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ABSTRACT

The original turbulent energy cascade of eddy dissipation concept (EDC)
has been extended to the LES framework, assuming that there is always a
structure level on which the typical length scale is equivalent to the filter width
of large eddy simulation (LES). The velocity scale on this structure level could
be calculated from the sub-grid scale (SGS) kinetic energy, provided that this
kinetic energy transport equation is solved in LES. All other quantities would
thus be calculated on this structure level according to the general formulations
from the original turbulent energy cascade. Based on this known structure level,
the total kinetic energy and dissipation rate could be estimated with the integral
length scale being assumed to be equivalent to the characteristic length of fire

plume. Consequently, the Kolmogorov time scale and the integral time scale

could also be calculated and then applied in the soot model development.

The laminar based smoke point soot model (SPSM) is also extended to
the LES framework. The filtered soot mass fraction transport equation is solved

with the thermophoresis term neglected. The filtered soot formation rate is

treated using the concept of partially stirred reactor (PaSR). This rate is thus
associated with the laminar based soot formation rate substituted with the filtered
properties through the expression of x. Note that in x the soot formation
chemical time scale is assumed to be proportional to the laminar smoke point
height (SPH) while its turbulent mixing time is supposed to be the geometric
mean of the Kolmogorov time scale and integral time scale. Furthermore, a new
soot oxidation model is developed by imitating the gas phase combustion model,

1.e. EDC, as the soot particles are assumed to be the solid phasc of the fuel. Note



that the turbulent mixing time scale for soot oxidation has been chosen to be the
same as soot formation. The soot formation and oxidation models are coupled to

treat the effect of soot on the fuel distribution and energy transport.

The approaches to calculate flame height, radiative fraction, and surface
emissive power (SEP) have also been developed for sooty flames. The models
and approaches mentioned above are implemented into FireFOAM, which is a
fully compressible solver based on the platform of OpenFOAM. A series of fire
scenarios, involved with different fuels including methanol, methane, heptane
and toluene, and with different scales ranging from 30 cm to 56 m, are performed
for validation studies. The detailed comparisons, such as mean velocity and its
fluctuation, mean temperature and its fluctuation, soot volume fraction and its

fluctuation, turbulent heat flux, time scales and length scales, flame height,

radiative fraction, SEP and so on, between predictions and measurements

demonstrate the capability of the current models.
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Chapter 1

Introduction

1.1 BACKGROUND

Fire hazard, causing human death and property damage, is a very big
threat to our society. It is reported in [1] that in the lifetime of a person in US,
about 1 in 800 will die by fire, and the economical loss due to fires is estimated
to be 0.81 % of the annual GDP for most developed countries. In China, the
number of fire incidents in 2011 is reported as 125,402 with the fire deaths of
1106 and the direct economical loss of 1.88 billion Yuan [2]. Therefore, it is very
important to understand the fundamentals of fire phenomena, and to reduce the

fire related losses.

There are mainly two approaches to study the fire dynamics. One
approach is conducting fire tests, including full scale fire tests and reduced scale
fire tests. One could observe fire behaviours directly from experiments, measure
important quantities, and then evaluate the potential threats. So far a lot of
experimental studies have been performed in the fire community, and indeed
those efforts have made great contributions to the fire science. However,

sometimes experimental work is costly, particularly the full scale real fire tests.

The other approach is performing numerical simulations, based on the
solution of relevant governing equations. This has become more and more

popular with the development of computer science and technology. This



approach is believed to be more cost effective than the experimental approach.
For example, we could easily change the initial and boundary conditions in the
numerical work. However, this approach is not as reliable as experiments at
present, as its performance depends on the quality of the numerical models and
competence of the investigator. Hence, there is still some argument about the role
of numerical simulations in fire research. Although numerical simulations could
not totally replace experiments at present, they can help us gain a better insight

into fire dynamics.

This thesis focuses on numerical simulations of fire dynamics. Fire
dynamics is characterized by the complex interaction of several major physical
processes including buoyancy-driven flow, turbulence, non-premixed
combustion, soot production as well as radiative heat transfer. Models are needed
to better account for these physical processes, as at present we cannot afford to
solve the governing equations similarly like direct numerical simulation (DNS)
in most fire scenarios. The aim of this thesis is to develop a robust model for the
consideration of gas phase combustion and of soot production in fires, in the
framework of large eddy simulation (LES) which is becoming increasingly

popular.
1.2 OUTLINE OF THE THESIS

In Chapter 2, the original eddy dissipation concept (EDC) combustion
model will be extended from Reynolds-averaged Navier-Stokes (RANS) to the
LES framework, according to the turbulent energy cascade from the large eddies
down to the small eddies. The turbulent scales, such as integral time scale and

Kolmogorov time scale, would be calculated based on this extension, which are



important quantities to characterize the gas phase combustion, soot formation,
and oxidation. Moreover, a new formula will be developed for the reacting
fraction of fine structures in EDC, in order to tackle some problems due to the

original expression. A formula for the mass fraction of fine structures will also be

modified.

In Chapter 3, a laminar smoke point soot model (SPSM) will be extended
to the LES framework. Soot formation is accounted for by using the partially
stirred reactor (PaSR), in which the turbulent mixing time scale is assumed to be
the geometric mean of integral time scale and Kolmogorov time scale, both
calculated from the newly developed EDC. Moreover, the chemical soot
formation time scale will be assumed to be proportional to the laminar smoke
point height. A new soot oxidation model will be developed, as the original pre-
described constant or profile would give rise to non-physical soot volume

fraction distributions, as well as the numerical instability.

In Chapter 4, the radiation model will be described, with the finite
volume method (FVM) being used to discretize the radiative transfer equations
(RTE). Optically thin assumption is adopted for the optically thin flames, such as
methanol and methane fires, and therefore the incident radiation will be
neglected to avoid the resolution of RTE on the spectral bands. For other flames,
the grey body assumption will be employed, and the essential total absorption
coefficient, including gas absorption coefficient and soot absorption coefficient,
need to be determined. Three different methods to calculate the surface emissive

power (SEP) will be described.

In Chapter 5, the governing equations for mass, momentum, gas species,
soot and sensible enthalpy will be presented, in particular the treatment of the

3



soot effect on the energy and fuel distribution. Special treatment of pressure will
be considered for the fire scenarios in the cross wind. The approaches to
determine the flame height, radiative fraction and flame tilted angle will also be

described in this chapter as well as the cross wind inlet boundary condition.

In Chapter 6, detailed results and discussions will be presented for a
series of small/medium scale methanol, methane, heptane, and toluene fires. Not
only the traditional properties, such as temperature, velocity, and soot volume
fraction, but also the turbulent quantities, like fluctuations, integral scales,
dissipation rate and kinetic energy, will be analyzed in order to understand

thoroughly the capability of those new developed models.

In Chapter 7, detailed results and discussions will be performed for a
series of large scale LNG pool fires, aiming to investigate the potential of those
models. Heat release rate, flame height, flame tilted angle, radiative fraction and

SEP will be examined by comparing with the relevant experimental data.

In Chapter 8, we will conclude the thesis, and also provide

recommendations for future work.



Chapter 2

Combustion Model

2.1 INTRODUCTION

Fire modeling using computational fluid dynamics (CFD) techniques has
been evolving for decades. Various models have been proposed for the
underlying combustion chemistry. However, due to the assumptions made during
the development of the model, there still lacks a universal model that is suitable

for all combustion scenarios in different combustion systems and fires.

In the fire community, the mixture fraction based combustion model is
widely used by assuming the Shvab-Zel’dovich formulation [3, 4], irreversible
and infinitely fast chemistry and the Burke-Schumann flame structure [3, 4]. The
probability density function (PDF) approach is often adopted to take into account
the effect of turbulence on combustion. Reasonably good agreement [S] of
important quantities such as temperature and velocity has been achieved
according to comparison with experimental data. However, this model cannot
deal with the effect of soot on fuel distributions and on energy transport, which is
the aim of this current study. Moreover, this model cannot provide the
framework to further consider fire behaviors under the water spray system, which

is a big concern for our sponsor, i.e. FM Global.

Magnussen and Hjertager [6] proposed the first version of the EDC based

on the eddy-break-up (EBU) model of Spalding [7, 8], assuming that the



chemical reaction rate is controlled by the mixing rate of fuel and oxidizer
instead of the mixing rate of unburned and burned gas in the EBU. In this version,
the constant is calculated either by the collision mixing model [6] or by the
viscous mixing model [9]. Bilger [10] suggested that the coefficient is dependent
on the PDF of the mixture fraction, and one can use the mixture fraction and its
deviation to calculate it [11]. Bilger’s work demonstrated that its value is not
strongly dependent on the shape of PDF and its average value across the flame is
close to that calculated by the collision mixing model [12]. However, the average
value is likely to produce large errors at the fuel side where more accurate
computational procedure is desirable. Subsequently, Magnussen [13]
incorporated the significance of fine structures into EDC. Chemical reactions are
assumed to take place in these fine structures and the extended model is
formulated in a way that both finite rate chemistry and fast chemistry can be used.
Magnussen [14] gave a comprehensive review of the various modified version of
the EDC model and demonstrated its improved predictions on some test cases.
However, there still exist some limitations about the treatment of the reacting

fraction within the fine structures, which is addressed in the present study.

The EDC model was widely used in fire applications. Cox [15] applied
JASMINE to model enclosure fires with forced and natural ventilation using the
EDC for validation and achieved reasonably good agreement with experimental
data. Hutanen [16] performed fire simulations in a turbine hall using the
PHOENICS code. Adiga [17] simulated a 0.25 m 28 kW turbulent methane fire
and found that the centerline properties such as mean temperature, axial velocity
and entrainment behaviors are generally well reproduced by the EDC. Wang [18]

presented results on steady-state turbulent burning along a vertical rectangular



channel in which a buoyancy-induced draft develops. The predictions of
temperature, velocity and turbulent quantities were in good agreement with the
experimental data. Novozhilov [19] tracked fire spread of solid materials and
simulated the extinguishment by water sprays. The predictions agreed well with
the experiment findings. Yoon [20] carried out the studies on fire extinction
behavior using the EDC-based model [21] developed at Sandia National

Laboratories. His predictions were qualitatively encouraging.

However, all the above studies were carried out in the RANS context.
Although the effect of turbulence on the combustion process is taken into
account, the well known limitations of the turbulence models in RANS have to
some extent limited the accuracy of these predictions. Since the EDC is highly
dependent on the accuracy of the predictions for fuel-air mixing, for which the
LES approach is deemed to be more appropriate, its extension to the LES context
should render the model more suitable to capture the fine details of the
combustion process. More recently, Panjwani [22] attempted the extension of the
EDC to LES and numerical instability was reported. The validation study for a
turbulent piloted non-premixed methane/air jet flame (Sandia Flame D)
suggested that the model constant had to be changed from 1.01 to 0.25. The
requirement of such ad-hoc adjustment for model constant poses difficulties for it
to be applied to other scenarios where experimental data is not available. In a
more robust approach, the constant should be computed dynamically rather than

artificially specified.

In this Chapter, the EDC combustion model will be extended from RANS
to the LES framework, according to the turbulent energy cascade. Moreover, a

new formula will be developed for the reacting fraction of fine structures in EDC,



in order to tackle the lifted problem due to the original expression. The original

expression for the mass fraction of fine structures will be also modified.

2.2 EDDY DISSIPATION CONCEPT

The detailed description of original EDC is elaborated in Ref. [14], based
on RANS. Here the RANS-based EDC will be extended to the LES framework
through the turbulent energy cascade. Furthermore, the typical time scales
including Kolmogorov time scale and integral time scale will be achieved, which

are important for the soot development in the next Chapter.
2.2.1 Turbulent Energy Cascade

A stepwise turbulent energy cascade [13] is supposed to take place from
mean flow down to Kolmogorov scale, and the heat generation resulting from the
dissipation of turbulence energy is assumed to mainly occur on the small scales
where production and dissipation balance. This assumption is believed to be
independent of the chosen turbulence models, either RANS or LES. Given the
fact that the filter width of LES generally falls between the Kolmogorov and
integral length scale, we assume that there is a structure level for the presence of
SGS properties, such as SGS kinetic energy and filter width A, in the stepwise
turbulent cascade, as shown in Fig. 2.1. As properties on this 'A’ level can be
determined directly from a SGS turbulence model, we should then be able to
derive characteristic variables on other levels. The total kinetic energy and its
dissipation rate may also be calculated from parameters on this known structure

level and then described with SGS quantities.
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Fig. 2.1 The stepwise turbulent energy cascade in the LES framework

In Fig. 2.1,u, ,L, and @, represent the velocity scale, length scale and
strain rate on the n-th structure level respectively. Following Ertesviag and
Magnussen [13], the strain rate @, is assumed to be equal to 2@, | with regard to
the relationship between two adjacent structure levels. ¢, represents thermal
energy resulting from dissipation on each level while W, stands for the sum of
mechanical energy on all subsequent levels. On the n-th level, #, and ¢, may be

expressed as [13]

W, = %C’D,w,u_z 2.1)

‘;u zcﬂlwunz (2'2)
u'

w, = Z (2.3)

w, =2w, , (2.4)



where v is the molecular kinematic viscosity, C, and C,, are model coefficients.

