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Abstract

A numerical method is developed for the transport of polychromatic radiation in polydisperse sprays. The method is implemented

within a wide-band radiation solver using the Finite Volume Method. Mie theory is used to compute the absorption and scattering

characteristics of the water droplets. The solver is designed to be computationally effective because the simulations of fire scenarios are

inherently time-dependent and the radiative transport equation must be solved many times. The model is compared with two sets o

experimental data, and a discussion of the results is presented.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal radiation plays a very important role in the
development of fires by preheating combustible materials
ahead of the flame front. This preheating increases the rate
of flame spread, often causing ignition of surfaces withou
direct flame impingement. Water-based fire suppression
systems, like sprinklers and water mist, can reduce the rate
of fire spread by blocking thermal radiation. Also, fire
fighters use water spray to protect themselves from therma
radiation during assaults on burning buildings.

Water droplets attenuate radiation by absorption and
scattering. The relative importance of these mechanisms
depends on the droplet size and the wavelength of the
radiation. For the fire protection performance of the spray
the geometrical dimensions and water density of the spray
are also important. To simulate the radiation transfer in
water sprays, one needs to calculate both the transport o
energy and the optical properties of the spray. The simples
technique to calculate the transport of energy is to use
Lambert–Beer law which assumes that the droplets are
totally absorbing or the scattering can be excluded
Ravigururajan and Beltran [1] used Lambert–Beer law
for the transport and simple correlations for the optica
f
.
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properties of the droplets to find the optimum droplet size
for the attenuation of fire radiation. Since the assumption
of pure absorption is not valid in most practical problems
more advanced schemes such as two-flux model [3–6], six
flux model [7] and discrete ordinates method (DOM) or
finite volume method (FVM) [8–13] have been developed
Mie theory is typically used for the calculation of the
optical properties [2]. It is generally valid for spherical and
isolated droplets. An early investigation of the efficiency o
large water droplets in the protection from heat radiation
was given by Thomas [3]. He derived the expressions for
the radiation transmissivity through the droplet cloud
using a two-flux model and the geometric optics. Coppalle
et al. [4] used a two-flux model and simple approximations
of the droplet optical properties allowing for a fas
computation of the radiation flux through a layer of water
mist. Log [5] used the method of Coppalle et al. to calculate
the attenuation of radiation in polydisperse water sprays by
assuming that the attenuation effects of the droplet size
groups are additive by nature. Yang et al. [6] used Mie
theory for the calculation of the absorption and scattering
coefficients and scattering phase functions of the water
droplets. The spectrally resolved optical properties of water
droplets were incorporated into the two-flux model. The
model was used to predict the radiation penetration o
a monodisperse water mist at different wavelengths
1
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Nomenclature

d droplet diameter, m
f normalized droplet number density function
I total intensity, Wm�2 sr�1

Il monocromatic intensity, Wm�3 sr�1

r droplet radius, m
s direction vector
x position vector
U combined total intensity, Wm�2

Greek symbols

O solid angle, sr
F scattering phase function

wf fraction of forward scattering
f azimuthal angle
l wavelength, m
k absorption coefficient, m�1

s scattering coefficient, m�1

y polar angle

Subscripts

b blackbody
m mean
n band-specific
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eramida et al. [7] used a six-flux model to predict the
ttenuation in polydisperse water mist. Contributions of
ifferent droplet sizes were taken into account by summing
he coefficients of a monodisperse spray over the local
roplet size distribution. Berour et al. [8] used Mie theory
nd DOM to investigate the performance of water curtains
n fire protection. By stationary simulations of both mono-
nd polydisperse water sprays in two-dimensional geome-
ry, they studied the effects of droplet size and water
urtain thickness on the transmittance and energy balance
f the water curtain. Jinbo et al. [9] studied the effect of
sotropic scattering approximation on the radiative heat
uxes and temperatures in stationary two-dimensional
ectangular media. By comparing the FVM results against
enchmark solutions, they concluded that the anisotropic
cattering has stronger effect on the relative error of heat
ux than the temperature profiles inside the media. Trivic
t al. [10] coupled the Mie theory with FVM and studied
he radiative transport in monodisperse particle clouds in
wo dimensions. Similar coupling was made for DOM by
olling et al. [11]. They divided the radiation spectrum to
3–367 bands and solved the RTE for each band in a two-
imensional domain to investigate the performance of
ater curtains. The use of gray assumption for radiation in
onodisperse particle clouds was studied by Consalvi et al.

12]. They also coupled the Mie theory with FVM, and
ound that the gray model provided correct results for an
ptical thickness less than 2. The reduction of false
cattering was studied in one-dimensional, anisotropically
cattering media by Liu et al. [13]. The false scattering
ppears in the numerical approximation of the in-scatter-
ng integral in DOM and FVM methods.
All of the above models have features that limit their

pplicability on practical fire simulations. Although the one
nd two-dimensional geometries provide good environment
or generation of general rules, like those for water curtains,
he practical fire scenarios are always three-dimensional.
he same applies for stationary models; the simulations of
re scenarios are inherently time-dependent, and the
V/2
adiation transport equation must be solved thousands of
imes for a given scenario. In addition, the coupling of the
ie theory and radiation transport scheme should simulta-
eously consider the whole spectrum of thermal radiation
nd distribution of different droplet sizes. The real
hallenge of the fire model development is to consider these
equirements while retaining the computational efficiency.
ince radiation typically accounts for about one-third of the
nergy transport in fires, convection making up the rest, it is
ogical to require that the computational cost of the
adiation solution should not exceed roughly one-third of
he overall cost of the calculation.
In this work, a wide-band radiation solver using FVM is

mplemented within a large eddy simulation fire model.
ie theory is used to compute the radiative properties of

he water droplets. The radiative properties of the spray are
hen computed by averaging the properties of individual
roplets over the spectrum and the droplet size distribu-
ion. For the fast computation, the spray radiative
roperties are pre-computed and tabulated as functions
f the mean droplet diameter. A simple approximation of
he scattering integral is developed to account for the
nisotropic scattering.

. Model description

.1. Large eddy simulation fire model

The radiation solver and the droplet algorithms de-
cribed in this paper have been incorporated into fire
ynamics simulator (FDS), a computational fluid dynamics
CFD) model of fire-driven fluid flow. The software is
eveloped at the National Institute of Standards and
echnology in co-operation with VTT (Finland). The
odel solves numerically a form of the Navier–Stokes
quations appropriate for low-speed, thermally-driven flow
ith an emphasis on smoke and heat transport from fires.
DS uses a large eddy simulation (LES) model for
urbulence. Unlike most Reynolds-averaged Navier stokes
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(RANS) solvers, the LES model solves the time scales of the
turbulent eddies and therefore requires the small time steps
bound by the CFL (Courant, Freidrichs, Lewy) condition
A full description of the model is given in Ref. [14].

