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Turbulent closure and the modelling of fire
by using computational fluid dynamics

By G. Cox

Fire Research Station, Building Research Establishment, Garston WD2 7JR, UK

The consequences of fluctuation and intermittency in the velocity and scalar proper-
ties of fires are examined from the perspective of their modelling by using computa-
tional fluid dynamics. The effects of interactions of turbulence with reaction kinetics,
soot formation and radiant heat transfer are discussed, and illustrations are provided
of the application of various closures, simple and complex, to the problems of smoke
movement and solid-phase combustion.

Keywords: fire; smoke; fire modelling; computational fluid dynamics (CFD)

1. Introduction

In the late 1960s and early 1970s, the new technology that was to become known
as computational fluid dynamics (CFD) began to emerge as a general tool for the
analysis of fluid flow problems (see, for example, Gosman et al . 1969). The study
of CFD ceased to be the esoteric concern of applied mathematicians and became
accessible for application to practical engineering problems. This new methodology
added a powerful theoretical capability to the engineer’s armoury of dimensional
analysis and integral and physical modelling then (and now) in widespread use to
study the highly complex problems of the real world.

The study of fire behaviour inside buildings and other enclosures such as ships and
aircraft was one such application. CFD provided the potential to study an extremely
complicated problem that was only partly amenable to reduced-scale physical mod-
elling because of the very large number of non-dimensional groups that needed to be
preserved to simulate full-scale behaviour.

The starting point for the CFD models is the ‘exact’ system of coupled partial
differential equations that describe the balance between the competing influences
on mass, momentum, chemical species and energy within the fire and throughout
the enclosure containing it. The solution of the ‘exact’ equations, resolving fully
the length- and time-scales that occur in the flows associated with the turbulent
combustion characteristic of fire, is still beyond the capabilities of even the largest
computers currently available. As a consequence it is necessary to simplify this sys-
tem of ‘exact’ equations by first time-averaging them and then solving the resulting
continuous equations in discretized form over the domain of interest. The full rigour
of the initial balance equations is now lost, to be replaced by uncertainties associated
with the modelling of the turbulence and its interaction with the chemical kinetics
and radiant heat transfer of the combustion process. Other uncertainties are also
introduced as a result of the numerical approximations involved, but these will not
be discussed in this paper. The author has recently reviewed these numerical aspects
in the context of fire (Cox 1995), but such problems are shared with the much wider
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CFD community as a whole, whereas those concerning the turbulence–chemistry–
radiation interactions are more restricted to the particular nature of combustion
systems in general and fire in particular. While there have been several excellent
reviews of the treatments available for these phenomena in combustion systems (see,
for example, Jones & Whitelaw 1982; Viskanta & Menguc 1987), they tend to say
little concerning fire.

This paper gives a general overview of the progress that is being made in the
modelling of fire by using CFD, emphasizing the ‘fire science’ rather than dwelling
on the enabling numerical methodology. Inevitably, because of space limitations,
detail is often sacrificed to ensure coverage of the breadth of this topic. It is hoped
that the references cited are adequate to satisfy those wishing to probe deeper.

2. The principles

The effect of turbulence can be appreciated by inspection of the ‘exact’ instantaneous
mass-continuity equation

∂ρ

∂t
+

∂

∂xj
(ρuj) = 0. (2.1)

This simply states that the rate of accumulation of mass in an elementary control
volume within the domain due to density changes balances the net rate of inflow
across the volume boundaries.

Since both the density ρ and velocity uj at a particular location xj fluctuate due
to the turbulence (see figure 1, which gives an indication of temperature fluctuations
within a fire), a time mean equation can be written as

∂ρ

∂t
+

∂

∂xj
(ρuj + ρ′u′j) = 0, (2.2)

where the instantaneous densities and velocities of equation (2.1) are broken down
into time-mean and fluctuating components ρ = ρ + ρ′ and uj = uj + u′j . Here, for
example,

uj = lim
∆t→∞

1
∆t

∫ t0+∆t

t0

uj(t) dt,

u′j ≡ 0.

In principle, the time mean is only statistically stationary if it is independent of
t0. In practice, fires grow and decay and the statistics are not strictly stationary.
However, when time averages are taken over periods long enough to include many
fluctuations (say tens of seconds), but shorter than the characteristic time-scale of
the fire (minutes), it is possible to examine the gross non-stationary behaviour of
fire.