According to Egs. (2.2) and (2.4),
9. =44, (2.5)
The total dissipation rate of kinetic energy may be modeled as [13]
£=q'+q "+ 4q,+q,, + s g+ +g (2.6)
Substituting Eq. (2.5) into Eq. (2.6) and then applying series theory,
4’ -¢'=3¢ 2.7
Similarly, Wss on the 'A' level may be expressed as
Wes =Qgos +9, +G2++q (2.8)
Substituting Eq. (2.5) into Eq. (2.8),
49" ~Gsqs = g (2.9)

Subtracting Eq. (2.9) from Eq. (2.7),
e=W +—l Ly (2.10)
s6s 73 9s6s 3 q .

q' is believed to be negligible since the dissipation into heat mainly takes place
on the small scales rather than the integral scale. According to Egs. (2.1)-(2.3),
Eq. (2.10) could be rewritten as

1 3 ug 1 Uy
“:“Wms"';%aszicm SZS +3’Cozu Zczs (2.11)

ugs is estimated to be ﬂ/%"m , where kgs1s SGS kinetic energy obtained from a

LES model such as sub-grid kinetic energy model [23]. Therefore,
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2 k2 k
ez\/;cm%»f;cmu a (2.12)

Based on the energy conservation on all the structure levels

b

w=e=2c, () (2.13)

where L' is the integral length scale. «' is calculated from \/§7k , and k is the

total kinetic energy. Note that Eq. (2.13) could be also converted to

3 ” Y
k= Ly’
(ZCDIIJ (eL’) (2.14)

For the last structure level, W" is expected to be equal to ¢° in terms of the

energy conservation. Combining with Eq. (2.7), the characteristic length and

velocity scale on the last level could be described as

ANV, V4
L':E(ﬁg_J (‘_’_) (2.15)
3L G £
c,,
o | e v 2.16
(3 o @19

In this study, these two scales are assumed to be the Kolmogorov length and
velocity scale [24], respectively, implying C,, =0.5 and C,, =0.75 . Turbulent
mixing time scales, such as Kolmogorov time scale ( 7, ) and integral time scale

(%), are calculated from:
v v
T, = (—) 2.17)

., =§ (2.18)
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2.2.2 Reaction Rate

Chemical reactions are assumed to take place only in the fine structures,
i.e. the last structure level of the turbulent energy cascade; and each of them is
regarded as a well stirred reactor [9]. Subsequently, the remaining reactants and
newly formed products may mix with the surrounding fluids. In fires, the
chemical reaction time scale is generally less than the turbulent mixing time scale.
Thus the reaction rate is likely to be controlled by turbulent mixing. In this study,
the fast chemistry with Burke-Schumann flame structure [3] is assumed for the
combustion, and hence the filtered reaction rate of each species ( @., ) for the gas

phase combustion can be written as [9]

_ . MW, _
@,, =(va _V")MWﬁ, o, (2.19)
@, = Cepe Priv min[i,,,—‘s-‘-—] (2.20)
Cope =2 (2.21)
-y

where v and v/ are the molar stoichiometric coefficients of each species in the

global single-step kinetics, M¥, is the molar weight of each species, Pis the
filtered density, ¥ is the density-weighted species mass fraction, s is the

stoichiometric oxygen-fuel ratio, and subscripts f«u and O, refer to fuel and
oxygen, respectively. Note that ¥ and 2 will be considered in the following
subsection. The mass transfer rate ( " ) between the fine structures and

surrounding fluids could be calculated from [13]

22T
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2.2.2.1 Mass Fraction of Fine Structures

The mass fraction of fine structures (7) might be related to the turbulence

intermittency [13]. It is written as below in the early version of EDC [13]:

r
reT (2.23)
Later, it is expressed as [14]
T
L
. (T] (2.24)

Note that Eq. (2.23) is quite similar to the model by Corrsin [25], and he
suggested that the small-scale fine structures consisted of vortex sheets. Later,
Tennekes [26] proposed that the fine structures were in the shape of vortex tube,

and 7 would be expressed as
Ly
y [7) (2.25)

where 4 is the Taylor micro scale, defined as

1= /‘OU" (2.26)
&

Frisch et al [27] suggested this fraction as

= (L) 2.27)

The constant p was assumed to be 2.5, theoretically representing the shape of
fine structures, while Lesieur [28] suggested a value closer to 3, based on

experimental data.
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In this study, Eq. (2.27) is adopted, and D is set as 2.8 following the
turbulence structure analysis [29). Now the key issue would be how to obtain this
integral length scale L'. Actually, the integral length scale is also vital for the
calculation of total kinetic energy &, as well as the integral time scale 7,. In
RANS, the total kinetic energy k and total dissipation rate ¢ are generally
computed from their own transport equation. Thus, one could estimate L’
through Eq. (2.14), and so could  based on Eq. (2.18). However, in LES only
SGS kinetic energy ks transport equation could be solved. As ¢ can be
estimated from Eq. (2.12), there would be two unknowns in Eq. (2.14), either &
or L'. Mathematically one of them needs to be specified in order to find another
one. Apparently, it is impossible to give the value of & directly, and L’ should
thus be pre-described. It is known that the integral length scale is often associated
with the geometric characteristic of a given system [3]. In fires, this scale is
likely to be proportional to the characteristic length of fire plume [30] expressed

as

s
, 0
a2 _ (2.28)
[P:%Tu/? ]

where @ is the heat release rate, kW. Eq. (2.28) is used to approximate £ and 7,

in this study.

In our previous work [31], the problem of 7 was temporarily tackled by
assuming it as a constant. Substituting Eq. (2.14) and Eq. (2.15), Eq. (2.27)

would be recast as

1 \3-D)4 (9-3D)/4
y = 4o (Egj (2.29)
3C, k
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If both the total kinetic energy & and total dissipation rate ¢ are replaced with

their SGS quantities, following the study by Panjwani [22], Eq. (2.29) would

become

5GS

3 (3-D)f4 (9-3D)/4
NG

By substituting Eq. (5.13) and Eq. (5.14), Eq. (2.30) could be transformed to

4c. (3-D)/4 W v (9-3D)/4
| 302 C.C {9-3D)/4 v 2 l
(2] ey 231)

!

In the LES framework, turbulent viscosity v, might become zero due to the local
laminarization during combustion [22], causing 7, the mass fraction occupied by
the fine structures (physically ranging from O to 1) to be ill-defined, and the EDC
has no meaning for such large values of 7. In consideration of this, an upper
limit of 7 is set as 1 in Ref. [22]. Eq. (2.31) can be further simplified as follows

with the assumption of v =0, :

3 \{3-D)/4
y=| %o | (c,c )0 (2.32)
3C,,

Now 7 becomes a constant, implying that mass fraction occupied by fine
structures is fixed once the LES model coefficients, including C; and C,, are
specified before simulations. The starting point is that C.c in Eq. (2.20) is
prescribed as a constant in the early version of EDC [6, 11]. In addition, this
simple treatment is supposed to tackle the numerical instability in the wall region
reported in Ref. [22]. However, this approach couldn’t help us to achieve the
integral time scale r,, which is employed to account for the soot model

development. Actually, the inclusion of Eq. (2.28) would be regarded as the

15



extension of our early work [31], and this inclusion would be the default

approach in this study.
2.2.2.2 Reacting Fraction of Fine Structures

The original expression of Zis written as [14]

fﬂ'
1
z- (Is) (2.33)
min| ¥ Yo + e
s ) (1+s)
where ¥, is the density-weighted mass fraction of products, expressed as
Y,=1-Y,-¥, -¥, (2.34)

Using this original expression, the flame would be lifted from the pool, which is
believed to be non-physical for pool fires. This issue would be elaborated in

details in Chapter 6. Thus, a new formulation of Zis proposed here.

Given a mixture of fuel and oxidizer at the location where the
temperature is higher, the possibility of combustion taking place near this area
should be larger. Therefore, it is possible to assume % is proportional to the

flame temperature of the mixture, written as
x=CT (2.35)

In this study, 7in Eq. (2.35) is assumed to be the adiabatic flame temperature,
and extinction effect and radiation loss are thus not taken into consideration.
Under the assumption of Shvab-Zel’dovich formulation [3, 4], irreversible and
infinitely fast chemistry and of the Burke-Schumann flame structure [3, 4], the
adiabatic flame temperature is only a linear function of the mixture fraction Z as

shown in Fig. 2.1.



Temperature

Mixture fraction
Fig. 2.1 Relationship between mixture fraction and adiabatic flame temperature

Therefore, if 052 <Z, |

= (2.36)

and if Z, <Z <1,

-7, _1-2 (2.37)

where T, is the maximum adiabatic flame temperature, and 7, and 7, are

ambient temperature in oxygen and fuel stream, respectively. Recasting Eq. (2.36)

and Eq. (2.37),
Z .
E’(Tm'%)*“?;}’ JOSZ<Z::
T={" (2.38)
122 (1 _T)eT, i£Z, <2<
1—2,(""‘— )T F2,525
Substituting Eq. (2.35) into Eq. (2.38),
z .
C(?(Tw—n)"’%)v f0<z<2,
7= # (2.39)
C(%I-(rw—r,)ﬂ,], if2,<Z<1
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Since theoretically complete combustion takes place at the location where Z2=2,,,

it is possible to assume the reacting fraction of fine structures achieves its

maximum value there, i.e. # =1. Combining with Eq. (2.39),

c-_L
T
Thus,
T T,
Z (Tom °)+L, if0<z2<2Z,
ZII Tmu Tw
l:

z(T.-T) T
—l—-?—( ’)+—’-—, ifz,<2<1
l—zll Tmu Tmu

Generally, T, <<T,,, and 7, <<T,,.. Eq. (2.41) would become

V4
=, if0<z<2Z
Z 3t
7=V,
1_2 . ifZ,<Z<1

st

The mixture fraction is defined as [3]

SY =Y, + Y,

sYh +Y0!

(2.40)

(2.41)

(2.42)

(2.43)

where Y,?, is the fuel mass fraction in the fuel stream, and Y° is the oxygen mass

fraction in the oxidizer stream. The stoichiometric mixture fraction can be

expressed as

o

Yo,

E = 0 o
sYl_ +Ya_

Substituting Eq. (2.43) and Eq. (2.44), Eq. (2.42) would be recast as

(2.44)
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Y,
S(Yﬁ——')+)’&
s iy <Ya
s —_
Ya, s
2= ’
0 Y,
Yo - Y, ——
0.
A

(2.45)

Y
Defining the reference species mass fraction v, =7, —% , Eq. (2.45) would

become

sY_ +Y)
—"fo o | ifY, <0
ze] @
0
Yty ifY._ 20
7 o
Hence, in LES Eq. (2.46) would be written as
sY_ +Y° .
2. iff, <0
2= @
) S .
fu ref
o if ¥, 20

~

where e = V5 —

(2.46)

(2.47)
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Chapter 3

Soot Model

3.1 INTRODUCTION

It is reported that the main cause of death in fires is smoke inhalation, as
an estimated 50~80% of fire deaths are associated with the presence of soot.
Moreover, soot particles have considerable effect on radiative heat transfer, and
further influence fire spread and fire growth. A reliable soot model is, hence,
crucial to investigate fire behaviors. However, soot chemistry is a complex
process involving soot inception, soot coagulation, soot agglomeration, soot
surface growth, and soot oxidation. It is extremely challenging to consider all
these sub-processes in numerical simulations. Moreover, a robust chemical
mechanism for soot formation is still lacking for diffusion flames. There exist at
least two distinct mechanisms [32, 33}, i.e. C;H, addition and Polycyclic
Aromatic Hydrocarbon (PAH) addition. Note that the C;H; addition mechanism
is controlled by heterogeneous surface growth reactions, while the PAH addition
mechanism is determined by homogeneous gas phase reactions. Therefore, there

is still a gap between soot model and practical applications.

Ideally, a soot model needs to account for the underlying physics of
nucleation/inception, surface growth, coagulation/agglomeration and oxidation.
Detailed soot chemistry models [33-46] take into account multiple soot reaction

equations starting from nuclei precursors to soot particles, requiring the relevant
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species concentrations such as C;H; and OH which can only be predicted with
detailed chemistry in the combustion model. These models cannot be easily
extended to relatively large scale fires due to their complexity and computational
cost. On the contrary, the soot conversion factor [47-49], applied in FDS
program, and state relationship method [50] are too simple to represent the soot
behaviour, as the generation of soot is assumed to be proportional to the amount
of fuel consumed and the dependence of temperature on the soot generation is

neglected.

Semi-empirical soot models [6, 51-73] are widely used in the combustion
community. These models neglect the detailed paths of soot generation. The soot
nucleation, surface growth, agglomeration, coagulation, and oxidation rates are
written in the Arrhenius-style. Typically, two conservation equations are solved
for the soot mass fraction and soot number density. However, these models all
include several fuel-specific parameters which are not easily obtainable for
various fuels, and they are also significantly dependent on the specific scenario.
The potential of a smoke point based model to alleviate these limitations were
recognized by Markstein and De Ris {74-76] in the 1980s. The concept was
further elaborated by Delichatsios [77, 78] but an applicable strategy to

incorporate it in fire modelling has yet been developed.