2.2. Water droplets

The water spray is modelled as a Eulerian–Lagrangian
system, where the gas phase is solved using a Eulerian
method and the liquid phase is tracked as numerous
Lagrangian particles with mass, momentum and tempera
ture. The Eulerian–Lagrangian approach is currently used in
most multidimensional spray simulations because it is simple
to implement and computationally efficient [15]. Each
droplet, or ‘‘parcel’’, represents a large number of actua
droplets. For the statistical representation of the spray, the
properties of the parcels are randomly chosen from the given
droplet size and velocity distributions. The initial droplet size
distribution is expressed in terms of its cumulative volume
fraction (CVF), a function that relates the fraction of the
water volume (mass) transported by droplets less than a
given diameter. The CVF is here represented by a combina
tion of log-normal and Rosin–Rammler distributions [16]

F ðdÞ ¼

1ffiffiffiffiffiffi
2p
p

Z d

0

1

s d 0
e�
½lnðd0=dm Þ�

2

2s2 dd 0 ðdpdmÞ;

1� e�0:693
d

dmð Þ
g

ðdmodÞ;

8><
>: (1

where dm is the median droplet diameter, and g and s are
empirical constants equal to about 2.4 and 0.6, respectively
A stratified sampling technique is used for the sampling o
the droplets to avoid tracking too many of the numerous tiny
droplets and too few of the less numerous larger droplets. In
this technique, the range of droplet diameters is divided into
a discrete number of intervals. The number of samples from
each interval is the same, but the droplets are given weights
based on the total volume of the interval. In this work, five
intervals are used.

2.3. Wide band model for radiation

The attenuation of radiation is a well-known feature o
water (and other) sprays. The attenuation is caused by
absorption by the droplets and scattering. The radiation
droplet interaction must therefore be solved for both the
accurate prediction of the radiation field and the drople
energy balance. The radiative transport equation (RTE) for
spectral intensity Il passing through an absorbing/emitting
and scattering medium is

s � rIlðx; sÞ ¼ � klðxÞ þ slðxÞ½ �Ilðx; sÞ þ klðxÞIbðx; lÞ

þ
slðxÞ
4p

Z
4p
Fðs; s0ÞIlðx; s0ÞdO0, ð2

where Ib is the blackbody source function and Fðs; s0Þ is the
scattering phase function giving the scattered intensity
from direction s0 to s. Although the emission of water
droplets is usually much smaller than the absorption, it is
V/
included in the model for consistency and energy con
servation. The gas phase absorption and emission are here
neglected for simplicity but included in the computations
The computation of the gas phase radiative properties is
explained in Ref. [17].
In practical simulations the spectral dependence canno

be solved accurately. Instead, the radiation spectrum is
divided into a relatively small number of bands, and a
separate RTE is derived for each band by integrating
Eq. (2) over the band. The band specific RTEs are

s � rInðx; sÞ ¼ � knðxÞ þ snðxÞ½ �Inðx; sÞ þ knðxÞIb;nðxÞ

þ
snðxÞ

4p

Z
4p
Fðs; s0ÞInðx; s

0ÞdO0, ð3

where kn is the mean absorption coefficient inside the band
The source term can be written as a fraction of the
blackbody radiation

Ib;n ¼ F nðlmin; lmaxÞsT4
i =p, (4

where s is the Stefan–Boltzmann constant and lmin and
lmax are the limits of the n’th band. The calculation o
factors Fn is explained in Ref. [2]. When the integrated
intensities corresponding to the bands are known, the tota
intensity and combined total intensity are calculated by
summing over all the bands

Iðx; sÞ ¼
XNb

n¼1

Inðx; sÞ, (5

UðxÞ ¼
XNb

n¼1

UnðxÞ ¼
XNb

n¼1

Z
4p

Inðx; sÞdO. (6

To include the most important absorption bands o
water and CO2, the most important gaseous species in fire
simulations, six radiation bands are used. The limits of the
bands are shown in Table 1. Even with a reasonably smal
number of bands, the solution of Nb RTEs is very time
consuming. Fortunately, in most large-scale fire scenarios
soot is the most important combustion product controlling
the thermal radiation from the fire and hot smoke. As the
radiation spectrum of soot is continuous, a gray gas
behaviour can be assumed (Nb ¼ 1).

2.4. Averaging over the droplet size distribution

The local absorption and scattering coefficients are
functions of the local droplet size distribution:

klðxÞ ¼
Z 1
0

Nðr;xÞCaðr; lÞdr,

slðxÞ ¼
Z 1
0

Nðr;xÞCsðr; lÞdr, ð7

where Nðr;xÞ is the number of droplets having radius
between r and rþ dr at position x. The absorption and
scattering cross sections, Ca and Cs, are calculated using
Mie theory. In practical simulations, it is impossible to
perform these integrations at each position at every time
3



s
d
p
p

N

a
d
d

k

s

F
a

k

s

w
u
w
p
a
a

s
a
p
i
o
a
r
a
d
i
a

d

2

t
c

s
i
w
c
H
a
W
W

U

w
l
m

w
o
s
d

s

B
R

s

w
t

i
P
c
T
r

e

w

ARTICLE IN PRESS

Table 1

Limits of the spectral bands for a 6-band model.

Band 1 2 3 4 5 6

Soot CO2 Soot CO2 H2O, Soot

Major Species H2O, Soot Soot Soot

n (1/cm) 10000 3800 3400 2400 2174 1000 50

l (mm) 1.00 2.63 2.94 4.17 4.70 10.0 200
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tep. Instead, we assume that the local droplet number
ensity function has the same functional form regardless of
osition, with only the mean diameter varying from point to
oint. The local size distribution can now be expressed by

ðr;xÞ ¼ N 0ðxÞf ðr; dmðxÞÞ (8)

nd the local absorption and scattering coefficients can be
etermined by averaging over the initial droplet size
istribution function

lðxÞ ¼ N 0ðxÞ

Z 1
0

f ðr; dmðxÞÞCaðr; lÞdr,

lðxÞ ¼ N 0ðxÞ

Z 1
0

f ðr; dmðxÞÞCsðr; lÞdr. ð9Þ

or the numerical implementation, it is useful to write the
bove equation in the form

lðxÞ ¼ AdðxÞ

Z 1
0

f ðr; dmðxÞÞCaðr; lÞ

pðdmðxÞ=2Þ
2

dr,

lðxÞ ¼ AdðxÞ

Z 1
0

f ðr; dmðxÞÞCsðr; lÞ

pðdmðxÞ=2Þ
2

dr, ð10Þ

here Ad is the total cross sectional area of the droplets per
nit volume. We approximate AdðxÞ � rdðxÞ= 2rwdmðxÞ=3

� �
,

here rw is the density of water and rdðxÞ is the water mass
er unit volume, which is provided by the droplet tracking
lgorithm. The integrals of Eq. (10) can be calculated in
dvance and stored in tables for different values of dm.
The absorption and scattering cross sections and the

cattering phase function are calculated using the ‘‘MieV’’
lgorithm developed by Wiscombe [18]. The optical
roperties of water are taken from Ref. [19]. Mie theory
s generally valid for homogenous isotropic spherical
bjects embedded in a homogenous, isotropic, dielectric
nd infinite medium. As the current work considers
elatively low speed droplets in air, most of the above
ssumptions are valid. The interference between the
roplets can be neglected when the center to center spacing
s more than about 3 diameters. In terms of mean diameter
nd average spacing the interference condition is

mðxÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
N 0ðxÞ3

p
o

1

3
. (11)

.5. Approximation of the scattering integral

An accurate computation of the in-scattering integral on
he right-hand side of Eq. (2) would be extremely time
onsuming. It is here approximated by dividing the total 4p
V/4
olid angle into a ‘‘forward angle’’ dOl and the correspond-
ng ‘‘ambient angle’’ dO� ¼ 4p� dOl . For compatibility
ith the FVM solver, the forward angle is set equal to the
ontrol angle resulting from the angular discretization.
owever, the forward angle is assumed to be symmetric
bout the center of the corresponding control angle.
ithin the forward angle dOl , the intensity is Ilðx; sÞ.
ithin the ambient angle, it is approximated as

�
lðxÞ ¼

UlðxÞ � dOl Ilðx; sÞ

dO�
(12)

here UlðxÞ is the combined spectral intensity at wave-
ength l. The in-scattering integral can now be approxi-
ated as

slðxÞ
4p

Z
4p
Fðs; s0ÞIlðx; s0ÞdO0

¼ slðxÞ½wfIlðx; sÞ þ ð1� wf ÞU
�
lðxÞ�, ð13Þ

here wf ¼ wf ðr; lÞ is a fraction of incoming intensity
riginally within solid angle dOl that is scattered into the
ame angle dOl . An effective scattering coefficient is now
efined as

¯ lðxÞ ¼
4pAdðxÞ

4p� dOl

Z 1
0

f ðr; dmðxÞÞ 1� wf ðr; lÞ
� � Csðr; lÞ

pdmðxÞ
2=4

dr.