From equation (2.2) it is apparent that, in addition to the ‘expected’ time-averaged
form of equation (2.1), there is an extra term,

∂

∂xj
(ρ′u′j),

describing the transport of mass, due to the turbulent fluctuations in ρ and uj . This
term can take either sign depending upon the local behaviour of the density and
velocity fields.
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Turbulent closure and the modelling of fire by using CFD 2837

Similar substitutions and time-averaging of the more complex balance equations
for momentum, energy and chemical species create many more complications and
additional turbulent transport terms resulting from correlations between enthalpy,
species concentrations and the components of velocity.

Using the density-weighted averaging, e.g.

uj(t) = ũj + u′′j ,

where

ũj = ρuj(t)/ρ

and

ρu′′j ≡ 0 (but u′′j 6= 0),

suggested by Favre (1965) for all variables, except density and pressure, for which
conventional averaging is retained, the continuity equation then becomes

∂ρ

∂t
+

∂

∂xj
(ρũj) = 0, (2.3)

and the remaining equations of conservation become:
momentum,

∂

∂t
(ρũi) +

∂

∂xj
(ρũj ũi) = − ∂p

∂xi
+

∂(τ ij − ρu′′i u
′′
j )

∂xj
+ gi; (2.4)

energy,

∂

∂t
(ρh̃) +

∂

∂xj
(ρũj h̃) =

∂p

∂t
+

∂

∂xj

(
k

cp

∂h

∂xj
− ρu′′j h′′ − q̇R

j

)
; (2.5)

and species,

∂

∂t
(ρỸα) +

∂

∂xj
(ρũj Ỹα) =

∂

∂xj

(
Dρ

∂Yα
∂xj
− ρu′′j Y ′′α

)
+ Sα, (2.6)

where τij is the viscous stress tensor, gi is the body force term in the ith direction, k
is the gas mixture thermal conductivity and q̇R

j is the radiative energy flux in the jth
direction. Yα is the mass fraction of species α, D is its molecular diffusion coefficient
and Sα is the chemical source term describing the production or destruction of the
species. The energy equation is expressed here in terms of the static enthalpy of the
gas mixture

h = cpT +
∑
α

YαHα,

where Hα is the heat of reaction of the species α and the specific heat of the mixture
at constant pressure, cp, is given by

cp =
∑
α

Yαcp,α,

where cp,α are the specific heats of the individual components.
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In nearly all fire studies the unknown correlations are modelled with a ‘buoyancy
modified’ version (Rodi 1978; Markatos et al . 1982) of the well-known k–ε model of
turbulence, where

k ≡ 1
2

ρu′′i u
′′
i

ρ

is the kinetic energy of the turbulence and ε is the rate of its viscous dissipation. Here
the shear stresses and scalar fluxes are first assumed, by analogy with kinetic gas
theory, to be proportional to the local mean property gradients. The proportionality
constant, a property of the flow rather than the fluid, is termed an eddy viscosity in
the case of the shear stresses and an eddy diffusivity for the scalar fluxes, i.e.

ρu′′i u
′′
j = 2

3δij

(
ρk + µt

∂ũk
∂xk

)
− µt

(
∂ũi
∂xj

+
∂ũj
∂xi

)
, (2.7)

ρu′′jφ′′ = −Γφ
∂φ̃

∂xj
. (2.8)

Here φ is a general variable representing the species and enthalpy scalars.
The problem now concerns solving for the eddy viscosity µt and diffusivity Γφ.

If the turbulent Schmidt and Prandtl numbers, σt, are assumed constant and it is
assumed that

Γφ = µt/σt,

then these follow from the solution of two further transport equations for k and ε,
with

µt = Cµρk2/ε (2.9)

where Cµ is assumed to be a ‘constant’ that has been determined from a substantial
body of experimental studies of shear flow.

Implicit in this model of turbulence is the assumption that it is locally isotropic
with µt and Γφ identical in all directions. This clearly is unlikely in flows under the
influence of buoyancy. Instead current treatments (see, for example, Cox & Kumar
1987) account for the effects of buoyancy on turbulent mixing through the source
terms in the balance equations for both k and ε. The effects of enhanced mixing
in the unstably statified region above the fire source and of its inhibition in stably
stratified ceiling layers are incorporated through the buoyancy production term

GB = −βg
µt
σt

∂T

∂xj
, (2.10)

where the volumetric expansion coefficient

β = −1
ρ

(
∂ρ

∂T

)
p

.