It was almost a decade later, Lautenberger et al. [32, 79] proposed a
laminar smoke-point-based soot model by explicitly neglecting the processes of
nucleation, inception, coagulation and agglomeration. The soot formation and
oxidation rates are assumed to be analytic functions of mixture fraction and
temperature. Most importantly, the model could be generalized to the multiple

hydrocarbon fuels by relating the soot formation rate to its laminar smoke point
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height (SPH). Contrary to the relatively popular two-equation soot model
mentioned above, the soot number density equation is eliminated here by
assuming the soot formation and oxidation is independent of surface area in non-
premixed hydrocarbon flames, and the model coefficients are expected to be
feasible for general fuels. On the basis of this model, Beji et al. [80-82] made
further improvement with the combination of earlier work of Delichatsios [78],
particularly for the soot formation and its critical conditions. Both groups are
now investigating effective means to extend their models to turbulent flames and

fires.

As a matter of fact, these two models were originally developed for
laminar flames, and the extension from laminar flames to turbulent flames is still
on-going. Conditional momentum closure (CMC) is adopted in {83, 84] to treat
the soot source term in turbulent flames, however, it would be very time-
consuming and thus unlikely to be applicable to fire simulations. Chatterjee [85)
introduced a laminar flamelet concept potentially promising for fire simulations,
but optically thin assumption during the construction of the lookup table limits its
wide use at present. It is also worth pointing out that at this stage the radiative
fraction of heat release rate is the only output quantity from this model. It would
be difficult to conduct the complete validation study without soot volume
fraction predicted, as radiative fraction is believed to be less sensitive in

comparison to soot volume fraction.

The aim of this chapter is to investigate the treatment of laminar-based
SPSM in the LES framework. Meanwhile, the effect of soot on the fuel
distribution and energy transport will be also considered, as well as the soot yield

calculation.
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3.2 SMOKE POINT CONCEPT

Experimentally established flame similarity analysis [74, 78] suggests
that the sooting propensity of each fuel is inversely proportional to its laminar
SPH. With the help of this SPH, the soot model developed from one fuel type

could be extended to the general fuel.

Theoretically, SPH is defined as the height of a laminar diffusion flame at
which the flame breaks open at its apex and emits a stream of smoke [86]. The
SPH of some typical fuels are listed in Table 3.1, and more SPH data of

hydrocarbon fuels could be found in Refs. [79, 81, 83, 86-89).

Table 3.1 Smoke point height data

Fucl tvpe Stioke pomnt herght (m)
Methanol o

Methane 0.29

Ethane 0.243

Propane 0.162
Heptane 0.125
Ethylene 0.106
Propylene 0.029
Toluene 0.008

It should be noted that methane is generally thought to not have a smoke point
since the flame becomes turbulent before it emits smoke. Methane may even play
a role in suppressing soot formation if it is included in fuel mixtures as indicated
in Ref. [76]. However, Lautenberger [79] assigned a smoke point height of 29cm,
and subsequently Beji [81] and Yao [83] followed this assignment in their soot

23



model developments. This value is believed to be estimated from the comparison
of radiative fraction between the methane and ethane flame. In this study, the

same value is applied.

3.3 LAMINAR SMOKE POINT MODEL

In laminar soot modelling, a transport equation for soot mass fraction (¥,)
is written as

ot Ox Ox

J J

opY, opuY, o uor| o oY
—t4+——= 0.556Y =— [+—| pD,— |+w, , +
‘Tox, | ox |\, | T G 3.1

J

The first term on the RHS of Eq. (3.1) represents the thermophoretic effect,
causing soot diffusion along temperature gradient. It is recommended in [56] that
the soot diffusivity (D, ) is taken as 1% of gas diffusivity in order to reduce the
numerical fluctuations. In fact, the key issue would be the expression of soot
generation rate (, ). The laminar soot model in Ref. [82], which is based on the

smoke point concept, is introduced as the base soot model in this study:

A Z-7 T
LY « 1" _e | 7 .<Z<Z

w, = L,,"("l-z,,] e""( r) o (3.2)
09

s.f
else

(3.3)

»

[- :" ., Z<Z,, and T 21300K

0, else

where 4, and 4, are fuel-independent constants for soot formation and oxidation,

chosen as 4.4E-6 and 0.11 [82], respectively. r is fuel-independent exponential

factor for temperature, set as 2.25 [82]. T, is fuel-independent activation

temperature for soot formation, selected as 2000 K [82]. Y,?, is fuel mass fraction
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in fuel stream. Z,; and Z, , are critical mixture fractions for soot formation and

oxidation, respectively, and they could be normalized by the stoichiometric

mixture fraction (Z,) [32, 82]:
Z =y, L, (3.4)
Z,=Y, L, (3.5)

where ¥, and ¥, ,are assumed as fuel-independent constants, chosen as 2.5 [82]

and 1, respectively.

Note that a constant volumetric oxidation rate is developed in the base
study [82], so the independence of soot oxidation on the surface area is implied
based on detailed experiments of soot production in laminar non-premixed

flames [32, 78, 82].
3.3.1 Conversion of Mixture Fraction

Mixture fraction transport equation is not solved in this study, and fuel
mass fraction and oxygen mass fraction are determined directly from their
transport equations. It would be necessary to eliminate the mixture fraction in the

above soot model by using the definition of mixture fraction, i.e. Eq. (2.43):

o

T, W”,—l Yo, Y v, -1 Y:
) (——sli”ris( 0%

A’ 2 r
I, Pl e s s (3.6)

wxf = L‘P

0, else

o

L d T 21300K
oy s (3.7
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In some CFD code such as FDS, mixture fraction is used to derive the
fuel and oxygen mass fraction according to the assumption of Burke-Schumann
flame structure [3], i.e. “mixed is burnt”, in order to decrease the number of
variables. However, the mixture fraction would not be conserved if the effect of
soot formation on the fuel mass fraction is introduced, and the conversion of

mixture fraction would be helpful to resolve this issue, as discussed later.

3.4 TURBULENT SMOKE POINT MODEL

It is well acknowledged that turbulence would influence the flame
structure, as well as the soot formation and oxidation processes. In turbulent
flames, the fluctuation of soot volume fraction may be considerable and even
comparable to the time-averaged property. Generally, the instantancous soot
mass fraction transport equation (i.e. Eq. (3.1)), which is suitable for laminar
flame simulations, could not be applied to turbulent flames directly. The
following sections would describe the procedures to account for the effect of

turbulence on soot generation, which a new model is developed for.
3.4.1 Favre Averaging

In LES, a spatial filtering process would be applied to Eq. (3.1) to mimic

the sub-grid scale influence on the grid scale properties:

opY puY r_(~5 —7 O PEARE. A
s B R Y -uY —~—1 0.556Y =— |+——| pD. —= |+ 3.8
at * ax aX, [p(ul ‘ ul ‘)]+ X ( N T axl ax‘ p s ax w.\./ +(l)_‘_"( )

1 ’ /

#(x,1)= T T T¢(x'.l)F(x,x',A)dxl'dx;dx; (3.9)
po(x.1)= I ] IM(x’.t)F(x,x',A)dx{dx;dx; (3.10)
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where £ is a filtering function for LES, independent of position x; bar and tilde
mean spacial filtering and mass-weighted Favre filtering, respectively. In fact,
the filtering process is not preformed explicitly with a filtering function, and it is

adopted here in order to achieve the soot mass fraction transport equation for

LES.

Unresolved scalar flux (first term of RHS) are often described as

i

—

u;

~

2|2,

u,

-~
ol

3.11)

1

where u is turbulent viscosity obtained from SGS turbulence model; S, is

turbulent Schmidt number. Thermophoretic cffect (second term of RHS),
reflecting the soot molecular diffusion due to temperature gradient, is belicved to
be relatively small in comparison with turbulent mixing. Moreover, the
thermophoretic term is determined to be non-linear, and it is hard to model this
term in LES. An alternative way to estimate the effect of this term would be DNS,
which is beyond the scope of this study. Therefore, it is neglected following
other relevant studies [65, 84]. The filtered laminar diffusion flux (third term of

RHS) may be modelled through a simple gradient assumption, such as

D
~

pD, =+ = pD,

4

(3.12)

2|2

4

’

The key issue here would be the treatment of soot source term in LES,
which is the main driver for soot generation. It is true that the accuracy of the
predicted soot volume fraction is mainly attributed to this term, particularly in
the near-field of a fire. The method to tackle this issue is described in detail in

the following sections.
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3.4.2 Soot Formation

3.4.2.1 Partially Stirred Reactor

The concept of partially stirred reactor (PaSR) [43, 90, 91] is applied for
the soot formation term to account for the turbulence/chemistry interaction. A
computational cell is split into two different zones as shown in Fig. 3.1. The
shaded area reflects the reacting zone, while the other area means the non-
reacting zone. Note that the shape of the reacting zone in Fig. 3.1 is schematic, so
it doesn’t depict the real structure of this zone. In this study, soot formation
process, which is relatively slow, is assumed to take place only in this reacting
zone. In this zone, the composition is supposed to be homogenous, allowing us to
disregard any fluctuations when calculating the soot formation rate. The typical
length scale of this zone is still unclear in the turbulent energy cascade. In
contrast, soot formation will not proceed in the non-reacting zone, and the

turbulent mixing effect is thus dominant there.

0 1
7 7
. s

N

Fig. 3.1 Schematic of PaSR concept

Computational Cell

—~

In Fig. 3.1, ¥ means the mass weighted soot mass fraction at previous

s

time step, while ¥ denotes the mass fraction at current time step. It is noted that

—~

Y® and ¥’

3 s

are the integrated variables over a whole cell. In contrast, Y: is the
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local soot mass fraction in the reacting zone. The whole process, from )?’ at the

previous time step to ¥, at the current time step, could be divided into two sub-

steps [90] proceeding in parallel, as described in Fig. 3.2. It could be summarized

as follows:

> Sub-Step I: the previous ¥ changes to r’ due to the soot formation in

the reacting zone;

o~

» Sub-step II: the newly formed v’ mixes with non-reacting part Y’

s

through turbulence, resulting in ;'," .

L]
Y vt oo
| 4 Sso
-
! .-
N e Soot mass fraction

Fig. 3.2 Schematic of ;";evolvement in PaSR

Like the trcatment in [90], the filtered soot formation rate may be

expressed as

a,, - ,syfr‘ Y o (.13)

where 7, is turbulent mixing time scale. a):‘, indicates the intermediate soot

formation rate obtained from the properties in the reacting zone. It is illustrated
that the expression of Eq. (3.13) is analogous to the one in the EDC combustion
model. As the irreversible fast chemistry is assumed in EDC, the mass fraction
would be zero for some species, which is dependent on the reacting mixture. For
instance, the fuel mass fraction will be zero for the lean mixture. Hence, the

filtered reaction rate could be dircctly achieved for the species source term, like
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the treatment in the previous section. However, Y, is unlikely to be achieved due

to the relatively slow chemistry of soot generation, if the detailed paths are not

included. Thus, the filtered soot formation rate is not straightforward.

According to [43, 90, 91], @, may be transformed as

=, (3.14)
K = Lo (3.15)
T +T

Here @, is linked to the soot formation rate, i.c. @, , calculated from the

filtered properties at current time step. x can be regarded as the mass fraction
occupied by the reacting zone in a cell. r_ and r_, are chemical time scale and

turbulent mixture time scale, respectively, which will be discussed in the

following subsections. In this study, @, is assumed to be
¥,.T) (3.16)

Note that the implicit scheme needs to be included to mimic the relevant
properties at the current time step.
Combining Egs. (3.6), (3.13), (3.14) and (3.16), the filtered soot

formation rate would be

A

J =2v #r 5.0 ] 1 - 2
— —~pY. T -Z|, ———2<Y, ~—<{—
T ) B R

0, else
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3.4.2.2 Time Scales
Instead of calculating the soot chemical time scale with the detailed
chemistry [43, 90, 91], this variable is assumed to be proportional to the laminar

SPH of the fuel [78, 82, 84]:

r,,=C_L (3.18)

sp™sp

The characteristic soot production time scale of ethylene diffusion flame is
chosen to be 40 ms according to the detailed peak soot volume fraction
distributions as a function of the residence time [92]. Given the laminar SPH of

ethylene is 0.11 m [82], C,, is calculated to be 0.364 based on Eq. (3.18). Note

that the effect of turbulence on this chemical time scale is not considered here.

The turbulent mixing time scale for soot formation is supposed to be the

geometric mean of Kolmogorov time scale (r, ) and integral time scale (),

written as
T =\/T.,T: (3.19)

3.4.2.3 Roadmap

As the detailed roadmap of soot particles originating from precursors is
unknown here, it is impossible to include exactly the heats of formation in the
energy transport equation. Luckily, the magnitude of this term seem to be small
by comparing with the fuel-generated heat, so it is less likely that this term
influences hugely the major parameters such as mean temperature and velocity
distributions. However, the soot-induced fuel loss should be considered in the
simulations, particularly for high-sooty flames, as this fuel loss would result in

the deviation of global single-step kinetics.
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In this study, the chemical equation of soot formation is assumed as
CH, (g)>CH,(s) ~Mh, (3.20)

Note that the composition of soot particles is supposed to be the same as the fuel,
like the relative treatment in [32]. M, is the heat released in phase
transformation from gas-phase fuel to solid-phase particles, theoretically

including the specific latent heat of fusion and heat of vaporization. According to

the mass balance of Eq. (3.20), the filtered fuel loss rate due to soot formation

(@44 ) would be

Gy =R, (3.21)

The consumption or production rate of other species (O,, CO,, and H,0) would

not be influenced by soot generation:
@y =05 Gy =0; @yp, =0 (3.22)

Note that it is hard to obtain the released energy in Eq. (3.20), as solid-
phase and liquid-phase thermo-physical properties are normally not included in
fire simulations. Therefore, this energy is not added to the total gas enthalpy in
the energy transport equation. Furthermore, the combustion would be incomplete,
as part of the fuel is supposed to be converted into soot particles directly. Thus,
the heat released is associated with only a portion of the fuel consumption as

discussed below.
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3.4.3 Soot Oxidation

With the concept of PaSR, the filtered soot oxidation rate in turbulent
flames might be expressed as follows based on the constant volumetric oxidation

rate in the original work [82]:

A YO. (W.ro —l)Y(:s
- >, Y -—<>— L = 2
@, = 7 [ . and T 21300K (3.23)

0, else

This expression is tested during pool fire simulations, and unfortunately
numerical instability is observed in the soot oxidation region. The reason is
associated with the over-prediction of soot oxidation at some locations, giving
rise to the negative value of soot mass fraction. A laminar soot oxidation model
[32] coupled with PaSR is also examined in turbulent non-premixed flames, and
numerical instability is also encountered. These two original oxidation models
have something in common: the profile of oxidation rate varying with the
mixture fraction in the soot oxidation region is pre-determined rather than
computed during simulations. This pre-assumed profile would be inappropriate
in some oxidation region, resulting in unreasonable predictions of soot mass

fraction. Therefore, a new soot oxidation model is developed here.