(14)

y using the above definition of s̄lðxÞ and integrating the
TE over the spectrum we get a band-specific RTE

� rInðx; sÞ ¼ � knðxÞ þ s̄nðxÞ½ �Inðx; sÞ þ knðxÞIb;nðxÞ

þ
s̄nðxÞ

4p
UnðxÞ, ð15Þ

here the source function is based on the average droplet
emperature within a cell.
During the simulation, the local values of kn and s̄n are

nterpolated from one-dimensional tables using dmðxÞ. A
lanck spectrum, used in the wavelength averaging, is
alculated using some appropriate value for temperature.
his ‘‘radiation temperature’’ T rad should be selected to
epresent the temperature of a radiating flame.
A formula for wf was previously derived by Yang

t al. [6].

f ðr; lÞ ¼
1

dOl

Z mx

0

Z mx

0

Z md;p

md;0

�
P0ðydÞ

1� m2Þð1� m02Þ � ðmd � mm0Þ2
� � dmddmdm0, ð16Þ
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where md is a cosine of the scattering angle yd and P0ðydÞ is
a single droplet scattering phase function

P0ðydÞ ¼
l2 jS1ðydÞj2 þ jS2ðydÞj2
� �

2Csðr; lÞ
(17

and S1ðydÞ and S2ðydÞ are the scattering amplitudes, given
by Mie theory. When wf is integrated over the droplet size
distribution in Eq. (14), it is multiplied by Csðr; lÞ. It is
therefore jS1j

2 þ jS2j
2, not P0ðydÞ, that is integrated. Some

examples of phase function P0ðydÞ are shown in Fig. 1, a
different values of droplet size parameter X � 2pr=l. A
small values of X the phase function is almost constan
over the scattering angle, and at high values the (large
droplets, small wavelength) the energy is scattered close to
the forward direction.

The integration limit mx is the cosine of the polar angle
defining the boundary of the symmetric control angle dOl

mx ¼ cosðyl
Þ ¼ 1�

2

NO
, (18

where NO is the total number of control angles. The limits
of the innermost integral are

md;0 ¼ mm0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m02

q
,

md;p ¼ mm0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m02

q
. ð19

One weakness of the modeling approach is that a higher
NO does not always imply better accuracy, because less and
less radiation is scattered into the forward control angle
That is, the direction information of the scattered energy a
angles y4yl is lost, and the energy is divided evenly over
the ambient angle dO�.

2.6. Numerical solution of RTE

The radiative transport (3) is solved using the finite
volume method (FVM) for radiation [20]. The intensities
on the cell boundaries are calculated using a first order
t
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Fig. 1. Normalized unpolarized phase function of a single droplet.

V/
upwind scheme. The solution method of the discretized
RTE is based on an explicit marching sequence [21], where
the physical space is swept in the propagation direction o
the intensity and the intensities can be solved explicitly
from an algebraic equation. Iterations are needed only to
account for the reflective boundaries and scattering
However, this is seldom necessary in practice, because o
the small time step needed by the fluid flow solver.
The spatial discretization for the RTE solver is the same

as for the fluid solver. The distribution of the angles is
based on empirical rules that attempt to produce equa
control angles dOl ¼ 4p=NO, where NO is the number given
by the user. The polar angle, y, is first divided into Ny

bands, where Ny is an even integer. Each y-band is then
divided into NfðyÞ parts in the azimuthal (f) direction
NfðyÞ must be divisible by 4. The number of y-bands is

Ny ¼ 1:17 N
1=2:26
O (20

rounded to the nearest even integer. The number o
f-angles on each band is

NfðyÞ ¼ maxf4; 0:5NO ½cosðy
�
Þ � cosðyþÞ�g (21

rounded to the nearest integer divisible by 4. y� and yþ are
the lower and upper bounds of the y-band, respectively
Finally, the exact NO is calculated as

NO ¼
XNy

i¼1

NfðyiÞ. (22

The angular discretization is symmetric with respect to
the planes x ¼ 0, y ¼ 0, and z ¼ 0. This symmetry has
three important benefits: first, it avoids the problems
caused by the fact that a first order upwind scheme is more
diffusive in non-axial directions. Second, the treatment o
symmetric boundaries becomes very simple. Third, i
avoids so-called ‘‘overhang’’ situations, where the sign o
the intensity direction vector components is changed inside
the control angle. These ‘‘overhangs’’ can make the system
of linear equations more complicated.
Computational cost is always an issue in time-dependen

simulations, especially in simulations that are bound by the
CFL condition. To reduce the cost of the radiation
solution, the radiation solver is typically not called a
every time step of the hydrodynamic solver. For time steps
where the radiation is not being updated, only the radiative
loss term must be updated to maintain the time accuracy o
the energy equation. More savings can be achieved by
updating only a fraction of the control angles for a given
call to the radiation solver. The effect of this kind of cos
reduction is demonstrated in Fig. 2. The upper figure shows
the time development of the combined total intensity U

inside a hydrocarbon pool flame in some arbitrary units
Fig. 2(b) shows similar results inside a water spray with
external radiation source. Local gas temperature and
droplet diameter are shown for reference. As can be seen
the cost reduction has a slight time-averaging effect. These
cost–saving measures should not be applied when the exac
5
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Fig. 2. The effect of the temporal and angular increments on the

combined intensity in (a) pool flame and (b) water spray. The units are

arbitrary. The radiation solver is called every DNt time steps of the

hydrodynamic solver and every DNO control angles are updated per call.
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1.
0 

m

Fig. 3. Schematics of the experiment of Murrel et al. [22].
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ime dependence of the turbulence-radiation interaction is
eeded. Numerical experiments have shown that for
ractical fire simulations, calling the radiation every 3 time
teps and updating 1 out of 5 control angles per call gives
cceptable results.