GB takes either sign depending upon the local vertical temperature gradient.
Each of the conservation equations (2.3)–(2.6) and the balance equations for k and

ε are now solved numerically, if the source terms can be closed, in the general form

∂

∂t
(ρφ̃) +

∂

∂xj
(ρũjφ̃) =

∂

∂xj

(
Γφ

∂φ̃

∂xj

)
+ Sφ, (2.11)
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Figure 1. Temperature fluctuations measured by two fine-wire thermocouples 50 mm apart.

where φ is a generic (Favre-averaged) property of the fluid, Sφ is a source term and
Γφ is an exchange coefficient appropriate to φ.

Γφ is obtained from solutions of equation (2.11) when φ = k and φ = ε. The
enthalpy and species conservation equations are represented by this equation when
φ = h and φ = Yα, respectively. Pressure is determined from a pressure correc-
tion equation deduced from the mass conservation equation (when φ = 1) and the
momentum equations (when φ = uj).

3. Chemical and enthalpy source closure

Our major concern now is to close the species and enthalpy source terms. The closures
need to be acceptably accurate to describe the processes peculiar to fire. The effects
of buoyancy on turbulent transport have already been discussed but we now need
to consider the effects of fluctuations on chemical kinetics, (Sα), and radiant heat
transfer (q̇R

j ). Since both processes are highly nonlinear in temperature, fluctuations
can cause greatly enhanced levels of mean reaction rate and mean radiant heat flux.

If the reaction mechanism can be reduced to a single global one-step reaction,

F + r ·O k−→ (1 + r)P,

i.e. unit mass of fuel reacts with its stoichiometric mass requirement, r, of oxidizer to
provide (1+ r) mass units of product, then a simple Arrhenius expression describing

Phil. Trans. R. Soc. Lond. A (1998)

 rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


2840 G. Cox

the instantaneous rate constant for the reaction can be written

k = B exp
(
−Tα

T

)
, (3.1)

where B is the pre-exponential factor for the reaction and Tα is its activation temper-
ature. On replacing T by its mean and fluctuating components and time-averaging,
this becomes

k = B exp
(
−Tα

T

)(
1 + T ′2

(
T 2
α

2T 4
− Tα

T 3

)
+ . . .

)
. (3.2)

The simple substitution of mean temperature into equation (3.1) would clearly be
misleading. Evidently the mean reaction rate can be substantially higher than a
rate based upon consideration only of laminar chemistry. Moss (1995) provides an
illustration of the magnitude of the difference for a fluctuation pattern assumed to
be a square wave. For a reaction with an activation temperature of 20 000 K and
reactant and product temperatures of 500 and 2000 K, respectively, the turbulent
rate exceeds the laminar by a factor of 200!

A similar analysis (Cox 1977) for the time-mean radiant intensity received at a
surface from a flame whose temperature, T , and emissivity, ε, fluctuate but whose
view factor, ω, does not gives

I = σωεT 4
(

1 + 6
T ′2

T 2
+

T ′4

T 4
+ 4

ε′T ′

εT
+ 4

ε′T ′3

εT 3
. . .

)
. (3.3)

This suggests that for a temperature intensity of fluctuation, (T ′2/T )1/2 greater than
about 40%, the additional terms will exceed the first term that would have been
expected from consideration of mean properties alone. Such fluctuation intensities
are quite likely in the flame systems under consideration (see, for example, Cox &
Chitty 1982).

(a) Eddy break-up combustion model

In the turbulent diffusion flame systems characteristic of fire, most chemical reac-
tions can be considered fast compared to the comparatively slow physical mixing of
fuel with oxidizer. To determine this mixing rate, the eddy break-up model, orig-
inally proposed by Spalding (1971) for the treatment of premixed flames, is often
exploited. Spalding argued that the rate of reaction in such systems was determined
by the intermingling, at microscale level, of fragments of unburnt reactants with hot
product. This breaking and intermingling would be driven by local turbulent strain
rates until, at the smallest scales, viscous forces became dominant. Spalding assumed
that the rate of reaction was thus equal to the rate of dissipation of turbulent kinetic
energy at this small scale. Applying this model to the non-premixed flame gives, for
example,

Sf = −Cebuρ
ε

k
(Y ′2f )1/2, (3.4)

where Y ′2f is the variance in fluctuations of the fuel mass fraction obtained from a
further balance equation of the form of equation (2.11) and Cebu/Y ′2f is a constant.
This was later modified by Magnussen & Hjertager (1976) for diffusion flames by
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Figure 2. Schematic diagram of room fire experiments and predictions of doorway
mass flow rates.

assuming that it is proportional to the mean mass fraction and that the rate of
reaction is further controlled by the deficient reactant:

Sf = −Cebuρ
ε

k
min

{
Y f ,

Y o

r

}
. (3.5)