According to Eq. (3.20), the chemical equation for soot oxidation is

assumed as

x

C.H, (s)+(x+=:-)02 — xCO, +—;—H20—Ah“ (3.24)

which is quite similar to the fuel reaction equation in the combustion model. It
might be possible to apply the EDC based fuel reaction rate to soot oxidation.

Furthermore, oxygen is highly likely to be sufficient in the soot oxidation region
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S 7 v,,-1)Y, . .
(v, —%s (—'s—)"*—and T 21300k ), and soot would thus be a dominant species

to limit the oxidation rate. Therefore, soot oxidation rate may be expressed as

(W‘-O —l)yoﬂ A

— .. ¥ ~
B, =Py T
0, else

MLQ‘

Note that Eq. (3.25) is associated with soot mass fraction. If soot mass fraction is
small, the relevant oxidation rate will be small correspondingly, avoiding the risk

of numerical instability.

Moreover, Eq. (3.25) implies that soot oxidation is assumed to proceed
infinitely fast, distinct from the soot formation process where a partially stirred
reactor is involved. One may further assume that the turbulent mixing time scale
for the soot oxidation process is equivalent to the one for soot formation, and

then Eq. (3.25) may be written as

o

I 4 (y/ —1))’ -
w [0 s.0 [}
_ JPL W p o (Mo VO T > 1300K
o= 1. l-m % s . an (3.26)

]

h)j

0, else

In this study, both Eq. (3.25) and Eq. (3.26) are included, and their effects on the

soot volume fraction distributions are investigated in Chapter 6.

3.4.3.1 Roadmap

Based on mass balance of Eq. (3.24), the consumption or production rate

of relevant species (O,, CO,, and H,0) would be calculated from

W
By =[x+ L . (3.27)
n
MW, _
5('Ot.m = _'xﬁwj.u (3'28)

v
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_ yMW,o

w”lo.la == 2 MW/" w.v'a (3'29)

Furthermore, the soot oxidation process would not affect the fuel distribution

directly. Thus,

@y s, =0 (3.30)
Given energy balance, the heat released from Eq. (3.24) would be

M =0h D, (3.31)

Similar to the treatment in the above section, M is also neglected here. Thus,
M. _=Hh (3.32)

Generally, soot particles are assumed to be “extra fuel packs” in most
circumstances, where those particles have same characteristics as fuel, like
temperature and velocity. In contrast, they are considered as condensed particles
during the calculation of soot volume fraction. Soot diffusion is normally much

weaker than the one for gas species.
3.4.4 Soot Energy Treatment

It is assumed that some energy is still stored in soot particles due to the
incomplete combustion, while all energy would have been released if the
combustion is complete. The energy potentially hidden in soot particles would

be

Q:.[orm = ja):,/Ahc.JdV (333)

v

Some part of soot particles is oxidized when oxygen is rich, releasing a portion
of the hidden energy:
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Q:.an'd == E):,oAhc,:dV (334)

Therefore, the net potential energy hidden in soot particles would be,
Q.r = Qx.lorn - Q:.lmd (3'35)

The predicted heat release rate (Q) is composed of two parts: 1) heat

released from gas phase fuel combustion with the reaction rate obtained from the
EDC combustion model; 2) heat released from the oxidation of *solid” phase

soot particles. Thus,

Q=0 g + [@ BhAV (3.36)

The total energy based on the consumption of fuel would then be

0 =0+0 (3.37)
This variable could also be described as

Q =r (3.38)

where 71, is the inlet fuel flow rate. During calculations, Eq. (3.37) and Eq.

(3.38) are monitored in order to evaluate the convergence of total energy.
3.4.5 Soot Yield

Soot yield (4,) is defined as the fraction of the fuel converted to soot

particles. Note that Tewarson [86] expressed this quantity as a function of the
laminar smoke point height, suggesting that it is only dependant on the fuel type.

According to the above definition it may be calculated as
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(3.39)

It is found that the value of soot yield estimated from Eq. (3.39) might be
negative if soot oxidation is too intensive during some iterations. However, the
time-averaged soot yield is always positive, reflecting the conversion of fuel to

soot.
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Chapter 4

Radiation Model

4.1 INTRODUCTION

It has long been recognized [93] that radiation is a dominant mode of heat
transfer in fires of very large scale, affecting the fire growth and spread. Thus,
the corresponding radiation model should be considered very carefully. At
present, four radiation models, including “P1”, “DTM”, “DOM” and “FVM”, are
mainly used in the combustion community. “P1” is the simplest case of the more
general P-N method [94-96], based on the expansion of the radiation intensity
into an orthogonal series of spherical harmonics. This model can deliver the
reasonable estimation of radiation loss term in energy transport equation, only if
the optical thickness is very large. “DTM” implies discrete transfer method [94-
98], and it divides energy emitted into the hemisphere into finite number of rays
and assumes that the radiation leaving the surface element in a certain range of
solid angles can be approximated by the single ray. Note that this model is
principally built on the concept of solving representative rays in a radiating
enclosure, and the directions of the rays has to be pre-specified in advance rather
than being chosen at random. “DOM” means discrete ordinate method [94-96, 99,
100], and it solves radiative transport equations (RTE) over a finite number of
discrete directions. Note that quadratures sets, including ordinate directions and

angular weights, need to be generated accurately, and the products of the angular
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directions and their weights should satisfy certain full-range and half-range
moment constraints [94, 95, 99]. “FVM?”, which represents finite volume method
[94-96, 99, 101-103], could avoid that issue, and it is believed to be sophisticated
enough for the fire simulations [48]. Additionally, Monte Carlo method [94-96]
is rarely utilized in the fire community, due to its complexity and the

corresponding computational cost.

In this study, the finite volume method will be introduced to discretize the
radiative transfer equations (RTE) in the non-optically thin flames, while the
optically thin assumption will be made for optically thin flames to avoid the
solution of the spectral RTE. Moreover, three different methods will be
developed to calculate the surface emissive power (SEP), which is extremely

important in the large scale LNG fires.

4.2 RADIATIVE TRANSPORT EQUATIONS

The radiative transport equations for an absorbing/emitting and scattering

medium could be expressed as [94]

591, (5,5) =5, (6) o () £, ()L, (1) + 20 (1, (500, () dr (4.1)

B.(x)=x,(x)+0,(x) (4.2)

where the bold x stands for the spacial locations, § is the direction vector of the

~

intensity, 7, (x,§) is the radiation intensity integrated over the spectral band »
covering a portion of wavelength, B,(x) is the local spectral extinction
coefficient, «,(x) is the local spectral absorption coefficient, o,(x) is the local

spectral scattering coefficient, ®, (x,s5,5") is the local spectral scattering phase
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function, dQ is the solid angle. The source term /,,(x) could be written as a

fraction of blackbody radiation [48, 94]:

Ly = F (2 pins Ay ) 0T (%) [ (4.3)

8

where ¢ is the Stefan-Boltzmann constant, 5.67x10® W/m?K®. The calculation

of F,over the band »with the wavelength ranging from 2, to 4 __ is detailed

in Ref. [94].

The total intensity ( /(x,5)) is calculated by summing the intensities over

all the bands:
I(x.8)= Y1, (x,5) (4.4)
The incident radiation ( G(x)) is defined as

G(x)= [1(x.§)dQ (4.5)

The net radiant heat flux vector (¢/(x)) would be

g’(x)= [51(x5)dQ (4.6)

The incident heat flux (g7 (x)) to a surface with the normal vector 7 would be

g.(x)= [ 1(x3)3-Alaq 4.7)

$h<0

In contrast, the out-going heat flux (g, (x)) from that surface would be

go(x)= [ 1(x.3)(3-7)aQ (4.8)

$A>0
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4.2.1 Absorption Coefficient

The local spectral absorption coefficient («, ) depends on the composition
of species, the temperature and the spectral band. In a fire, the combustion
products consist of gas species and soot particles, and thus x, could be

decomposed into the gas absorption coefficient (x,,) and the soot absorption

coefficient («,,):
K, =K, +K,, 4.9)

The «, , would change rapidly due to its dependence on the spectral band, giving

rise to the main difficulty for the calculation. Here the RADCAL program [104]
is introduced for this coefficient. In this program, the spectral bands are pre-
defined according to the critical wavelengths, and the species involved with the
absorption would thus be known for each band. Based on the concentrations of
the corresponding species as well as the temperature, the spectral absorption

coefficient over each band would be determined as follows:

Kg=2.4,,Pn (4.10)

where m indicates the species over the band ». a,, is the Planck-mean

p.m
absorption coefficient for the species m , and it could be expressed as
polynomials in temperature according to the RADCAL program, as shown in
Fig. 4.1. One can also find the detailed mathematical expressions in Ref. [105].

p., 1s the partial pressure of the species m, written as

L}

(4.11)

S|
)

Pn =
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a, (m'atm’)

Fig. 4.1 Planck-mean gas absorption coefficient against temperature

Unlike the gas species, the radiation spectrum of soot is continuous, and

x,, may thus be assumed to be the same over all the bands considered. Felske

and Tien [94, 106] suggested using an average value of Planck-mean and

Rosseland-mean absorption coefficients for «,, in all optical regimes:
x,, =3.72£,C,T/C, (4.12)

where C, is the second Planck function constant, 0.014388 mK. f is the soot

volume fraction, obtained from

g =Ph (4.13)

where p, is the soot density, 1800kg/m’. C, is a constant relying only on the soot

index of refraction (a-ib):

c,- 36itazb — (4.14)
(az—b2+2) +4a°b

The variation of refractive index (a) and absorptive index (4) as a function of

wavelength for different compositions of soot particles is elaborated in Ref. [94].
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By choosing appropriate spectral average values for « and » based on the

corresponding measurements, one may approximate the pre-described coefficient

C, for Eq. (4.12).

In the fire community, the following formulation developed in Ref. [32]

is widely used for «, , :

x,, =1226fT (4.15)

According to Eq. (4.12), C, is implicitly set as 4.74 within Eq. (4.15). In this

study, Eq. (4.15) is also employed.
4.2.2 Scattering Coefficient

The scattering of thermal radiation due to soot particles is dependent on
the wavelength. To solve the radiative transport equation, theoretically o, should

be calculated for each spectral band. In fact, this coefficient is generally very

small compared to the absorption coefficient [94], and o, is thus neglected in this
work, similar to the treatment in other studies [32, 82, 84, 85]. Hence, Eq. (4.1)

would be simplified as
§-VI,(x,8)=x,(x)1,,(x)-x,(x)1,(x,5) (4.16)

Moreover, the scattering phase function ®(x,3,5') in Eq. (4.1) is associated with

different directions of intensity, and it would thus be very difficult to compute
this term. The treatment of neglecting the scattering coefficient could also bypass

this issue.
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4.3 SOLUTION METHOD

In this study, there are two approaches to account for the radiation source
term in the energy transport equation. One is based on the optically thin
assumption, while the other one is reliant on the finite volume method. The

details about these two approaches are elaborated as follows.

4.3.1 Optically Thin Assumption

For optically thin flames such as methanol and methane fires, the amount
of soot is relatively small in the combustion products, in comparison with the
gaseous species concentration of CO; and H,0. Theoretically, the spectral
radiative transfer equations, i.e. Eq. (4.16), should be resolved over all the bands,
and there should be enough spectral bands to cover the most important radiative
wavelengths of CO, and H,O, leading to the fact that it would be very time-

consuming to achieve the radiation source term.