. Results and discussion

.1. Large-scale experiment

The first validation test is the simulation of experiment
onducted by Murrel et al. [22]. They measured the
ttenuation of thermal radiation passing through a water
pray using a heat flux gauge. The schematics of the system
re shown in Fig. 3. The radiation was produced by a heat
anel, one meter square, at 900 �C. The horizontal distance
rom the radiation panel to the spray nozzle was 2m and to
he measurement point 4m. The nozzles were positioned at
height 0.24m above the panel upper edge. The heat flux
V/6
auge was positioned at the line passing through the center
f the panel. The attenuation of radiation was defined as
q0 � qsÞ=q0, where q0 is the initial radiative heat flux,
easured without a spray, and qs is the heat flux measured
uring the spray operation. The purpose of the simulation
s to compare the measured and simulated attenuation of
adiation at different flow conditions.
The computational domain was 4m wide, 2m deep and
m high. The vertical and top boundaries were open, and
he bottom of the domain was a solid floor. The nozzle was
ositioned horizontally in the center of the domain at
eight 2.24m. Three different nozzles were simulated. Each
ozzle was a full-cone type industrial nozzle. The simula-
ions were performed at eight different flow rates.
In the experiments, Murrel et al. [22] did not measure the
ean droplet diameters in the vicinity of the nozzles, but
.7m below the nozzle, i.e. at the height of the heat flux
easurement point. The droplet size boundary condition

m (BC) was therefore determined by iterating dm (BC)
ntil the simulated and measured mean diameters at the
easurement location were equal, with a few percent
olerance. The iteration was performed for all nozzle-flow
ate combinations. The initial droplet size distribution was
ssumed to have the functional form of Eq. (1). The
easured and corresponding BC mean diameters are listed

n Table 2. For nozzle D, the measured mean droplet
iameter increased with increasing pipe pressure Dp

etween 1 and 3 bar, and then dropped sharply between
and 6 bar. The experimental results defy a commonly
sed scaling relation for water droplets, which states that

m / Dp�1=3 [23,24]. The measured mean diameters (shown
n parentheses) were therefore replaced by values that
ollow the trend found for nozzles A and B. For the
arameters g and s controlling the width of the droplet size
istribution, the default values 2.43 and 0.6 were used.
umerical experiments showed that attenuation results are
elatively insensitive to the small variations of g and s. The
roplet velocities on the inflow boundaries were set equal
o the measured vertical velocity component 0.7m below
he nozzle. At the chosen flow rates, the interference
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Table 2

Boundary conditions of the A, B and D nozzles

Nozzle A Nozzle B Nozzle D

Dp Flow dm (exp.) dm (BC) Flow dm (exp.) dm (BC) Flow dm (exp.) dm (BC)

(bar) (L/min) (mm) (mm) (L/min) (mm) (mm) (L/min) (mm) (mm)

1 0.350 268 353 1.40 392 552 2.60 691 768

2 0.550 175 190 1.83 266 398 3.75 327 (753) 420

3 0.625 110 110 2.00 167 212 4.50 276 (794) 377

4 0.700 104 104 2.25 162 209 5.00 235 (638) 295

5 0.750 102 102 2.50 115 120 5.75 200 (550) 236

6 0.875 102 102 2.75 126 140 6.00 182 225

7 0.950 93 93 3.00 156 212 6.75 178 219

8 1.00 126 126 3.25 148 186 7.50 160 185

Four of the nozzle D measurements (shown in parentheses) were assumed erroneous and replaced by values having the same trend as nozzles A and B.
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Fig. 4. (a) The effect of the angular discretization on change of combined

intensity. (b) The effect of grid cell size, NO and gas phase absorption on

the attenuation at the measurement point.
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condition (Eq. (11)) was satisfied in all parts of the
computational domain.

The sensitivity to the numerical and other parameters
was first studied. For angular discretization NO ¼ 1000
was found to be high enough, as can be seen in Fig. 4(a)
The figure shows the change of combined total intensity U

from its initial value U0 on the line passing through the
spray from the heat panel ðx ¼ �2mÞ to the heat flux
measurement point ðx ¼ 2mÞ. The spray nozzle D and
pressure of 4 bar were used for the tests. On the left-hand
side of the spray U first increases due to the scattering from
the spray. Strong attenuation is then seen at a distance o
0.4m inside the spray. The results are independent of the
size of the grid cells, as shown in Fig. 4(b), where the
attenuation at the different flow rates of nozzle D is plotted
for 10 and 5 cm grid cells. The same figure also shows tha
the use of multiple radiation bands and gas phase
absorption do not change the attenuation results consider
ably. For the calculation of the final results, the following
numerical parameters were used: 10 cm grid cells, 1000
control angles, only one spectral band (gray assumption
and no gas phase absorption. For each case, 15 s of rea
time was simulated and the attenuation results were time
averaged over the last 10 s. The simulation of 15 s required
about 160 s on a single 3.0GHz processor of a persona
computer. Without the cost-saving measures of the
radiation solver, i.e. if all the radiation directions
were solved at every time step, the required CPU time
was about 1380 s.

The measured and predicted attenuation results for al
three nozzles and flow rates are compared in Fig. 5. Since a
good general agreement was found for all three nozzles
and the results of the individual nozzles are well distinct in
the flow-rate vs. attenuation space, we can assume that the
model can properly take into account both the effect of the
water load and the effect of the droplet size distribution
Only the mid-range flow rates of nozzle B and the highes
flow rates of nozzle D show sizable discrepancies. These
discrepancies are probably caused by a combination o
measurement errors and model inaccuracy. The drople
V/
size measurements, in particular, are difficult to conduct in
large scale sprays. Some uncertainty is also related to the
simulation boundary conditions of the droplet size.
7
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Fig. 6. Schematics of the experiment of Dembele et al. [25].
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.2. Small-scale experiment

In the second validation exercise, the experiments of
embele et al. [25] were simulated. They measured the
ttenuation of a collimated radiation beam passing
hrough a water spray using a Fourier infrared spectro-
eter. The radiation source was a tungsten filament inside
silica tube. Its emission spectrum was close to that of a
lackbody at 1300 �C. The spray was produced with 1, 2 or
hydraulic nozzles arranged in a row, and the measure-
ents were made 20 cm below the nozzles at different flow
ates. The schematics of the scenario are shown in Fig. 6.
gain, only total intensity data are compared and the
pectral information available in the experiment is not
sed.
The simulations were performed at four different flow

ates. The computational domain was a 40 cm cube with
pen, constant-pressure boundaries. The nozzles were
laced 5 cm below the top of the computational domain,
nd the radiation source was located 20 cm below the
ozzles. A numerical grid of 20� 20� 20 cells was used for
he flow solver and 1000 angles for FVM. Six radiation
ands were used, but the gas phase absorption was
eglected. At each flow rate, at least 15 s of constant flow
as simulated to get a converged time-averaged value for
he attenuation. The uncertainty of the time-averaging
rocess is less than 10% for the attenuation results. A
imulation of 15 s with 6 bands took about 320 s on a single
.0GHz CPU. With only one band, the computation time
ould drop down to 90 s.
Modeling a collimated radiation beam is difficult with

he current implementation of FVM due to the symmetric
iscretization of the unit sphere into solid angles. To
lleviate the problem, the radiation source in this exercise
as modeled simply as a 4 cm by 4 cm rectangular surface,
adiating in all directions. Because the air surrounding the
V/8
ater spray was cool, practically transparent to radiation,
nd did not contain any scattering particles, it did not
ontribute to the predicted intensity field behind the spray.
herefore, the comparison with the measurements is valid
n the opposite side of the spray, but not in the other
irections.
Dembele et al. measured the droplet size distribution
0 cm below the nozzle for each flow rate. The droplet size
oundary conditions were determined using a procedure
imilar to the large scale scenario. Again, the droplet size
istribution function Eq. (1) was assumed, with default
alues for the width parameters g and s. The measured and
orresponding mean diameter boundary conditions are
iven in Table 3. For this exercise, the velocity of the
roplets at the inflow boundary was found from a simple
eometrically-based relationship between the flow velocity
nd distance. The cone angle of the nozzle was measured
rom the illustrations of Ref. [25], and set to 130�.
An example of the time-averaged spray pattern at a flow