Thus rate control will switch from oxidizer close to the fire to fuel remote from
it. This allows the local rate of fuel consumption and product generation to be
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Figure 3. Measured and predicted gas velocities (a) and temperatures (b) on doorway centreline
for central 63 kW fire; (c) and (d) show predicted gas temperatures and product mass fractions
with and without thermal radiation for a corner fire ((c) no radiation model; (d) six-flux radiation
model).

determined without the need to probe deeply into the detailed kinetics involved.
The combustion products can be assumed to be CO2 and H2O in their stoichiometric
proportions. The model therefore is of considerable value in determining the volume
in which the combustion and heat release processes take place but does not address
issues associated with finite rate kinetics. Although the chemistry can be considered
to be fast for the primary heat releasing reactions, the formation and burnout of CO
and soot are slower, and more comparable with turbulent mixing rates. Of course it
is these reactions which are so important for the establishment of the toxicity hazard
of fire gases and, through flame emissivities, radiant heat emissions.
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Figure 4. Field model prediction of smoke rise in an atrium against an ambient
temperature gradient.

However, two examples are shown here to illustrate the application of models
employing this simple type of fast chemistry closure. The first concerns comparisons
between experiments and predictions for gas-burner fire simulations in a domestic
sized room. Comparisons of this kind are of course essential to establish confidence in,
and verification of, the methodology. Figure 2 shows the experimental arrangement
together with predictions and measurements of integrated mass fluxes in and out of
the doorway for fires of a range of heat release rates. Figure 3a, b compares measured
with predicted velocities and gas temperatures on the centreline of the doorway for
a fire of heat release rate 63 kW situated in the centre of the room. As can be seen,
predictions are in reasonable agreement with the measured data. Perhaps the most
interesting result from the research viewpoint is the difference, for a corner fire, in the
predicted vertical temperature and product mass fraction profiles as calculated with
and without radiant heat transfer in the model (figure 3c, d). These suggest that the
‘bump’ in the measured temperature profile at the bottom of the smoke layer results
from radiantly heated air rising from cooler surfaces below the smoke rather than the
products of combustion. This heated air constitutes 25% of the total outflow from
the room. This additional outflow may or may not have practical implications for
smoke control problems but it is clear that it would be very difficult to obtain this
information any other way.

The second example concerns a ‘practical’ engineering evaluation of the smoke
control measures that were proposed for the redevelopment of Battersea Power Sta-
tion as an indoor ‘leisure park’ (Cox et al . 1990). Modelling was conducted of the
consequences of fire occurring in various locations within a single atrium enclosure
occupying the original generating hall. Because of the exceptionally large volume of
this atrium (nearly half a million cubic metres overall), containing public galleries
opening on to it, there was little guidance on how to design smoke control systems to
protect the occupants in the event of fire. Traditional advice starts with the assump-
tion that smoke rises to the top of such a volume and fills it from the top down. The
CFD calculations suggested (figure 4) that such an assumption could not necessarily
be made for such a large volume where a temperature gradient will develop between
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floor and ceiling due to ambient heating. The analysis permitted a smoke control
strategy to be devised which did not rely on such an assumption.

Based upon the successes of simulations of this kind in a wide variety of enclosure
types, CFD has become increasingly employed in both ‘forensic’ and design envi-
ronments for the study of problems associated mainly with the movement of smoke.
Recent examples include the public enquiries into the fire disasters in the Kings
Cross Underground Railway Station and on the Scandinavian Star passenger ferry.
Examples of application to design include the Lloyds Building in the City of London,
the Tokyo Dome sports stadium and the Channel Tunnel vehicle shuttle wagons.

(b) Laminar flamelet combustion model

The incorporation of complex combustion chemistry into the closure scheme by
making not only the fast chemistry assumption but also by further assuming that
the local instantaneous composition and temperature within the turbulent flame is
the same as that in a steady laminar diffusion flame has been particularly popular
for the treatment of a number of non-premixed systems. The species conservation
equation can be conveniently recast in terms of a conserved scalar, ξ, the mixture
fraction,

ξ =
β − βo

βf − βo
, (3.6)

as

∂

∂t
(ρξ̃) +

∂

∂xj
(ρũj ξ̃)− ∂

∂xj

(
Γξ

∂ξ̃

∂xj

)
= 0, (3.7)

where β ≡ Yf − (Yo/r) and the subscripts ‘f’ and ‘o’ refer to fuel and oxidizer,
respectively. ξ takes the value of unity in the fuel stream and zero in the oxidizer.

