuel mass profile m(x), measured at
steady state, can in principle be predicted with-
out any further adjustments to the fitted model
parameters. This analysis should reveal useful
information about the predictive capabilities of
the present model.

CONCLUSION

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 to the condensed fuel
governs to a great degree the fire propagation
history and average propagation speed. For the
case of thin duct walls heat losses from the
system to the surroundings is significantly dom-
inated by radiative heat transfer especially from
the flaming region of the duct. The radiative
heat transfer from the fire front to condensed
fuel might become significantly important in
larger scale fires where the fuel surface to fire
front view factor is dramatically enhanced. Use
of the present model for predictions of duct
fire dynamics requlres further knowledge of
fuel burning rates and reaction stoichiometry.
A fundamental concept arising in the theory

is illustrated by virtue of the experiment,
namely the important distinction between the
fire propagation rate Ii and the fire propaga-
tion speed V(t) defined herein. The condensed
fuel profile m(x, r) is the key to understanding
how a fire traverses through the confines of a
duct. The familiar assumption of constant fire
propagation speed in typical duct fire scenarios
can break down and the possibility of a peri-
odic fire propagation motion is shown to exist.
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One may conclude from the observed "jump"
phenomer.on that the simplifying assumption
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 Fronde 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 mathern, tical analysis from solving the
three-dimensional equations describing the
gas-phase processes to the much simpler one-
dimensional model. It is likely that in the case
of lsrge-scale mine tunnels, with moderate
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 {ires with laminar flow conditions then
clearly a more rigorous analysis wiell the inclu-
sion of mixing would be necessary.

In conclusion, the fundamental assumptions
of the model (fuel-rich fires, steady-state gas
profil es, heat tl ansfer dominated process) seem
valid in practice and lead to a reasonably sim-
ple model with good powers of prediction.
Many of the parameters used in this model can
be estimated from existing conelations,
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