ate of 0.22 L/min is shown in Fig. 7. The contours of the
roplet mean diameter dm are shown in the vertical plane
utting through the nozzle. The initial conical shape of the
pray is very soon squeezed to a vertical column by the
ntraining air. The core of the spray contains smaller
roplets than the edge because the larger droplets have
igher momentum and are not as easily entrained as the
maller droplets. This suggests that the droplet size
easurement just below the nozzle does not necessarily
epresent the size distribution of the whole spray.
In the radiation model, we approximate the local droplet

ize distributions by the initial functional form. The
alidity of this approximation is demonstrated in Fig. 8.
he droplet diameters were sampled from two locations of
simulated water spray. The number densities of the

ampled distributions are shown as vertical bars. The mass-
eighted mean diameters were calculated from the sampled
istributions, and corresponding theoretical density func-
ions (Eq. (1)) were drawn on the figure. As can be seen, the
pproximation holds well within the core of the spray, but
ails near the edge of the spray. Fortunately, the core area
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Table 3

Boundary conditions of the TG03 spray droplets

Flow rate dm (exp.) dm (BC) Velocity (BC)

(L/min/nozzle) (mm) (mm) (m/s)

0.14 187 264 0.33

0.22 135 187 0.51

0.28 115 155 0.65

0.33 104 140 0.75
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Fig. 7. Contours of the time averaged droplet mean diameter field at

0.22L/min flow rate. The co-ordinates correspond to the computational

domain used.
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V/
is much more important for the radiation attenuation
because the number density is higher there than at the edge
The approximation may also fail if the spray penetrates a
hot environment, because the evaporation rate depends on
the droplet radius, and probably affects the shape of the
size distribution.
In this scenario, the independence of the spatial and

angular resolutions is very difficult to achieve. The effect o
the spatial resolution was studied by reducing the cell size
from 2.0 cm to 1.0 cm. As a result, the attenuation in the
case of one nozzle at 0.14 L/min flow rate changed from
8.3% to 11.4%, with 10.0% being the experimental value
Unfortunately, the 1 cm grid cells could not be used for the
all cases due to the strong increase of computational cost
The effect of angular resolution is studied in Fig. 9 by
plotting the combined total intensity UðxÞ at the horizonta
line passing through the center of the radiation source a
different values of NO. Fig. 9(a) shows that UðxÞ �

450 kW=m2 close to the source and UðxÞ � 10 kW=m2 in
the spray region. For NOX1000, the absolute value seems
well converged but the change of the field from the initia
state in Fig. 9(b) shows no convergence even at NO ¼ 3000
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Table 4

Results of the TG03 spray simulation

Flow rate Attenuation (%)

(L/min/nozzle) 1 nozzle 2 nozzles 3 nozzles

Measured Predicted Measured Predicted Measured Predicted

0.14 10.0 8.3 12.3 16.5 17.3 23.5

0.22 18.6 18.0 25.2 32.4 34.0 43.0

0.28 26.4 26.3 35.9 43.3 46.8 58.1

0.33 33.8 32.1 44.9 51.0 57.3 65.4

S. Hostikka, K. McGrattan / Fire Safety Journal 41 (2006) 76–86 85
here are two reasons why the results are sensitive to the
ngular resolution. First, the radiation source is very small
ompared to the overall size of the domain. When 2 cm grid
ells are used, the radiation source is spanned by only four
ells. The second reason is that the radiation is monitored
t the line perpendicular to the source plane. Despite the
moothing effect of the numerical diffusion typical of a
rst-order solution scheme, the ray effect is practically
navoidable for this direction because the solid angles used
n the FVM solver do not overlap with the domain axis. As
result, a large number of solid angles may be needed to
each converged results at the axis perpendicular to the
mall source. Neither of the above reasons is directly
elated to the scattering solver, but to the applied angular
iscretization and FVM schemes. However, at this point
ne should remember that the numerical method to
alculate the forward scattering fraction wf is not fully
onsistent with the angular discretization, i.e. the accuracy
s not consistently improved when the number of control
ngles is increased. Therefore, the final results are given for

O ¼ 1000. In addition to the above, the spectral resolu-
ion (use of multiband model) was also found to be
mportant, especially in the case of low flow rate (optically
hin case). Since the difficulties associated with the grid and
ngular dependence are much related to the small radiation
ource, rarely found in fire simulations, the results should
rovide valuable information on the capability of the
odel to capture the underlying physical processes.
Finally, the measured and simulated attenuation results

re compared in Table 4. In the case of only one nozzle, the
greement is very good, taking into account the unavoided
ependence on the grid and angular resolutions. The root-
ean-square error between the predicted and measured
ttenuations is only 1.3%-units. When more nozzles are
ut between the source and the measurement point, the
ttenuation is clearly over-predicted. The root-mean-
quare errors for two and three nozzles are 6.4 and
.8%-units, respectively. One possible reason for the over-
rediction is the droplet coalescence, which is not taken
nto account by the model. Coalescence happens as a result
f the hydrodynamic interaction between adjacent sprays
25]. This explanation is supported by the finding that while
he predicted attenuations with two and three nozzles
ncrease roughly by factors two and three from the values
V/10
orresponding to the one nozzle, the experimental results
ncrease only by factors 1.3 and 1.8.

. Conclusions

A numerical model of radiation transport in polydisperse
ater spray has been described. The turbulent fluid flow is
odeled using a low Mach number large eddy simulation
nd liquid droplets are tracked using a Lagrangian
pproach. A finite volume method for radiation transport
s extended for the droplet absorption and scattering.
In transient engineering applications, the computational

fficiency is of equal importance to the accuracy of the
hysical models. Because of the limitations in computa-
ional speed, only a small sample of the droplet population
an be explicitly tracked, leading to inaccuracies in the
roplet size statistics needed for the absorption and
cattering routines. Stratified sampling techniques can be
sed to improve the accuracy of the sampled distributions.
n the radiation solver, the approximation of the incoming
ntensity by combined intensity U and the efficient use of
ook-up tables allow the reasonably accurate solution of
he droplet scattering with only a small additional cost.
The simulations of two validation scenarios showed that

he current model can predict the attenuation of thermal
adiation in water sprays when the hydrodynamic interac-
ion between the droplets is weak. Modeling of interacting
prays would require an implementation of the droplet
oalescence model, increasing the cost of the entire flow
alculation.

cknowledgements

The authors wish to acknowledge Dr. Jukka Vaari from
TT, and Dr. Howard Baum and Dr. John Widmann from
IST for the fruitful discussions and advice.

eferences

[1] Ravigururajan TS, Beltran MR. A model for attenuation of fire

radiation through water droplets. Fire Safety J 1989;15:171–81.

[2] Siegel R, Howell JR. Thermal radiation heat transfer, third ed.

Philadelphia: Hemisphere Publishing Corp; 1992.

[3] Thomas PH. Absorption and scattering of radiation by water sprays

of large drops. Brit J Appl Phys 1952;3:385–93.



.

,

f

.

.

e

:

.

f

e

t

t

r

t

l

.