Since this equation contains no source term it side-steps the problem of turbulent
closure. Instead all influences of turbulence on the kinetics are embedded within the
behaviour of ξ. Equation (3.6) can be solved for the mean mixture fraction, ξ̃, in
much the same way as equation (2.11) is solved for φ̃, since it is subject to the same
transport processes of convection and diffusion. The outstanding problem is then to
relate the instantaneous species mass fractions, Yα, to the instantaneous behaviour
of ξ and to find a way to relate these instantaneous relationships to their time-mean
values.

By making the assumption that the relationship between Yα and ξ is locally the
same in the turbulent flame as it is in a laminar flame, then the first of these problems
is resolved since the kinetics of laminar flames can be modelled theoretically for many
of the simpler fuels (e.g. methane, methanol and propane). For the more complex
types of fuel of more practical concern in fire situations, the appropriate information
needs to be obtained from experimental measurements on laminar flames represen-
tative of them.

Detailed libraries of composition-mixture fraction data can thus be generated for
use in post-processing the results of predictions for the hydrodynamic flow field—
assuming that the resulting species concentration field does not significantly influence
the local buoyancy forces. In the fuel-lean region of the flamelet, the major gas species
(O2, N2, CO2, H2O) can be reasonably well described by thermodynamic equilibrium.
This is not so for CO, nor is it for the major species in the fuel-rich region. However,
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Sivathanu & Faeth (1990a) have shown acceptably universal experimentally derived
state relationships across the whole range of flamelet conditions in hydrocarbon–air
flames that can be employed in conjunction with the ‘laminar flamelet’ concept.

Work is also currently underway to establish similar relationships for polymeric
fuels more likely to be of concern in ‘real world’ applications. Initial studies involve
gaseous propylene and prevapourized methylmethacrylate, representing the ‘mono-
mer’ decomposition products of polypropylene and polymethylmethacrylate.

With this information the mean species mass fractions can be determined from a
knowledge of the statistical character of the fluctuating property field, i.e.

Ỹα =
∫ 1

0
Yα(ξ)P (ξ) dξ, (3.8)

where P (ξ) is the probability density function (PDF) describing mixture fraction
fluctuations. In engineering applications it has been common to assume, a priori, a
functional form for P (ξ) although there are more sophisticated approaches where the
PDF is determined directly, but these have yet to be applied to fire problems. The
detail of the assumed PDF is determined by its first two moments, ξ̃ and ξ̃′′2. These
are obtained from solution of two further equations of the form of equation (2.11).
A beta-function form for P (ξ) has been found to be both economical and reasonably
representative of the mixing involved. While results for higher momentum flame
systems have been shown to be relatively insensitive to the precise shape of the
PDF, there is still some uncertainty as to whether this is so for buoyant fires. Figure 5
illustrates comparisons between predictions using a beta function (Syed 1990) and
measurements for an unbounded 28 kW methane fire simulation on a 0.3 m2 burner.
The agreement between predicted and measured mean-mass fractions of the gas
species can be seen to be reasonably good.

The calculation was initiated with boundary conditions measured in the turbulent
flow 0.14 m above the fuel bed. This was to overcome difficulties associated with
modelling the laminar-turbulent transition that occurs below this point and imme-
diately above the fuel bed. This problem is not particularly critical for calculation
of smoke movement in the far field but does become so for modelling details of the
buoyant flame itself.

The ‘laminar flamelet’ modelling of the combustion within non-premixed flames
has been fairly successful for predicting conditions in various flame systems, most
notably, from the fire point of view, by reproducing realistically lower levels of CO
than would result from a prediction assuming thermodynamic equilibrium. However,
in conditions where the fire is at its most dangerous in terms of its toxicity, when
the oxidizer contains a substantial proportion of combustion products instead of
fresh air, then the fast chemistry assumption is most likely to fail. Low temperatures
will lead to reduced reaction rates and the assumption of mixing control will break
down. There is currently insufficient evidence to determine how serious this is for the
modelling of poorly ventilated fires. Clearly, this is an area which requires particular
attention.