Sandia National Laboratories developed an alternative method [105, 107]

to deal with this kind of optically thin flames, expressed as
~V-q;(x) = ~4ox(x)(F* (x) -T*(x)) 4.17)

where 7, (x) is the background temperature. One can realise that / (x,5)is not

involved within Eq. (4.17), and therefore the solution of the spectral RTE is
avoided here. Note that this optically thin assumption may slightly over-predict

the radiation loss, as the incident radiation is implicitly neglected.
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4.3.2 Finite Volume Method

In non-optically thin fires soot particles play a dominant role, relative to
gas species in radiative heat transfer, and it is possible to assume that the fire
mixture behaves as a gray medium, as soot would emit or absorb energy
continuously. According to this assumption, the spectral properties, such as I,

1,, and «,, would not be dependent on the bands, but lumped into the total

properties. Therefore, Eq. (4.16) would be further simplified as [48, 94]
§-VI(x,5)=x(x)1,(x)-x(x)I(x,3) (4.18)
where x(x) would be obtained from

x(x)=1226£T+Y a,, py 4.19)
M

Note that the subscript » denotes the gas species in the fire mixtures, distinct

from m in Eq. (4.10). The radiation loss term (-V-¢’(x)) in the energy equation

would be
Vg (x)=x(x)G(x)-4x(x)oT*(x) (4.20)

In this study, Eq. (4.18) is discretized and solved using the finite volume
method (FVM), similar to the one for governing equations of fire dynamics. The
concept of this method is that: the unit sphere representing all radiation directions
is divided into a finite number of solid angles, and the radiative intensity is
assumed to be same in each solid angle. In each grid cell, the discretized format
of the RTE in each solid angle would be derived by integrating the RTE over the

volume of this cell and over this solid angle. More details of this method can be
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found in Refs. [94, 99, 102], and we don’t elaborate it here as it is not the aim of

this thesis.

4.4 SURFACE EMISSIVE POWER

The surface emissive power (SEP) is a variable representing the radiant
heat flux on the flame surface. Typically, this variable is significant in large scale
LNG pool fires, as discussed in the following section. In this study, three
different methods are developed to calculate SEP: flame emissivity, surface heat

flux, and surface emissivity.

4.4.1 Flame Emissivity

In this method, the surface emissive power would be determined based on
the averaged flame emissivity over the entire flame, as well as the averaged

flame temperature, and it can be expressed as
SEP. = e,oT} 4.21)

where ¢, and 7, are the averaged emissivity and temperature over the whole
flame, respectively. SEP. stands for the calculated SEP using this method. First of

all, the cells located inside the flame envelope needs to be identified. For non-

sooty flames, the criterion to distinguish those cells would be associated with the

local reference species mass fraction, i.e. ¥, 20. In contrast, the soot effect must

be considered in the sooty flames. It is known that the soot oxidation process
would proceed outside the gas phase combustion in our soot model, and soot
particles would thus compete with remaining fuel to burn oxygen. Therefore, the

criterion may become
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+Y, 20 (4.22)

e 7]

In Eq. (4.21), the averaged flame temperature 7, could be expressed as

§7';,,,dV,,,,
T el |
F Z v (4.23)

cel ¥, + ¥y 20

Note that the weight of volume is introduced here for the averaging process. The
subscript cell refers to the local variable on a cell inside the flame envelope.

Similarly, e. could be written as

e, =1-exp(—«.L,) (4.24)

(4.25)
where L, is the beam length for the entire flame, expressed as
s ., if optically thin
L=4" (4.26)
3.6V,  else

'F

V. and 4, are the volume and surface area of the flame, respectively. Bear in
mind that it would be very difficult to calculate the flame surface area 4,. In fact,

the exact flame sheet is really thin, and it is unlikely that all the parts of flame
sheet would be captured during the simulations. Moreover, multiple layers of
flame sheet may be taken somewhere. Hence, the loss or gain of parts of flame

sheet is unavoidable, leading to the wrong prediction of flame surface area.

In this study, the flame is assumed to be a cylinder, as shown in Fig. 4.2.

The height of the cylinder is equal to the flame height, while the diameter is
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equivalent to the pool size. The cylinder would be tilted in case of cross wind, as
described in Fig. 4.2.b. Note that the procedures of calculating the flame height

(L,) and flame tilted angle from vertical direction (¢) are included in the next

chapter. In fact, this cylindrical assumption is popularly made during the
estimation of view factor in order to obtain the measured SEP from the
radiometer readings in the LNG tests [108], as the flame sheet is wrinkly and

always changing against time. According to this assumption, ¥, and 4, in Eq.

(4.26) would be expressed as

DZ
v, = ”TL, (4.27)
4y =L, + 72 (4.28)

Actually, in the large scale fires this assumption will not have a big impact on the
calculation of SEP, i.e. Eq. (4.21), as the averaged flame emissivity would be

really close to 1 [109], as shown in Chapter 7.

7 (D
L/ L/
b
D

Fig. 4.2 Schematic of cylindrical flame assumption (a. no cross wind; b. cross

wind)
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4.4.2 Surface Heat Flux

This method aims to mimic the radiant heat flux on the flame surface.
The local surface emissive power is assumed to be same as the out-going radiant
heat flux along the vector normal to the flame surface. In this work, the flame

surface is predicted with the criterion

0

|F. +7|<Cs zs"— (4.29)

where Cg, is an empirical constant. It is believed that this positive C,, would

influence the number of cells which are involved in the averaging process, but it
would not hugely influence the value of the averaged variable, such as radiant

heat flux, over the flame surface. The unit vector normal to the flame surface (g )

may be expressed using the gradient of the reference species and soot mass

fraction:

ALt (4.30)

According to Eq. (4.8), the local out-going radiant heat flux along the

vector normal to the flame surface (45, ) would be written as

g5 = | 1(x.5)(3 g )dQ (4.31)

§Ag>0

Hence, the surface emissive power on the flame surface ( SEP, ) could be

expressed as

z q.S"F fflldVrclI
SEP, =l (4.32)

Z d Vrrll

R N )70
cell I)" .y'dlgc_v 0
)
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Note that the surface area weight is preferred to average the surface emissive
power, and here the volume weight is adopted instead in order to bypass the

wrong prediction of surface area, as described earlier.

4.4.3 Surface Emissivity

In this method, the surface emissive power would be estimated from the

local emissivity over the flame surface. The local flame emissivity (e, ) may be

estimated as
e, =1-exp(-rA) (4.33)

Note that here the filter width is applied to represent the typical beam length in

each cell. The local surface emissive power ( SEP, ) may be expressed as
SEP, =e,oT* (4.34)

Therefore, the surface emissive power over the flame surface would be

Z SE. I)A «cell d Vcell

SEP,, =< (4.35)

Z d Vrell

. Yoy
cell 7. + Yoy |$C =

It is noted that the criterion Eq. (4.29) is still used here to representatively

capture the flame surface.
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Chapter 5

FireFOAM Solver

5.1 INTRODUCTION

FireFOAM, a fully compressible LES solver for buoyancy driven flows
and diffusion combustion, is based on the OpenFOAM platform [110], which is a
set of object-oriented open source CFD toolboxes written in C++, Based on the
conservative finite volume method, the code can even use unstructured
polyhedral mesh, and it also benefits from parallelization. The use of the object-
oriented programming technique makes it possible to avoid the recompilation of
the overall source code. After changing part of the code, through the concept of
dynamic library the unchanged part can just be called upon directly to link with

any newly developed models.

FireFOAM has benefitted from both contract supported development as
well as internal development by FM Global. The long term goal of FireFOAM is
the predictive capability of large scale industrial fires and water based
suppressions [5]. Relevant mathematical models, such as surface film model,
pyrolysis model and suppression model, are currently on-going at FM Global.
The present study is merely focused on the development of robust combustion
and soot model. The basic governing equations, discretization method, and

iteration technique are included in the following sections.
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5.2 GOVERNING EQUATIONS

The governing equations are expressed as follows. The over-bars and

tildes stand for spatial filtering and Favre averaging in the LES framework,

respectively.
Mass
— a— ~
op  CPY, _,
ot Ox :
Momentum

ot o, Ox, oOx,

ie_e_/’_féi[p()[éi"_la_s ]],,
X .
J

(i, j,k=1,2,3)

s [ i=i
P10 iy

___-~m+ pi;Y 0|5 D+_V_'— 2& +0. +@ +@
at ax ax p SCI ax m.g m.sf 'm.s0°

J
Soot

a  ox ox

Sensible Enthalpy

oph, ik, Db o (_( v M) .a o .
Ty | pla+— |— |+¢ -Vq,
a a Do\ e o T T

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

52



o= AuVp (5.8)
9" = @y, Ak -, Ak (5.9)
Equation of State
- _ R
p—pMWmT (5.10)
1 Y,
MWN—;[MWM] (5.11)

It is worth pointing out that the relevant source/sink terms in Egs. (5.4), (5.5),
and (5.9) have already been described in detail in the “combustion model” and

“soot model” sections.

5.2.1 LES Model

The goal of LES model is to represent the SGS stress in terms of resolved
velocity field and meanwhile to estimate the turbulent viscosity. The most
popular model is the algebraic eddy viscosity model originally proposed by
Smagorinsky [23]. However, this model is not capable of coupling with EDC as
the SGS kinetic energy cannot be obtained, which is the essential variable to
apply the newly developed EDC to LES as mentioned before. From this point of
view, the one-equation eddy viscosity LES model of Menon et al [23] is a good
choice, as it would solve the SGS kinetic energy directly unlike the majority of
LES models and meanwhile maintain the simplicity. This model is utilized in the

current work, written as

ot Ox, Ox;

]

ou k i,
ks i 8G _a_[i%ﬂ] -ai—gsag (5.12)
]
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32
kSGS

E56s = C, A (5.13)
v, = Cky?A (5.14)

s 2
T, =-2V,§, +;k$0s5,j (5.15)
5,012, % 5.16
¥ 2 axj axi ( ’ )

Additionally, this model allows even larger mesh size in comparison with the
Smagorinsky model, as the turbulent viscosity is calculated from the SGS kinetic

energy solved in each cell, rather than from the resolved strain rate.
5.2.2 Pressure Treatment

The pressure could be decomposed into two parts, including the hydraulic

pressure ( pgh) and the remaining part of pressure ( p,,, ), written as

P=D,+pPgh (5.17)

This treatment facilitates the settings of outlet and open boundary conditions
with regard to pressure and velocity. Theoretically, the pressure in Eq. (5.6) and
Eq. (5.10) could be replaced by the background pressure, like the procedure in
FDS [48], to filter out the effect of sound waves, as fire behaviours generally
follow the low Mach number assumption [48]. However, FireFOAM still
maintains its original format of pressure. As a result, it is not restricted to the low

Mach number flows.

As FireFOAM is a fully compressible solver, the treatment of boundary
conditions for velocity and pressure should be considered very carefully. In some

cases, the distributions of velocity and pressure are found to be non-physical due
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to the inclusion of sound wave, even though the flow is at a relatively low speed.
In fact, we experienced this dilemma in the liquefied natural gas (LNG) fire
simulations when there is a cross wind, which is covered in the following
sections. At the beginning of simulations, the incoming wind would push the
stagnant air, giving rise to the compressible effect and further influencing
predictions of pressure and velocity hugely. Attempt was made to pre-define the
initial velocity field for the entire internal domain, but the problem persisted. An
appropriate boundary condition needs to be developed to handle the outlet

boundary in these cases.

It was found that Dp/Dr term in Eq. (5.6) plays a very important role in
causing the non-physical enthalpy increase at some locations, resulting in the
wrong predictions of temperature, density and velocity. Since Dp/Dr term is
believed to be marginal if cross wind is at a low speed, it was decided to neglect

this term in such scenarios, but the pressure terms in Eq. (5.2) and Eq. (5.10) are

kept the same. This treatment is similar to the low Mach number assumption.

5.3 DISCRETIZATION AND ITERATION

The finite volume method is introduced to discretize these above
governing equations. The FVM uses Gauss divergence theorem, which
transforms the integrals over a control volume to the integrals over the entire
bounding surfaces of the control volume. OpenFOAM provides a lot of options
for the discretization of time derivative, convection term, diffusion term, source
term, and gradient term, as elaborated in Ref. [111]. In the current work, the time
derivative is discretized using the backward time scheme with second order

accuracy, and the central differencing scheme with second order accuracy is
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utilized to discretize both the diffusion term and gradient term. The convection
term is discretized using the limited central differencing scheme in order to
maintain the total variation diminishing (TVD) characteristic. For the source

term, the implicit scheme is adopted.

The PIMPLE algorithm, which is a combination of pressure implicit with
splitting of operators (PISO) [112] and semi-implicit methods for pressure-linked
equations (SIMPLE) [113], is adopted to update the field variables. There is an
inner loop and outer loop in this algorithm, as summarized in Fig. 5.1. The
number of these two loops should be specified before the simulation to ensure
the numerical solution for all the discretized equations is found. In the outer loop,
the momentum equation would be solved firstly with the presumed pressure field
(at the last time step), and then the velocity field would be updated. Based on this
new velocity field, the gas species equation coupled with our developed EDC in
the LES framework, the sensible enthalpy equation imbedded with the effect of
soot oxidation on heat transport, and the soot equation implemented with our
developed soot formation and oxidation models in LES would be solved and
meanwhile the corresponding scalar variables would be updated. As the
presumed pressure field has been used in the momentum equation, it is most
likely that the continuity cannot stand, and the pressure correction should thus be
essential. Note that this correction equation can be derived from the mass and
momentum equation, and it is solved in the inner loop of PIMPLE, as shown in

Fig. 5.1.

In fact, the above algorithm is very suitable for the incompressible flows,
in which there is no pressure equation. In contrast, the equation of state must be

included in compressible flows, resulting in the relationship between the pressure,
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density, and temperature. Theoretically, it is not essential to employ PIMPLE to
update the pressure, as the pressure could be estimated from the density
(continuity equation) and temperature (energy equation). This procedure might
be helpful to reduce the numerical cost. since Poisson equation would not be
solved. However, the estimated pressure from the density and temperature would
vary hugely if they are still not converged, leading to non-physical predictions of
the velocity and temperature. The introduction of PIMPLE is expected to

enhance the numerical convergence.