,

t

-

l

-

/

t

e

-

l

:

e

e

l

r

r

r

ARTICLE IN PRESS
S. Hostikka, K. McGrattan / Fire Safety Journal 41 (2006) 76–8686
[4] Coppalle A, Nedelka D, Bauer B. Fire protection: water curtains

Fire Safety J 1993;20:241–55.

[5] Log T. Radiant heat attenuation in fine water sprays. In: Interflam

96, Seventh international fire science and engineering conference

Interscience Communications; 1996, p. 425–34.

[6] Yang W, Parker T, Ladouceur HD, Kee RJ. The interaction o

thermal radiation and water mist in fire suppression. Fire Safety

J 2004;39:41–66.

[7] Keramida EP, Karayannis AN, Boudouvis AG, Markatos NC

Numerical modeling of radiant heat attenuation through water mist

Combust Sci Technol 2000;159:351–71.

[8] Berour N, Lacroix D, Boulet P, Jeandel G. Radiative and conductiv

heat transfer in a nongrey semitransparent medium. Application to

fire protection curtains. J Quant Spectrosc Radiat Transfer 2004;86

9–30.

[9] Jinbo H, Liming R, Heping T. Effect of anisontropic scattering on

radiative heat transfer in two-dimensional rectangular media

J Quantit Spectrosc Radiat Transfer 2003;78:151–61.

[10] Trivic DN, O’Brien TJ, Amon CH. Modeling the radiation o

anisotropically scattering media by coupling Mie theory with finit

volume method. Int J Heat Mass Transfer 2004;47:5765–80.

[11] Collin A, Boulet P, Lacroix D, Jeandel G. On radiative transfer in

water spray curtains using the discrete ordinates method. J Quanti

Spectrosc Radiat Transfer 2005;92:85–110.

[12] Consalvi JL, Porterie B, Loraud JC. On the use of gray assumption

for modeling thermal radiation through water sprays. Numer Hea

Transfer, Part A 2003;44:505–19.

[13] Liu LH, Ruan LM, Tan HP. On the discrete ordinates method fo

radiative heat transfer in anisotropically scattering media. Int J Hea

Mass Transfer 2002;45:3259–62.

[14] McGrattan KB, Baum HR, Rehm RG, Forney GP, Floyd JE, Prasad

K, Hostikka S. Fire dynamics simulator (Version 3), Technica

Reference Guide, Technical Report NISTIR 6783, 2002 edition

National Institute of Standards and Technology, Gaithersburg

Maryland, November 2002.
V/
[15] Are S, Hou S, Schmidt DP. Second-order spatial accuracy in

Lagrangian–Eulerian Spray Calculations. Numer Heat Transfer, Par

B 2005;48:25–44.

[16] Chan TS. Measurements of water density and droplet size distribu

tions of selected ESFR sprinklers. J Fire Prot Eng 1994;6(2):79–87.

[17] Hostikka S, McGrattan KB, Hamins A. Numerical modeling of poo

fires using LES and finite volume method for radiation, In: Fire safety

science—proceedings of the seventh international symposium. Inter

national Association for Fire Safety Science; 2003, p. 383–94.

[18] Wiscombe W. Mie scattering calculations: advances in technique and

fast, vector-speed computer codes, NCAR Technical Note NCAR

TN-140+STR, National Center For Atmospheric Research, 1979

(revised 1996).

[19] Hale GM, Querry MR. Optical constants of water in the 200 nm to

200mm wavelength region. Appl Opt 1973;12:555–63.

[20] Raithby GD, Chui EH. A finite-volume method for predicting

radiant heat transfer in enclosures with participating media. J Hea

Transfer 1990;112(2):415–23.

[21] Kim SH, Huh KY. Assessment of the finite-volume method and th

discrete ordinate method for radiative heat transfer in a three

dimensional rectangular enclosure. Numer Heat Transfer, Part B

1999;35:85–112.

[22] Murrel JV, Crowhurst D, Rock P. Experimental study of the therma

radiation attenuation of sprays from selected hydraulic nozzles. In

Proceedings of Halon options technical working conference. Th

University of New Mexico: Albuquerque; 1995. p. 369–78.

[23] You H. Investigation of spray patterns of selected sprinklers with th

FMRC drop size measuring system. In: Fire safety science—

proceedings of the first international symposium. Internationa

Association for Fire Safety Science; 1986. p. 1165–76.

[24] Widmann JF. Phase Doppler interferometry measurements in wate

sprays produced by residential fire sprinklers. Fire Safety

J 2001;36(6):545–67.

[25] Dembele S, Wen JX, Sacadura J-F. Experimental study of wate

sprays for the attenuation of fire thermal radiation. J Heat Transfe

2001;123:534–43.
11


	P683 Paper_I_.pdf
	Probabilistic simulation of fire scenarios
	Introduction
	Setting the problem
	Goal of the paper

	Monte Carlo simulation
	Fire modelling
	Results and discussion
	Cable tunnel fire scenario
	Electronics room fire scenario

	Summary
	Acknowledgements
	References


	P683 Paper_II_.pdf
	MAIN MENU
	--------------------------------------------------------------------
	Preface
	International Association for Fire Safety Science
	Award Recipients
	In Memoriam
	Symposium Committees
	Reviewers
	Session Chairs
	Opening Address
	Table of Contents
	--------------------------------------------------------------------
	EMMONS PLENARY LECTURE
	INVITED LECTURES
	Structures in Fire, Yesterday, Today and Tomorrow
	Sleep and Fire: Who is at Risk and Can the Risk be Reduced?
	Fire Modeling: Where Are We? Where Are We Going?
	Progress of Fundamental Fire Research in China
	Fire Risk Analysis: Its Validity and Potential for Application in Fire Safety
	Fire Retardant Polymer Materials New Perspectives
	Fire Situation and Development of Fire Safety Science and Technology in China

	IGNITION
	Transition from Forward Smoldering to Flaming in Small Polyurethane Foam Samples
	A Theoretical Investigation of Surface Glowing Ignition Leading to Gas Flaming Autoignition
	Validation of CFD Model for Simulation of Spontaneous Ignition in Bio-mass Fuel Storage
	Operator Independent Ignition Measurements

	STRUCTURAL FIRE PERFORMANCE
	The Behaviour of Multi-storey Composite Steel Frame Structures in Response to Compartment Fires
	Experiments and Modeling of Unprotected Structural Steel Elements Exposed to a Fire
	The Behaviors of H-section Steel Beam in Fire
	Load-bearing Capacity of H-shaped Steel Columns under Local Buckling at Elevated Temperature
	Load-carrying Behavior of Unstiffened Elements at Elevated Temperatures in Fire
	A Model for Prediction of Temperature in Steel Structure Protected by Intumescent Coating, based on Tests in the Cone Calorimeter
	An Investigation on Fire Performance of FRP-strengthened R/C Beams
	Effect of Top Reinforcing on the Fire Performance of Continuous Reinforced Concrete Beams
	Fiber-reinforced High-strength Concrete under Elevated Temperature―Effect of Fibers on Residual Properties
	Fire Performance of Timber Structures under Natural Fire Conditions
	Fire Resistance of Exterior Walls: Model and Full-scale Test
	Structural Fire Design of Timber Structures According to Eurocode 5
	Assessment of Performance-based Requirements for Structural Design
	Fire Test on a Non-heat-resistant Fireproof Glass with Down-flowing Water Film

	PROBABILITY & STATISTICS
	A Statistical Method to Evaluate Fire Risks in Non-residential Buildings in Japan
	Analysis of Fire Statistics of China: Fire Frequency and Fatalities in Fires
	Fire Incident Characteristics of a Densely Populated Oriental Urban City
	Lithium Ion Battery Fire and Explosion