Bilger (1993) has proposed a ‘conditional moment’ closure model which offers a
solution for the prediction of finite-rate kinetics by using conditionally averaging
quantities to achieve closure of the chemical production terms. Typically, the species
mass fraction, Yα, is averaged conditionally on fixed values of mixture fraction, ξ. This
approach, which has been demonstrated to accurately predict the finite-rate kinetics
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Figure 5. Laminar flamelet calculations and measurements (shown by dots) on axis of 28 kW
methane fire simulation (Syed 1990).

of turbulent hydrogen jet flames (Smith et al . 1992) but has yet to be applied to fire,
looks promising although expensive for engineering application. Until such a time
as models of this kind have been developed and proven, it is necessary instead to
use experimental correlations for product emissions as functions of the rate of fuel
gasification obtained from bench-scale tests and large-scale fires. Information of this
kind is available, in abundance, for well ventilated fires but to a lesser degree for
‘underventilated’ fires (see, for example, Tewarson et al . 1981).

(c) Soot

The soot generated by fire contributes critically to both the respirable and obscu-
rational hazards of smoke as well as to the emissivity of flame and therefore its
propensity to radiate heat back to its own fuel and to the, as yet, uninvolved fuel
nearby. Soot is formed in large concentrations in most fires, reflecting the relatively
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inefficient fuel–air mixing processes involved which permit high-temperature fuel-rich
regions to persist for long times. Radiant heat losses from the soot particulates to
the surroundings effectively freeze the kinetics, denying oxidation and burnout of the
soot and thus causing the large volumes of smoke characteristic of fires.

The processes of soot formation and destruction are extremely complex. Experi-
mental studies with laminar diffusion flames show that soot is generated in a very
narrow zone on the fuel-rich side of the stoichiometric contour and is destroyed by
oxidation in oxygen-rich regions. Clearly, in a turbulent flame similar difficulties
arise in the modelling of these phenomena, as were described previously for gaseous
species. However, the physical and chemical time-scales characteristic of soot forma-
tion and oxidation are long in comparison with those associated with the gaseous
species and thus such simple state relationships as those described above are not
available. Measurements show that the state relationships for soot are functions of
the ‘residence time’ of the fuel in the flame and thus soot volume fractions increase,
in mixture fraction space, with travel distance from the fuel bed. Although near
universal state relationships have been shown to be valid in the regions beyond the
flame tip (Sivathanu & Faeth 1990b), the use of the laminar flamelet methodology
within the flame becomes very complex.

A more pragmatic approach, somewhat similar to the eddy-break-up model for the
gas phase, using only time-mean property fields was used by Malalasekera (1988) with
ideas proposed by Magnussen & Hjertager (1976). He solved a transport equation
for mean soot mass fraction, Y s, of the form of equation (2.11), where the source
term comprises two components for soot formation and soot burnout:

Ss = Sf − Sb. (3.9)

Soot formation, Sf , was modelled after Khan & Greeves (1974) as a simplified global
one-step reaction combining the effects of pyrolysis, nucleation, surface growth, coag-
ulation and agglomeration:

Sf = Cfpfψ
3 exp

(
− Ef

RT

)
. (3.10)

Soot burnout, Sb, was controlled by the slower of the two rates of oxidation (Lee et
al . 1962) and the physical mixing of soot with oxidizer was again controlled by the
deficient reactant:

Sb = min
{

CbYs
po

T 1/2 exp
(
− E

RT

)
, Cebuρ

ε

k
Ys, Cebuρ

ε

k

Yo

rs

(
Ysrs

Ysrs + Yfr

)}
, (3.11)

where Cf and Cb are model constants, pf and po are the partial pressures of fuel and
oxidizer, respectively, and ψ is the local equivalence ratio.

This greatly simplifies the processes involved, ignoring the detailed influences of
turbulence on soot formation and oxidation. However, Malalasekera was able to show
(figure 6) a good agreement between predictions and the measurements of Modak &
Croce (1977) for mass burning rates of square samples of polymethylmethacrylate of
varying area.

An even simpler global assumption is often of considerable assistance in under-
taking practical engineering estimates, particularly of thermal radiation. Markstein
(1984) observed that the well-known constancy of the fraction of total heat release
rate lost by radiation in buoyant diffusion flames of height-to-base ratio greater than
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Figure 6. Comparison of predicted and measured transient burning rates for PMMA fires of
different pool areas (Malalasekera 1988).

one, is well correlated by laminar ‘smoke point’ measurements. For flames at their
smoke point the competing mechanisms of soot formation and oxidation are in bal-
ance. The radiated fraction ranges from about 18% for methane to around 50% for
acetylene. It was also established that the rate of release of the incomplete products
of combustion (i.e. soot, tars, etc.) was similarly correlated, ranging from close to
zero for methane to around 30% for polystyrene and ethylene. These observations
allow the effects in the far field of radiant heat loss and incomplete combustion to
be accounted for, at least for well-ventilated fires.