Read Time, Mesh, Ficlds, ctc
Start  Time Loop
Solve  Density Equation

Run Time Loop

'M Time Loop

Fig. 5.1 The schematic algorithm of the modified FireFOAM solver
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5.4 OTHER TREATMENTS

5.4.1 Flame Height

As mentioned in the above section, the whole flame may be captured
using Eq. (4.22) for both sooty and non-sooty flames. Hence, the flame height

would be

(5.18)

Lf = max (i.é)li,‘f,4 20

where x is a vector representing the coordinate location of cell centre, and g is a

unit vector indicating the reverse direction of gravity acceleration. The operator
“.” represents the inner product of two vectors. It is worth pointing out that the
stoichiometric flame height, which is defined only based on the reference species,

would be slightly less than the real flame height, as part of soot particles near the

flame brink would be oxidized.

5.4.2 Radiative Fraction

The radiative fraction is known as the ratio of radiation loss to the total
energy, and it is indeed dependent on the fuel type and pool size. The total

radiative fraction over the whole flame ( ?, ) is calculated from

;(V q; )"u dv_ l
R = — —
;(wﬁ“lMt + ws./Ahc.: )"” dVreII

(5.19)

Y, ﬁ);", 20

Bear in mind that the energy stored in the soot particles should also be taken into

account.
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5.4.3 Cross Wind Inlet Boundary

In the large scale LNG fire scenarios, the cross wind speed needs to be
considered as the experiments were conducted in a big open area. However, the
wind speed is often measured at the relatively lower location during LNG tests,
which could not reflect the effect of actual velocity profile on the flame. In order
to mimic this effect, the pre-assumed atmospheric velocity profile is applied to

the cross wind inlet velocity («,) boundary in the current work:

5
TN

|z
N—

u, =uin(Hr)

(5.20)

g
/TN
Tz
~

where # is the height of cell centre on the cross wind boundary. H, is the
location where velocity was actually measured in the test, while u, (H,) is the
velocity obtained at the location #,. H, is the roughness length, which is

generally set as 3 cm [114].
5.4.4 Flame Tilted Angle

As a result of cross wind, the flame would be tilted as described in Fig.
4.2. The total tilted flame angle (8) from the reverse direction of gravity would

be estimated from the averaging of local flame angles () over the entire flame

envelope:

(5.21)
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In fact, the averaging process is based on the amount of cells located on the
flame surface, rather than the volume weight used in SEP and radiative fraction

predictions. § would be expressed as

) =-1-§-garccos[i-g] (5-22)
n
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Chapter 6

Small/Medium Scale Pool Fires

6.1 INTRODUCTION

A series of small/medium scale pool fire scenarios are included to test the
combustion and soot model aforementioned. A methanol fire would be
considered first to verify the combustion model. As methanol flame is totally
clean, the soot model is deactivated. Subsequently, other predictions were carried
out for methane fires, heptane fire and toluene fire to test the coupled combustion
and soot model. In this chapter, the bar over the variable always represents the

time averaging rather than the filtering in LES.

6.2 METHANOL FIRE

6.2.1 Problem Descriptions

A 30.5 cm diameter methanol pool fire, conducted by Weckman and
Strong [115], is considered to test the combustion model. In the experiment, the
burner was mounted on a traversing stand that allows radial and axial traverses of
the fire flow field to obtain velocity and temperature measurements from the
centreline to the edge of the fire. On this basis, a cylindrical computational
domain with the size of 180 c¢m in diameter, 180 cm in height was set to ensure
that influence of the outflow boundaries is negligible, as shown in Fig. 6.1. Non-

uniform meshes were employed with grid points clustered around the burner
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centre and their size gradually increased in the radial and vertical directions, as
displayed in Fig. 6.2. Four different grid resolutions were applied to the domain,
denoted as “Super-fine”, “Fine”, “Medium”, and “Coarse”. The number of cells
across the burner was selected to be 96, 72, 48 and 24 accordingly in each of the
four meshes. It is worth pointing out that the “Medium” mesh considered here is
already finer than that used in the finest resolution case by Wen et al. [116] for
the same scenario. Two types of boundary conditions shown in Fig. 6.1 were
used in the calculations: free boundary conditions on the surface of the open
domain and prescribed mass flow rate profiles at the fuel exit surface. The
methanol feeding rate is 1.069 g/s giving a heat release rate of 22.6 kW. The inlet
temperature is 338 K, equivalent to the boiling point of fuel methanol. Sub-grid
kinetic energy equation was solved with two coefficients set to be C, =0.05 [23]
and C, =04, which are regarded as the default ones for LES model in all
following fire scenarios. Note that the setting of C, would be discussed on the
basis of turbulent energy cascade in EDC, as included in the following
subsection. The turbulent Prandtl number was set to 0.5 according to the
corresponding experimental work [115]. Lewis number was set to unity,
implying that the thermal diffusivity is equivalent to the mass diffusivity, and
this setting is applicable to all following fire scenarios. The integral length scale
is calculated to be 0.22 m based on Eq. (2.28). Radiative heat loss was accounted
for with the assumption of an optically thin flame. The physical time was chosen
to be 20 s to ensure the flame is fully developed. All the above settings are

summarized in Table 6.1.
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Open Boundary

Fig. 6.1 Schematic of the domain for the methanol fire

a. Bottom Plane

b. Middle Plane

Fig. 6.2 Schematic of non-uniform meshes for the methanol fire

Table 6.1 Summary of numerical settings for the methanol fire

Experimentalist Weckman
Fuel Methanol
Fire Size 30.5 cm
Mass Flow Rate 1.069 g/s
Theoretical HRR 22.6 kW
Inlet Temperature 338 K (boiling point)
Computational "
Donsala 1.8m(D)* 1.8 m(H)
Non-uniform grids;
Mesh

Cells across burner: Coarse, 24; Medium,
48; Fine, 72; Super-fine, 96
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Sub-grid kinetic energy equation
LES Model C, =04
C, =0.05
Radiation Model Optically thin assumption

Soot Model Off
Prandtl Number 0.5
Lewis Number 1.0

Integral Length Scale 0.22m
Physical Time 20s

6.2.2 Results and Discussions

a. C,. Term

To some extent, the term C. . in Eq. (2.20) represents how fast the
reaction rate of fuel is consumed during the combustion, and its distribution is
described in Fig. 6.3 with y and y ranging from 0 to close to 1. It is seen that the
value of C,. increases with the increase of y and y. The values are almost two
orders of magnitudes greater when y and y are close to 1, reflecting the possible
big change in different cells due to the variation of y and y. According to the
appearance of C,,.in Eq. (2.20), one may think about the similarity between Cy,
and the coefficient * 4" in the eddy dissipation model [6]. It is described in [6]
that ** 4> may depend on the structure of flame, but generally it is set as 4. Bilger
[11] suggested that this coefficient may be computed explicitly as a function of
the mixture fraction mean and standard deviation, and that it is not strongly
dependent on the shape of the commonly used mixture fraction PDF. In this

study, C,,. is determined by both the turbulence (in 7 ) and composition (in ).
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Fig. 6.3 C,, as a function y and y

b. Grid Sensitivity

The effect of grid size on the simulation results is examined to ensure that
the grid size is appropriate. In this subsection, both the mean and fluctuation
properties would be checked with the variation of the grid size. The mean
centreline temperature rise and centreline axial velocity are firstly considered. as
shown in Figs. 6.4 and 6.5. These two variables could represent the effect in the
whole domain. The empirical model developed by McCaffrey [117]. which is

widely used in the fire community, is also introduced:

st

x

The coefficients for this model are summarized in Table 6.2. It is worth pointing

<0.08). “intermittent” zone

out that three zones. including “flame™ zone (

34

(0.08561;750,3 ), and “plume” zone (—(%:»0,2 ). are considered in this model.
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where the different value would be specified for each coefficient. It is also worth

mentioning that the properties in this experiment are measured under the height

of 30 cm, i.e. éﬁ=0.086 , indicating that the measurement would be majorly

located in the “flame” zone.

Table 6.2 McCaffrey model coefficients

A B n 70" (m/kw*’)
Flame 6.8 m'%/s 0.9 12 <0.08
Intermittent | 1.9 m/s’kW'"* 0.9 0 0.08-0.2
Plume 1.1 m*/skW'™ 09 -1/3 >0.2

In Fig. 6.4, it is found that the measurement is around 200 K higher than
the empirical McCaffrey model in the “flame” zone, while it would follow the
trend of that model near the start of the “intermittent” zone. The “Coarse”
simulation surprisingly achieved good agreement with the measurement at the

beginning of “flame” zone, while the discrepancy became larger and larger

starting from 522,—5 =0.05. One can also find that the predicted temperature would

decrease with the increase of grid resolution. This finding is thought to be
relevant to the foundation of EDC. It is known that in EDC the reaction rate is
formulated based on the turbulent properties, and thus the resolution of
turbulence would have a big impact on the reaction rate. In Egs. (2.20) and (2.22),
one can derive that the reaction rate would decrease with the decrease of the total
dissipation rate. Moreover, in this study the total dissipation rate is modelled in
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terms of SGS kinetic energy, as shown in Eq. (2.12). Theoretically SGS kinetic
energy represents the cut energy because of the filtering process. and it would
decrease when the filtered width estimate from the cubic root of the cell volume
decreases. Therefore, it is most likely that the reaction rate would decrease with

the increase of grid resolutions.

The “Medium”™ and “Fine™ meshes give similar predictions, while the
prediction of the “Super-fine” mesh deviates from both curves. This is possibly
explained by the fact that the grid size (3.2 mm) on the burner is quite close to
the Kolmogorov length scale, as shown in Fig. 6.32. Hence the simulation using
the “Super-fine” mesh would be similar to direct numerical simulation (DNS).
As the SGS kinetic energy is expected to be really small when the filter width is
very close to the Kolmogorov length scale, it may influence the credibility of the
total dissipation rate ¢ as well as the mass transfer rate between fine structures

and surrounding fluid, i.e. " in Eq. (2.22).

1200 4

1000 4

800 E 4

600 §
g 400

—
< 200
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m i i i A i
0.01 0.02 0.04 0.08 02 03 0.5
2/Q%° (m/kw?%)

Fig. 6.4 Centerline temperature rise as a function of normalized height
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Figure 6.5 describes the normalized centreline axial velocity (5;_‘ ) as a

function of the normalized height (-Q%_). As one can see. there is considerable

difference between the measurement and McCaffrey empirical model in the
“flame™ zone, although they appear to follow a similar trend. Overall, the
“Coarse” mesh over-predicts the velocity in all three zones. In contrast,
“Medium”, “Fine™ and “Sup-fine” meshes achieves the reasonable agreement
with the measurement in the “flame™ zone. One can also find the predictions
with those three meshes peak in the “intermittent” zone similar to McCaffrey’s
correlation, while they deviate from the empirical curve in the “plume”™ zone.
As to this deviation, it would be unfair to say the current predictions are bad,
since there is no corresponding experimental data. The deviation is also likely
due to the differing stoichiometries of the fuels as McCaffrey’s correlation was

developed based on the methane fires.
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Fig. 6.5 The normalized centerline axial velocity as a function of normalized

height
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Comparison of the predicted temperature fluctuation 7' and Reynolds
stress u'u! (radial direction and axial direction) with different meshes are made
in Fig. 6.6 and Fig. 6.7, respectively. It is found that the “Coarse” mesh under-
predicts both 7' and w'u' , while the “Medium” and “Fine” meshes give very
similar results, indicating that the medium grid resolution should be sufficiently
fine. One can also observe that the predictions with the “Medium” and “Fine”

mesh are in reasonable agreement with the experimental data.
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c. Effect of New y

The mass fraction occupied by the fine structures, i.e. 7, is obtained
based on Eq. (2.28), as described in Chapter 2. Note that the integral length scale
formula is applied. The predicted transient (at 20 s) and average distribution of y
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is illustrated in Fig. 6.8. It is found in the transient profile that the magnitude of
yranges from 0.25 to 0.5. The greater values are generally located near the fire
base. particularly close to the two side open boundaries. It is also evident in the

average profile. As a matter of fact. y would be only dependant on the total
dissipation rate ¢ if the integral length scale L' is pre-described, according to Eq.

(2.27), and it could be expressed as
;/x.g,‘l” i (63}

As p is less than 3, ¥ would decrease with the increase of &, and one can also

find this trend by comparing with Fig. 6.8 and Fig. 6.27.
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Fig. 6.8 Calculated transient and average distributions of y with the introduction

of Eq.(2.28)
d. Effect of New y

Two cases are designed in order to understand the effect of 7, and the

only difference is the expression of y, either the original expression of Eq. (2.33)



or the newly developed expression of Eq. (2.47). The calculated transient
(randomly chosen at 20 s) and average distributions of xand Tacross the burner
centre using Eq. (2.33) are shown in Fig. 6.9. For the transient 7, it seems to be

unreasonable that the value of ynear the fire source is close to 0, while it is

around 1 in the non-reaction areas. Actually, )7,, term in Eq. (2.33) tends to

remain O near the burner exit, which is due to the fact that no combustion will

take place if the small value is not added to y initially, causing the chemical

reaction to be frozen in this area. In contrast, f’ﬁ, term would become 0 in the far

-~

field, and the calculated value of x will be 1 as long as ¥, is not equal to 0. In
the transient T profile, weak temperature increase is found near the burner exit
and the flame is surprisingly lifted from the burner, which is non-physical for a

pool fire. The possible reason is due to the unreasonable distribution of y .