	FLAME SPREAD
	A Numerical Model for Ceiling Flame Spread beneath a Combustible Board with Charring Material
	Diffusion Flames Upwardly Propagating over PMMA: Theory, Experiment and Numerical Modeling
	Upward Flame Spread: The Width Effect
	Effect of Radiation Models on CFD Simulations of Upward Flame Spread
	Transport of Disk-shaped Firebrands in a Turbulent Boundary Layer
	Approximate Analytical Solutions for the Transient Mass Loss Rate and Piloted Ignition Time of a Radiatively Heated Solid in the High Heat Flux Limit
	Flame Spread and Extinction over Thermally Thick PMMA in Low Oxygen Concentration Flow
	From Bench-scale Test Data to Predictors of Full-scale Fire Test Results
	Opposed Flame Spread in Narrow Channel Apparatus to Assist in Suppression Studies
	An Example of the Use of Standard Flammability Criteria for Performance Analysis of Materials: Polycarbonate and PMMA

	HUMAN BEHAVIOR
	Statistical Modelling of the Effect of Alcohol and Sound Intensity on Response to Fire Alarms
	An Investigation into Staff Behaviour in Unannounced Evacuations of Retail Stores - Implications for Training and Fire Safety Engineering
	A Stochastic Approach to Occupant Pre-movement in Fires
	Human Behaviour in Tunnel Fire Incidents

	EVACUATION
	A Proposal for the Goals and New Techniques of Modelling Pedestrian Evacuation in Fires
	Coloured Flashing Lights to Mark Emergency Exits - Experiences from Evacuation Experiments
	Agent-based Dynamic Model for Pedestrian Counter Flow
	Characteristics of Merging Occupants in a Staircase
	A Refined Concept on Emergency Evacuation by Lifts
	An Examination of Feasibility of Elevator Evacuation Based on Risk Assessment

	BURNING RATES
	Modeling Solid Sample Burning
	Study on Melting Behavior of Polymers during Burning
	The Thick and Thin of Burning Nano-clay-nylon Composites
	A Vaporization Rate Model for Flammable Liquid Pool under Vertical Air Jet Impingement
	Burning Analysis of Motor Scooters
	Numerical Study on Indoor Fire of Leaked Gaseous Fuel
	Smoldering Combustion of Horizontally Oriented Polyurethane Foam with Controlled Air Supply

	SUPPRESSION
	Friction Factors for Pipe Flow of Xanthan-based Concentrates of Fire Fighting Foams 
	Dynamic Surface and Interfacial Tension of AFFF and Fluorine-free Class B Foam Solutions
	Study on Three-phase Foam for Preventing Spontaneous Combustion of Coal in Goaf
	Application of Water Mist to Extinguish Large Oil Pool Fires for Industrial Oil Cooker Protection
	Numerical Modeling of the Effect of Fine Water Mist on the Small Scale Flame Spreading Over Solid 
	Application of a Fixed Water Mist System in a Power Transformer Room 
	A Numerical Study of Water Dump in Aerial Fire Fighting
	A Study on Extinction of RDF (Refuse Derived Fuel) Pile
	Study on the In-situ Coating by Octadecylamine of Pyrotechnically Generated Aerosol Particles for Fire Suppression
	Maintenance Testing of Sprinkler Heads: Qualitative Analysis Causes of Failures
	Actual Delivered Density Fire Test Apparatus for Sprinklers Protecting High Commodity Storage

	BURN HAZARDS
	A Fabric Burn Hazard Protection Evaluation System

	WILDLAND FIRES
	A Simple Physical Model for Forest Fire Spread Rate
	Experimental Modeling of the Effect of Terrain Slope on Marginal Burning

	RISK ANALYSIS
	Development and Case Study of a Risk Assessment Model CUrisk for Building Fires
	Quantified Levels of Risk to Life Safety in Deemed-to-satisfy Apartment Buildings
	Repeatability Tests of a Fire Risk Index Method for Multi-storey Apartment Buildings
	Risk-based Attestation of Fire Safety of Wooden Façades in Concrete-framed Residential Multistory Building

	FLAMES
	Characterizing Turbulent Ceiling Jet Dynamics with Salt-water Modeling
	Experimental Investigation of the Velocity Field in Buoyant Diffusion Flames Using PIV and TPIV Algorithm
	Flow Structure of a Fixed-frame Type Fire Whirl
	Large-eddy Simulation of a Large-scale Methane Pool Fire
	On the Numerical Modeling of Buoyancy-dominated Turbulent Fires by Using Large Eddy Simulation
	Effect of Fuel Sootiness on the Heat Fluxes to the Walls in Enclosure Fires
	Flame Heat Transfer between Parallel Panels

	TOXIC HAZARD
	Effect of Oxygen Concentration on the Carbon Monoxide Yields from Methane and Methanol Flames
	Formation of Dioxin during Smoldering of CCA Treated Wood Char
	FTIR Investigations of Toxic Gases in Air Starved Enclosed Fires
	Toxicity Assessment of Products of Combustion of Flexible Polyurethane Foam
	Correlation of Toxic Product Yields from Tube Furnace Tests and Large Scale Fires
	Environmental Assessment of Fires in Products Using the Fire-LCA Model
	Sampling and Quantitative Analysis of Smoke during a Fire Spreading Through a Mediterranean Scrub
	Calculation Method for Visibility of Emergency Sign in Fire Taking into Account of Smoke Adhesion

	FIRE CHEMISTRY
	Compensation Effects in the Non-isothermal Pyrolysis of Wood
	Performance of Cables Subjected to Elevated Temperatures
	Combustion Characteristics of Nano HydrotalciteFlame Retarded Ethylene Vinyl Acetate Copolymer
	Synergism Between Deca-brominated Flame Retardants and Nano-dispersed Clay in HIPS Composites

	COMPARTMENT FIRES
	Full-scale Fire Experiment on a Typical Passenger Train
	Heat Release Rates of Fully-developed Fires in Railcars
	Experimental Study of Backdraft in a Compartment with Different Opening Geometries and its Mitigation with Water Mist
	A Comparison between Observed and Simulated Flame Structures in Poorly Ventilated Compartment Fires
	Fire Environment in Partially Vented Automobile Crash Fires
	Experimental Study of Burning Rate Behaviour in Confined and Ventilated Fire Compartments
	Generalizations on Compartment Fires from Small-scale Experiments for Low Ventilation Conditions
	Two-model Monte Carlo Simulation of Fire Scenarios
	Validation of a Network Fire Model Using the Ex-Shadwell Submarine Ventilation Doctrine Tests
	Modeling Smoke Visibility in CFD
	Fire Development in a Deep Enclosure
	The Impact of Location and Ventilation on Pool Fire in a Compartment
	Use of a Numerical Tool to Assess the Impact of the Means of Measurement on Fire

	SMOKE CONTROL
	Benefits of Field Modelling for Smoke Control Assessment in Large Volume
	Smoke Control using a Double-skin Facade

	EXPLOSIONS
	Duct-vented Propane/Air Explosions with Central and Rear Ignition
	Experimental and CFD Investigations on Compartment Explosion with Ignition and Fuel Sources Located in Different Compartment
	Investigation on External Explosions during Venting
	Large Eddy Simulation Modeling of Turbulent Deflagrations