(d) Thermal radiation

Radiation is usually the dominant mode of heat transfer in fires of any size. It is
this which provides the heat of gasification necessary to liberate fuel volatiles from
the condensed phase which on reaction with the oxygen in the entrained air releases
further heat to maintain and further enhance the process. Continuous luminous radi-
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ation from soot particulates and banded gaseous emissions from the product gases
contribute to this energy transfer. It enters the transport equation set only as a
source term in the energy conservation equation (2.5). This term is obtained from
approximations to the radiative transfer equation. The spectral radiation intensity,
Iλ, along a path of length, s, of a monochromatic pencil of ‘rays’ of wavelength λ
passing through an elementary control volume in the direction Ω is

∂Iλ
∂s

= −(aλ + sλ)Iλ + aλIb,λ +
sλ
4π

∫ 4π

Ω′=0
Iλ dΩ′, (3.12)

where aλ and sλ are spectral absorption and scattering coefficients, respectively; Ib,λ
is the spectral intensity of black body emission from within the volume. To determine
the local contribution to the energy conservation equation, this needs to be integrated
over all wavelengths and directions for each hydrodynamic control volume. Several
approximate methods have been devised for this purpose and have been incorporated
in simulations of fire (see, for example, Cox 1995).

The difficulty of predicting radiant heat transfer from a fluctuating medium has
already been illustrated by the example given by equation (3.2) and the preceding
discussion concerning soot. Again, both pragmatic and scientifically more rigorous
approaches can be adopted. Most practical calculations totally ignore the effects of
turbulent fluctuations in the scalar property fields and couple a calculation based
on time-mean properties to the turbulent flow-field calculation. By using either flux
methods or the discrete transfer model to solve the radiative transfer equation, rea-
sonable agreement can be demonstrated for predictions of the radiant heat flux to
the walls of enclosure fires at least remote from the fire itself.

For the fire source, laminar flamelet modelling studies have confirmed the qual-
itative features of equation (3.2). Faeth et al . (1985), for example, have shown for
a non-sooting hydrogen–air jet diffusion flame a doubling of the predicted radiation
intensities calculated by using only time-mean values due to turbulence-radiation
fluctuations. Their laminar flamelet predictions were within 30% of measurements,
tending to overestimate intensities. In studies of buoyant methane fire simulations,
using a two-step model for nucleation and growth for soot formation and a simple
model for residence times, Syed (1990) showed similar trends (figure 7), somewhat
overpredicting measured intensities of the non-luminous infrared radiation but accu-
rately predicting the visible and near infrared components of the continuous soot
emissions.

4. Solid-phase combustion

CFD has an important role to play in the prediction of the ‘reaction to fire’ of solid
combustibles. This is a particularly important area of fire-safety science since it is
central to the issue of the propagation of fire within enclosures. The physical orienta-
tion of a solid combustible will influence its rate of gasification under fire conditions.
For example, flames will spread much more rapidly upwards over a specimen of solid
‘fuel’ mounted vertically than over that same specimen when mounted horizontally.
The area of fuel thus involved in pyrolysis is determined by the response of the solid
to heat transfer from the gas phase.

The behaviour of the solid combustibles can be described by again applying the
conservation principles within the bulk of the solid, subject to the boundary con-
ditions set by the gas phase. For a porous solid, the mass continuity and energy
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Figure 7. Predicted and measured spectral radiant intensity along a horizontal line of sight
0.45 m above a 28 kW methane fire simulation (Syed 1990).

conservation equations will often be sufficient if the solid can be assumed to offer no
resistance to the flow of the gaseous pyrolysates from within its bulk.

Then the mass continuity equation is
∂ρs

∂t
+

∂

∂xj
(ρuj) = 0, (4.1)

where ρs is the instantaneous local density of the solid, and the energy conservation
equation is

∂

∂t
(ρscsTs) +

∂

∂xj
(ρujcpTs) =

∂

∂xj

(
ks

∂Ts

∂xj
− q̇R

)
−Hp

∂ρs

∂t
, (4.2)

where Hp is the endothermic heat of pyrolysis. The terms on the left-hand side of
equation (4.2) represent the unsteady accumulation of energy in the solid together
with the energy carried by the gas pyrolysates through the elementary control vol-
ume. The right-hand side comprises terms describing thermal conduction, the influ-
ence of in-depth absorption of thermal radiation and the energy lost in the phase
change. An Arrhenius pyrolysis rate equation closes the system of equations:

∂ρs

∂t
= −Bρs exp

(
Ta

Ts

)
. (4.3)