Regarding the average y, its magnitude increases with the height along
the centreline, and ydistribution generally could not represent the flame structure.
The non-physical lifted flame is also evident in the average T profile. It is also
shown that the magnitude of predicted average Tis much smaller than the
transient one in the lifted reaction area, implicitly reflecting that the lifted
reaction area was on the move. Moreover, this movement may be the reason why
there is another relatively high temperature core in the far field of average T’

profile.
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Fig. 6.9 Calculated transient and average distributions of yand 7'using Eq. (2.33)

Figure 6.10 describes the calculated transient and average y and 7with
the new expression, i.e. Eq. (2.47). It is indicated that the larger value of »
occurs where the flame temperature is predicted to be higher, implying that the
larger reaction rate gives rise to the higher temperature according to the
relationship between ¢,, and x . In fact, this is the fundamental basis of the
proposed modification. Unlike the above predictions with the original expression

of Eq. (2.33), the flame is anchored to the burner which is consistent with
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experimental observations [115]. Furthermore, the average 7distribution appears

to agree with the common temperature profile for pool fires [109], and the

detailed comparison would be made in the below subsection.
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Fig. 6.10 Calculated transient and average distributions of yand 7'using Eq. (2.47)

e. Effect of Initial Conditions on y

With regard to the previous predictions using the original expression of

Eq. (2.33), one might argue that the settings of initial conditions may be

inappropriate, and think that the ignition process must be employed if the

~1
]



original expression is activated. Here three cases are designed with the different
ignition method or different size of ignition region, and bear in mind that all

these cases are performed using the original express of z .

The first method for ignition would be using relatively high temperature.
In this case, the ignition temperature of 1000 K is initially applied to the region
with 0.5 m x 0.5 m x 0.5 m on the top of the burner. The physical time is set as
20 s, the same value as before. The predicted transient (at 20 s) and average

distributions of y and T are included in Fig. 6.11. It is clear that the predicted
transient 7 has the similar structure to the one in Fig. 6.9, which is unreasonable

based on the previous analysis. Similarly the flame is also believed to be lifted,
as the temperature increase near the burner is so weak, evident in the transient
and average temperature profile. It is also found that the inclusion of ignition
process using high temperature indeed influences the average distributions of x
and 7, by comparing Fig. 6.11 with Fig. 6.9. However, this high temperature

ignition method couldn’t solve the lifted problem.
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Fig. 6.11 Calculated transient and average distributions of yand 7'using Eq. (2.33)
(Ignition method: high temperature: Physical time: 20 s)

Moreover, one may also question whether the physical time is long
enough to include all the physical phenomena and to support the above findings.
Thus, we continued to run this case up to 100 s in order to clarify the doubt. Fig.
6.12 depicts the predicted transient distributions of 7 and 7at 100 s, and the non-

physical lifted flame is still there.
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Fig. 6.12 Calculated transient distributions of yand 7'using Eq. (2.33)

(Ignition method: high temperature: Physical time: 100 s)
The second ignition method applied in this work is the pre-described }L}, ;

composed of 1-;,,: and }",,:,,. Initially, the species mass fractions of CO; and H,O

are both set as a constant of 0.5 within the region of 0.5 m x 0.5 m x 0.5 m on the
top of the burner, as designed in the previous case. In contrast, the species mass
fractions of O, and N, are both selected to be 0 in that region, leading to ‘f;, =]
for Eq. (2.33) at the start. The physical time is also chosen as 20 s. The predicted
transient (at 20 s) and average distributions of » and 7 are presented in Fig.
6.13. The unreasonable distribution of ¥ and non-physical lifted phenomenon
are also evident here, as analysed before. It is also demonstrated that the
inclusion of ignition process has some effect on the average distributions of

and 7', in comparison with Fig. 6.9, but cannot really tackle the lifted problem.
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Fig. 6.13 Calculated transient and average distributions of yand 7'using Eq. (2.33)
(Ignition method: pre-described }‘fw : Ignition region: 0.5 m x 0.5 m x 0.5 m;

Physical time: 20 s)

For this ignition method, another case is included here to determine if the
size of ignition region affects the distributions. In this case, the ignition region is
reduced to 0.15 m x 0.15 m x 0.15 m based on the previous case, and the injected
methanol from the burner due to diffusion and convection would have more

opportunities to mix with the air at the beginning of the simulation. It is
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illustrated in Fig. 6.14 that the unreasonable ¥ and the lifted problem still exist.
Note that the size of ignition region would have an impact on the average y and

T, but still couldn’t really improve the weak temperature increase near the
burner. The physical time is also prolonged to 100 s to check the possible
improvement, but unfortunately the problems are still there, as shown in Fig.

6.15.
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Fig. 6.14 Calculated transient and average distributions of yand T'using Eq. (2.33)
(Ignition method: pre-described Y, ; Ignition region: 0.15 m x 0.15 m x 0.15 m;

Physical time: 20 s)
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J. Heat Release Rate
The predicted curves of heat release rate versus time achieved from
different simulations are displayed in Fig. 6.16. Before analyzing those curves, it
is worth mentioning that in the following discussions the predictions simulated
using not only the new expression of y but also the original one would be
considered, in order to further investigate the possible improvement due to this
new expression. In the above analysis, three different approaches, including “no
ignition method”, “the high temperature ignition method™ and “the pre-described
¥, ignition method”, have already been included when the original expression is
applied, but the prediction with the high temperature ignition method would be
chosen arbitrarily to represent the results. It is already proved that all those three
approaches could not resolve the lifted problem fundamentally, and that choice to

display the results would thus be insignificant. For convenience, the prediction
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obtained from the new expression of y is denoted as “new” for this scenario,

while the one from the original expression coupled with the high temperature

ignition method is referred to as “original”.

It is found in Fig. 6.16 that both “new” and “original” predictions show
the character of oscillation. This must be associated with the periodic vortex
shedding in the pool fire [118]. However, the predicted oscillation period is so

distinct due to the expression of y . The calculated period in the “original”

simulation would be around 2.5 s, approximately 6 times larger than the one in
the “new” simulation. According to [118], this magnitude is totally non-physical.
It is very likely that the lifted problem, as illustrated before, has influenced the

flame puffing behaviour of being a pool fire.

Conservation of energy is also examined in order to ensure that the
corresponding inlet boundary conditions are feasible. Meanwhile, it is also
helpful to check if the unexpected heat loss due to the numerical models or
methods is considerable or not. It is worth pointing out that the heat would be
released only from the fuel gas combustion, as the soot model is deactivated for
this methanol fire. In this situation, the time-averaged heat release rate ¢ would
be equivalent to the total energy Q,, according to Eq. (3.37). Note that the quasi-
steady state would be essential to make that equivalence reasonable, and in this
work the period from 5 s to 20 s is assumed to be in that state. After averaging
those oscillated curves in Fig. 6.16 , the magnitude of heat release rate predicted
in the “new” simulation would be 22.5 kW, which is very close to the theoretical
value, i.e. 22.6 kW. In contrast, the value achieved from the “original” simulation
would be 17.5 kW, and thus there is about 25.8 % unexpected heat loss,

demonstrating the poor quality regarding the conservation of energy.
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Fig. 6.16 The predicted heat release rate versus time for simulations with the new

or original expression of y

g. Flame Height

The predicted flame height as a function of time for the “new” and
“original™ simulations is shown in Fig. 6.17. It is also clear that the characteristic
oscillation of flame height is changed because of employing the original
expression of z. It is already known that the periodic variation of flame height is
caused by the movement of large eddies initially formed near the burner rim
[119]. These eddies would grow bigger with the increase of height. and
meanwhile squeeze the flame from two different sides, resulting in the short neck
approximately at the height of one diameter [116]. Finally the flame would break
up downwards. Based on the fact that the flame is predicted to be lifted in the
“original™ simulation, the above mechanism becomes more fragile, as the
formation of eddies is limited at the burner rim because of the weak air
entrainment. This could be the fundamental reason why the original expression

of y predicted the unreasonable puffing behaviour.
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The mean flame height in the “original™ simulation is predicted to be 0.58
m, which is around 75 % larger than the one in the “new” simulation, i.e. 0.33 m.
According to the experimental finding [115], the mean flame height may be 0.2
m. Therefore, the new expression of y further shows its potential, although it
may over-predict the flame height. Always bear in mind that the methanol flame
is generally in blue, as no soot is formed. Thus, it would be very difficult to
distinguish the flame from the environment, leading to the problem to capture its

variation of flame height.
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Fig. 6.17 The predicted flame height versus time with the new or original

expression of x

h. Radiative Fraction

As soot model is deactivated for the methanol flame, the gas phase
radiation (mainly due to CO; and H,0) would become important. It is previously
shown that the gas phase absorption coefficient is obtained from the RADCAL
program [104]. Therefore, the radiative fraction could be helpful to examine the

feasibility of that program in this scenario.
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The predicted radiative fraction against time is depicted in Fig. 6.18. For
the “new” simulation, the mean radiative fraction is calculated to be 0.19.
Unfortunately, this property was not measured during the experiment. In a
similar experimental study, Gore [120] obtained the value of 0.18 for a 30 ¢cm
methanol fire. Although the burner size is slightly different, at least his study
could give us a hint about the magnitude of radiative fraction for this small scale

methanol fire. The current prediction agrees very well with this magnitude.

Regarding the “original” simulation, the non-physical oscillation is still
evident, and the average radiative fraction is estimated to be 0.05. As a matter of
fact, the radiative fraction generally varies from approximately 0.15 for low
sooting fuels, such as most alcohols, to 0.60 for high sooting fuels [119].
Therefore, that predicted value is physically unreasonable. One should always
remember that the radiative fraction in this study is based on the whole flame,
which is identified according to Eq. (4.22). As a result of the lifted problem in
the “original” simulation, the whole flame is artificially extended, as evident in
Fig. 6.17. Therefore, that predicted radiative fraction, i.e. 0.05 could not reflect

the radiative character of the whole flame.
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Fig. 6.18 The predicted radiative fraction versus time with the new or original

expression of y

i. Velocity

The mean axial velocity at different locations (6. 10, 18, and 30 c¢cm) is
presented in Fig. 6.19. Overall, the agreement between the “"new” simulation and
the measurement is qualitatively good. In contrast, the “original™ simulation
hugely underestimates the magnitude of axial velocity, particularly close to the
burner. Figures 6.20 and 6.21 represent the comparison between the predicted
and measured radial velocity distributions. It can be seen that the “original™
simulation under-predicts the radial velocity. especially near the fire base. The
reason would be associated with the weak air entrainment due to the lifted
problem. It is found that the “new™ simulation gives the reasonable agreement

with the experimental data. It is also true with regard to the comparison of the

predicted Reynolds stress «’u’ with the measurement, as shown in Fig. 6.22.
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measurements at different heights
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measurements at different heights
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Fig. 6.22 Comparison of the predicted Reynolds stress »'u! with the

measurement ((a)---original; (b)---new; (c)---experiment)
J- Temperature

Similarly, a comparison of the mean temperature at different heights is
presented in Fig. 6.23. It is shown that the “original” simulation significantly

under-predicts the mean temperature at all heights considered. The predicted
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temperature rise near the centreline is not considerable at the locations lower than
18 cm, further demonstrating the existence of lifted phenomenon. In the “new”
simulation, the prediction follows the similar trend to the measurement. At H=6
cm, the temperature is under-predicted by around 250 K near the centreline. This
under-prediction is thought to be due to the basis of the EDC. It is known that in
EDC the rate of combustion is linked to the predicted level of turbulence.
Immediately above the burner surface, the turbulence level is extremely low and
the flow could even be laminar. Thus it would influence the capability of EDC
model in this area. Furthermore, it is also noted that it is really difficult to fully
capture the transition from laminar to turbulence using the current one-equation
eddy viscosity LES model, and that the special treatment for the boundary should
also be needed. Apparently, this is not the scope of this study. With the increase
of height, the predicted temperature by EDC becomes closer to the experimental
data. As the height increases, more air is entrained into the flame, and more large
eddies are produced. The flow becomes more turbulent due to the eddy break-up,

to which EDC would be more suitable.

Figure 6.24 depicts the predicted and measured temperature fluctuation
Fproﬁles. For the “new” simulation, the contour lines cluster near the burner
rim at radial positions between 12 cm to 16 cm, which is consistent with the
experimental finding [115]. The discrepancy from the measurement occurs in the
region near the centreline of the pool, as one can find the magnitude of the
predicted temperature fluctuations increases gradually along the centreline with
the increase of height. For the “original” simulation, the magnitude of
temperature fluctuation is very much under-predicted as a consequence of the

lifted problem.
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Fig. 6.24 Comparison of the predicted temperature fluctuation T’ with the
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k. Turbulent Heat Flux

and /T’ (axial direction) with the measurements are shown in Figs. 6.25 and 6.26.