	MEASUREMENT METHODS
	Temperature Field-monitoring Using Ultrasonic CT
	Surface Temperature Measurement in a Fire Environment Using an Infrared Pyrometer
	Heat Flux Pipe in Large-scale Fire Tests
	Application of Building-scale Calorimetry

	TUNNEL FIRES
	Full Scale Experiments on Studying Smoke Spread in a Road Tunnel
	Contribution to the Control of Fire-induced Smoke Flow in Longitudinally Ventilated Tunnels
	Smoke Movement Characteristics and Fire Safety in Subway Stations
	Acoustic Considerations Regarding Pulsations during Large-scale Fire Tests in a Tunnel
	Computational Fluid Dynamics of Hot Current from a Fire Source near a Tunnel Wall
	Fire Development in Large Tunnel Fires
	Modelling Fire Size and Spread in Tunnels

	DETECTION
	A Contribution to the Simulation of the Process of Fire Detection
	Experimental Study on Response Sensitivity of Smoke Detectors in High Flow Velocity
	Numerical Prediction of Smoke Detector Activation Accounting for Aerosol Characteristics
	Research on Evaluation of Fire Detection Algorithms
	Research on Early Fire Smoke Movements and Detection Method in Stable Thermally Stratified Environments
	Vision Based Fire Detection Using Mixture Gaussian Model
	A Video-based Cargo Fire Verification System for Commercial Aircraft: Design and Test Methods

	POSTER ABSTRACTS
	Development of Interactive Fire Simulator by Using Walkthrough Virtual Reality Model
	Water Screen as Partitioning Technology
	Water Screen Fire Disaster Prevention System
	Effectiveness and Thermal Breakdown Products of Fire Suppression Agents 
	Waking Effectiveness of Audible, Visual, and Vibratory Emergency Alarms across all Hearing Levels
	A Physical Model of Fire Spread in Forest for Management Tools
	Further Measurements of Fire Spread through a Room with Polyurethane Foam Covered Walls
	The Influence of Longitudinal Ventilation on Flame Spread Between Vehicle Fires in Tunnels
	Initial Investigation of ‘Smoke-Over’ - A New Tunnel Fire Dynamics Phenomenon
	Preliminary Studies on the Effects of Longitudinally Non-uniform Temperature Distribution on Steel Beams
	Two-step Consecutive Reaction Model and Kinetic Parameters Relevant to the Decomposition of  Chinese Forest Combustibles in Air
	Numerical Study of the Air Intake System for the CSIRO New Fire Laboratory
	Investigation of Pulsating Behaviour of Buoyant Fires by Using Large Eddy Simulation (LES) Approach with Soot and Radiation
	Fire Response of Gypsum Board and Wood Framing
	Mechanism of Surface Flash over Napped Fabrics
	Two-color Pyrometry for Soot Volume Fraction and Temperature Measurements in a Flat Plate Laminar Diffusion Flame in Microgravity
	Characteristics of Spontaneous Ignition of Refuse Derived Fuel Piles
	Energy Balance in a Large Compartment Fire
	Fire Spread Simulation in 1976 Sakata Fire
	An Investigation on Personal Characteristics' Influence on Human Pre-evacuation Behavior in Fire 
	CFD Simulation of Urban Fire Coupled with Firebrand Scattering
	Quantitative Risk Analysis for the Response of Steel Beam in Fires
	Prediction of Fire Severity in Long, Narrow Enclosures
	Online Measurement of HCl Concentration in Fire Smokes
	Simple Numerical Model for Backdraft Risk Assessment
	Pooling Resources in Fire Safety Engineering Education - The IAFSS Education-subcommittee Website
	ESFR Sprinkler Protection of Class II Commodity in Cold Storage Warehouses Using Propylene Glycol Anti-freeze Agent
	Thermal Properties for Material Decomposition Modeling
	The DIVA “Multi-room” Experimental Facility and the DIVA-0 Program
	Yields of Toxic Decomposition Products of Burning Whole Cables According To IEC 60695-7-50 and BS 7990 Standards
	Application of Soft Computing Techniques to Compartment Design for Fire Safety
	Evaluation and Optimization of the Additives on the Fire Suppression Effectiveness of Water Mist
	Forest Fire Environment and Occurrence in China
	A Model for the Optimization of Evacuation Planning in Building
	A Quantitative Predictive Model of Pre-Evacuation Human Behavior in Domestic Building Fire Based on SMO Algorithm
	Life Safety Issues in Tunnel Fires
	The Effect of Smoke Temperature on CO Yield in Fires and Fire Tests
	An Approach to Modeling Flame Spread over Polyurethane Foam-covered Walls
	Urban-Wildland Fires: On the Ignition of Fuel Beds by Firebrands
	Fire Performance of a Non-load Bearing Steel Stud Gypsum Board Wall Assembly
	Energetic Materials and the Fire Problem
	Analysis on the Risk of Residential Fires by Type of Houses under Aged Society-Study on Measures for Mitigating the Risk of Residential Fires and Fire Fatalities
	Invisible Information Imposed Monitoring System
	CFD Modeling of Smoke Movement in Subway Stations - Validity of the Modeling by Experiments and Application for the Assessment of Effectiveness of Fire Safety Measures
	Fire Performance of Multi-storey Wooden Facades
	Influence of Global Equivalence Ratio on Soot Volume Fraction and Size Distribution
	Design Methods for Overall Buckling of AluminumAlloy Columns at Elevated Temperatures
	Heat of Gasification of Char Forming Materials
	Simulating the Coupled Fire-Thermal Structural Response of Complex Building Assemblies
	Analysis on the Performance of Optimum Fire-fighting Operation against Simultaneous Multiple Post-earthquake Fires
	Particle Size Measurement of Fire Smoke Based on Multiwavelength and Multiangle Light Scattering Method
	Fire Experiment at Field Scale: Effects of Wind Turbulence on Radiant Heat Transfer
	Experimental Study on Nuisance Alarms of Smoke Detectors Caused by Steam
	Fire Spread Mitigation for Closely-Spaced Houses
	Simulation Method for Evacuation Reliability under Building Fire Based on Artificial Neural Networks
	On the Distribution and Danger Rating of City Fires in Huludao City
	A CFD-based Methodology to Predict Flame Spread and Toxic Products Using Bench-scale Test Data
	Estimation of the Direct Carbon Emissions from Chinese Forest Fires
	Movement of Fire Smoke and Its Hazard in a Long-hallway Building Structure
	Characterizing of Design Fires for Clothing Stores
	Study on the Effect of Color in Wayfinding during Emergency Evacuation

	--------------------------------------------------------------------
	Author Index
	Subject Index
	--------------------------------------------------------------------
	CD Help
	Acrobat Help
	Search
	Print

	P683 Paper_IV_.pdf
	Page deleted
	Numerical Modeling of Pool Fires Using LES and Finite Volume Method for Radiation

	Page deleted
	Fire Resistance of Wood-Framed Exterior Walls: The Effect of An External Air Cavity and External Insulation


	P683 aper_V_.pdf
	Numerical modeling of radiative heat transfer in water sprays
	Introduction
	Model description
	Large eddy simulation fire model
	Water droplets
	Wide band model for radiation
	Averaging over the droplet size distribution
	Approximation of the scattering integral
	Numerical solution of RTE

	Results and discussion
	Large-scale experiment
	Small-scale experiment

	Conclusions
	Acknowledgements
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.2
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