These equations can now be solved subject to the boundary condition at the solid
surface that

q̇′′net = −k
∂T

∂xj
, (4.4)

where q̇′′net represents the net heat transfer to the solid from the gas phase.
Extensive studies of this kind have been conducted by di Blasi et al . (1988) for

well-behaved materials such as polymethylmethacrylate and to a lesser degree wood,
but for many situations involving the kind of realistic furnishing and lining materials
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to be found in comfortable surroundings such as buildings and transport vehicles, a
rigorous analysis such as this is not a practical proposition. Physical effects such as
delamination, cracking and bubbling are not readily amenable to such a treatment
and a more pragmatic approach needs to be adopted. A new family of reaction-to-
fire bench-scale test methods developed with this purpose in mind is evolving which
permits a full coupling between gas and solid phases to be made, exploiting test data
obtained under standardized conditions.

This work is still in its infancy but figure 8 illustrates some recent predictions
obtained from such an approach by Zhenghua Yan and the author for the heat
released through an opening from a room lined with timber ‘particle board’. The
CFD modelling of heat transfer from a 100 kW gas burner fire to the room linings has
been coupled to bench-scale test data, obtained from a ‘cone calorimeter’, for lining
fuel mass release as a function of imposed heat flux. This calorimeter (see Babrauskas
1992) provides heat and mass evolution rates from 0.1 m×0.1 m specimens of material
at various levels of incident heat exposure. In the example illustrated, the test data
for imposed fluxes of 25 and 50 have been approximated by a single curve (figure 8b)
relating ‘fuel’ mass release rate with time. For simplicity, in this preliminary study,
the fuel has been assumed to be methane, which is evolved from the lining once the
surface temperature of the elemental area of timber particle board exceeds a critical
ignition temperature, here taken as 450 ◦C.

5. Conclusions

CFD is now widely recognized for its vital role in both fire-safety science and fire-
safety engineering. This has taken longer than in many other areas of engineering
science, partly because of the complexity of the topic but also because of an under-
standable inertia in embracing novel methods in a field which has a direct bearing
on life safety and where it is often felt prudent to ‘leave well alone’.

The degree to which sophistication is required in the submodels that describe
the influences of turbulence on reaction kinetics and radiant heat transfer depends
on the particular application. For many problems associated with the movement
of smoke, the greater complexity of the laminar flamelet and more sophisticated
closures is not required. If, in these applications, estimates of local CO concentrations
are needed then either the eddy-break-up model with reduced chemical schemes or
simple experimentally derived source terms can be exploited. However, if a faithful
prediction is required for conditions where the air supply to the fire is vitiated by its
own combustion products then more advanced models are necessary.

Similar conclusions can be drawn for gas-phase heat transfer and condensed-phase
combustion. While very detailed solutions can be obtained for the gasification of pure
homogeneous materials such as polymethylmethacrylate, these will, unfortunately, be
of little value when applied to practical building linings or contents which are often
composites which char, melt, crack and delaminate under fire conditions. For the
treatment of these, ‘test-based’ approaches need to be coupled to CFD calculations
for the gas phase. It is only CFD that is sufficiently general to be able to calculate heat
transfer in the wide range of geometrical scenarios of the real world. The coupling of
gas-phase CFD calculations to the response of solid-phase combustibles that are to
be found in furnished buildings or transport vehicles remains a very important area
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Figure 8. (a) Predicted and measured heat release rate for timer ‘particle board’ in a small room.
(b) Heat release rate for 0.1 m× 0.1 m sample of timber ‘particle board’ in cone calorimeter

of application which should help deliver a more robust ‘standardized’ fire-testing
regime for their selection and control.

There are still many areas of CFD that require development and improvement, par-
ticularly in the treatment of buoyant flows characteristic of fire. Turbulence modelling
will improve as second-moment closures eventually replace k–ε models in engineering
application. Large eddy and direct numerical simulations will provide insights into
the underlying physics involved. More faithful representation of chemical kinetics will
be incorporable as computer hardware continues to evolve at ever increasing pace.
In the author’s laboratory the number of numerical control volumes now being used
to study fire problems is five hundred times greater than in the late 1970s, reflecting
the substantial improvements in both computer speed and memory over the period.
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The scientific developments will occur encouraged by the continuing improvements
in hardware. The resulting tools will become more accessible to the practitioner
through computer-aided design man–machine interfaces. It will be for the profession
of Fire Safety Engineering to determine how it can use these new tools to achieve
safe and cost effective design.

Reproduced by permission of the Building Research Establishment Ltd.
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