Comparisons of the predicted turbulent heat flux /7’ (radial direction)

These two variables are calculated from
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Note that these two formulae are feasible only for the time averaging process, not
for the filtering. It is obvious that the “original” simulation significantly under-
predicts the turbulent heat flux «'T"in the whole considered area, as a result of
the lifted problem. As discussed before, the lifted phenomenon would hugely
influence air entrainment of the flame, and thus the radial velocity fluctuation is
definitely weakened. Moreover, the weak temperature rise in that area also plays
an important role in this unreasonable distribution of «'T" . However, this variable
is well predicted in the “new” simulation, as both the magnitude and structure are
well captured. The turbulent heat flux 4’7" is also under-estimated in the
“original” simulation. Furthermore, the contour line near the centreline is
predicted to be opposite to the measurement. Nevertheless, the “new” simulation

provides reasonable agreement with the measurement in terms of magnitude and

distribution.
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l. Dissipation Rate
According to Eq. (2.8) and Eq. (2.10), #,, is the dominating term in the

calculation of total dissipation rate since its magnitude is always larger than

I/3g4s in the turbulent energy cascade. This magnitude difference would be
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bigger if the filter width of LES is located closer to the integral length scale and
smaller if the filter width is approaching the Kolmogorov length scale. On the
last structure level which is assumed to be of the Kolmogorov scales in this study,
the ratio of 1/3¢,, to W, would become 1/3 due to the energy balance between
95s and W . Hence, 1/3q, is expected to play an auxiliary role in the total
dissipation rate when LES approaches DNS. Moreover, W, may be
approximated as the SGS dissipation rate £, in the sub-grid kinetic energy
equation [23] since they have the same expression as a function of &, and a ,
except the empirical coefficient. In this work, the coefficient C, in the sub-grid
kinetic energy equation, i.e. Eq. (5.13), is modified from 1.0 in [23] to 0.4
according to the term of (2/3)"2 C, in W, expression. Normally LES cannot

resolve the scales very close to the Kolmogorov length scale, and there would be
little difference between the SGS dissipation rate and the total dissipation rate as
evident from the relevant mean distributions in Fig. 6.27. Additionally, the
magnitude of the predicted total dissipation rate and SGS dissipation rate in the
“original” simulation are generally lower than 20 % of the corresponding one in

the “new” simulation.
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m. Kinetic Energy

The SGS kinetic energy is regarded as an integral of the spectral energy

[24] over the wave-numbers from 27/A to infinity and indirectly reflects the
unresolved velocity fluctuations in LES, while the total kinetic energy is
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considered as the integral over all the wave-numbers, i.e. from 0 to infinity,
implying the magnitude of instantaneous velocity deviation from the time-
averaged velocity. While the total kinetic energy can be measured during
experiments, the SGS kinetic energy only “exists” in models. Generally, the SGS
kinetic energy is very small in comparison with the total kinetic energy, as

evident in Figs. 6.28 and 6.29.

It is found in Fig. 6.28 that the predicted SGS kinetic energy with the
original expression of y is roughly one tenth of the one with the new expression,
further demonstrating the weak turbulence near the burner due to the lifted flame.
Bear in mind that this statement is true only if the same filter width is applied in
both the “original” and “new” simulations. For the turbulent kinetic energy, it
could be derived from the velocity fluctuations and the unresolved SGS kinetic

energy, expressed as

b =5 (W0 0 420 )+ s (6.6)

Comparison of the predicted &, with the measurement indicates the “new”

simulation is capable of achieving the reasonable agreement with the
experimental data, as shown in Fig. 6.29, while the “original” simulation fails to

do so.
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n. Time Scales

The integral time scale and Kolmogorov time scale are very important in

turbulent flames, reflecting the residence time of largest eddies and small eddies,

respectively. As stated in Chapter 3, the geometric mean of these two time scales
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is employed to account for the turbulent mixing time scale of soot formation.
Therefore, it would be essential to ensure that these two scales are reasonably
predicted. Comparison of the predicted integral time scale with the measurement
is depicted in Fig. 6.30. The predicted integral time scale in the “new” simulation
ranges from 1 s to 3 s in the major parts of the considered area, which agrees well
with the experimental data. This variable is predicted around two times larger
than the measurement in the “original” simulation. Overall, both “new” and
“original” simulations could give a reasonable order of magnitude with regard to
the integral time scale. It is worth mentioning that the “new” and “original”
simulations are designed in order to demonstrate the capability of the new y
expression, and the structure of EDC model is kept the same. Based on the above
information, one would realize that the new developed EDC combustion model
could deliver the reasonable time scale of largest eddies, which is very

encouraging in LES.

The Kolmogorov time scale reflects the residence time of the smallest
eddies, where the combustion is expected to take place as molecular diffusion
would be dominant rather than the mechanical movement. In this study, the
laminar kinematic viscosity v in Kolmogorov time scale formula Eq. (2.17) is

estimated from the Sutherland transport equation, expressed as [121]

ANT
U=_;(“’_T:/T—) (6.7)

where 4, and T are applied as 1.67E-6 and 170.67 respectively. With the help of

time-averaged temperature and density profiles, one could approximate the
distribution of the Kolmogorov time scale, as displayed in Fig. 6.31. It is found

that the “original” simulation gives a bit larger value of this time scale than the

103



one in the “new” simulation, particularly in the intermittent flame. However, the
order of magnitude is the same for both simulations, which is predicted to be
10~100 ms. Figure 12 in Ref [115] demonstrated that the experimental data for
this time scale is around 30~60 ms at the height of 8 cm, while the prediction is
approximately 80 ms, proving that the current extension of EDC could have the
potential to deliver the reasonable range of Kolmogorov time scale. As a matter
of fact, it is very encouraging indeed, as this time scale is extremely significant

for the turbulent combustion simulations.
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0. Length Scales

In turbulent flames, there are three popular length scales, including the
integral length scale, Taylor length scale and Kolmogorov length scale. As
addressed in the Chapter 2, the integral length scale is assumed to be equal to the
characteristic plume length in fire dynamics in order to approximate the total
kinetic energy as well as the integral time scale. This length scale represents the
typical length in the largest eddies where majority of mechanical energy is
occupied. As expected, the Kolmogorov length scale determines the typical
length of the smallest eddies. The laminar kinematic viscosity in the calculation
of this length scale is also obtained from Eq. (6.7) similarly like the estimation of
Kolmogorov time scale. The predicted Kolmogorov length scale using the two

different expressions of y is shown in Fig. 6.32. Although the predicted value in

the “new” simulation is a bit larger, the order of magnitude for this length scale is
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mm in both the “new” and “original” simulations. It is worth pointing out that the
Kolmogorov length scale could vary hugely, as it is significantly dependant on
the turbulent Reynolds number [24]. The Taylor length scale is somewhere
between the integral length scale and the Kolmogorov length scale, which is
calculated from Eq. (2.26) in this study. It is found in Fig. 6.33 that the predicted
Taylor length scale is on the same order of magnitude, i.e. c¢m, as the
experimental data, demonstrating the capability of the new developed EDC

model.

In the experimental work [115], it is found that the ratio of Taylor to
Kolmogorov scales is approximately 2.5:1 in the central core of the fire, and
increased to 8:1 near the edge of the fire. Based on this relationship, one could
work out Kolmogorov length scale should be on the order of magnitude of mm,
with the help of measured profile of Taylor length scale in Fig. 6.33. This finding
further proves that the predicted Kolmogorov length scale in Fig. 6.32 is in a

reasonable range.
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p. Comparison with Original RANS-based EDC

In order to further understand possible improvements due to the newly
developed LES-based EDC, simulations results of the original RANS-based EDC

are included in this paper. Figures 6.34 and 6.35 demonstrate the comparisons of
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the predicted mean axial velocity and mean temperature using the newly

developed LES-based EDC with those utilizing the original RANS-based EDC.

It is evident that the original RANS-based EDC significantly under-predicts the

mean axial velocity and mean temperature, particularly at the lower locations. It

is likely that the existence of the original y expression plays a dominant role in

that under-prediction, as it can result in the weak temperature rise near the burner

surface proved in the previous subsection. On the contrary, the predicted mean

axial velocity and mean temperature using the newly developed LES-based EDC

are in reasonable agreement with the experimental data.
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6.3 HEPTANE FIRE

6.3.1 Problem Descriptions

A 30 cm diameter heptane pool fire tested by Klassen and Gore [120] is
firstly considered for the soot model test. A cylindrical computational domain of
2 m in diameter and 4 m in height was used to minimize the influence of open
boundaries, as shown in Fig. 6.36. Non-uniform meshes were employed similarly
like the one in Fig. 6.2. Three different meshes were applied to the domain,
denoted as “Fine”, “Medium”, and “Coarse”, and the number of cells across the
burner is selected to be 72, 48 and 24 accordingly. Three boundary conditions are
considered in this scenario including the inlet boundary for the burner surface,
the open boundary for the top and sides of the domain, and the wall boundary for
the ground, as displayed in Fig. 6.36. The heptane feeding rate is 0.0362 kg/m’s,
giving a theoretical heat release rate of 115 kW. The inlet temperature is set as
372 K, equal to the boiling point of heptane. The laminar smoke point height is
0.147 m for fuel heptane [86]. Both turbulent Prandtl number and Schmidt
number were set as 0.8. The integral length scale is calculated to be 0.41 m based
on Eq. (2.28). FVM with the grey body assumption was activated for the
radiation model, which is the default setting for radiative heat transfer. The
physical time was chosen to be 20 s to ensure the flame is fully developed. All

the above settings are summarized in Table 6.3.
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Fig. 6.36 Schematic of the domain for the heptane fire

Table 6.3 Summary of numerical settings for the heptane fire

Experimentalist Klassen and Gore
Fuel Heptane
Smoke Point Height 0.147 m
Fire Size 30 cm
Mass Flow Rate 0.0362 kg/m’s
Theoretical HRR 115 kW
Inlet Temperature 372 K (boiling point)
Computational 8 .
Domain 2m (D) x4 m (H)
Non-uniform grids:
Mesh Cells across burner: Coarse, 24; Medium,
48: Fine, 72
Sub-grid kinetic energy equation
LES Model C, =04
C, =0.05
Radiation Model Finite volume method
Soot Model On
Prandtl Number 0.8
Lewis Number 1.0
Integral Length Scale 041 m
Physical Time 20s
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6.3.2 Results and Discussions

Heptane is a moderately sooty fuel, and thus the soot model is activated
in this scenario. Four methods are included here to understand the effect of PaSR,
as well as the soot oxidation model. These are denoted as “x+oxid”, “lam+oxid”,
“x”, and “lam” in this study. Here “x” represents the inclusion of PaSR concept,
while “lam” means the direct application of the laminar smoke point soot model,
1.e. the instantaneous properties being replaced with the filtered ones. Moreover,
the sign “oxid” denotes the activation of soot oxidation model, aiming to

examine the effect of oxidation model on the flames.
a. Grid Sensitivity

The centreline temperature rise and axial velocity are employed to
perform the grid sensitivity studies, as shown in Figs. 6.37 and 6.38. In Fig. 6.37,
it is found that the experimental data agrees well with the McCaffrey empirical
model in the flame zone and the start of intermittent zone, but the discrepancy is
huge in the end of intermittent zone, where z/Q* is close to 0.2. Bear in mind
that the temperature was measured based on the intensities at two wavelengths
[120]. Near the end of intermittent zone, the tested flame intensities may become
very weak, and thus the uncertainties of temperature may be larger. The
predicted temperature with the “Coarse”, “Medium” and “Fine” meshes
generally follow the trend of McCaffrey empirical model, and the differences
mainly exist in the intermittent zone and plume zone. One could also find that the
predicted temperature gets converged when “Medium” and “Fine” meshes are
employed, reflecting the independence of the grid resolution. Similarly, the

predicted axial velocity is quite close to each other for these “Medium” and
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“Fine” simulations, as shown in Fig. 6.38. Note that the major difference
between the predictions and McCaffrey model takes place in the flame zone.
Nevertheless, this could not reflect the predictions are not reasonable, as one
could also find the similar issue in Fig. 6.5, where the predictions actually
perform very well by comparing with the experimental data. Unfortunately, there

is lack of the corresponding velocity data in this scenario.
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Fig. 6.37 The centerline temperature rise as a function of normalized height
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Comparison of the predicted temperature fluctuation 7' and turbulent
stress «'u are made in Fig. 6.39 and Fig. 6.40, respectively. As one can see, the
“Medium™ and “Fine™ meshes could deliver very similar temperature fluctuation
and turbulent stress «'» distributions, further supporting the previous statement

about the grid independence.
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b. Radiative Properties Sensitivity

The sensitivity study on the radiative properties is conducted, including
the number of solid angles and the solving frequency of RTE. Generally, 16 solid

angles are used for the discretization of RTE in this study, and RTE is solved and
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updated every 10 iteration. The number of solid angles was selected to be 16 for
radiative transfer equations as a compromise between the computation time and
calculation accuracy based on sensitivity studies. Here the solid angles are
increased to 64, aiming to understand the effect of solid angle on the radiation.
The solving frequency of RTE is also increased to 20 in order to examine
whether the radiation source term in the energy equation is updated effectively.
The comparison in Fig. 6.41 verifies that those changes of solid angle and
solving frequency don’t significantly influence the prediction of radiative
fraction. Furthermore, this finding makes us confident to utilise the solving
frequency of 20 for a series of large scale LNG pool fires, as described later in

this Chapter, and thus it could save a lot of computation time.

solid angle = 16, solving frequency =1 ——
solid angle = 16, solving frequency =10 -
solid angle = 16, solving frequency =20 -

g 08 solid angle = 64, solving frequency = 10
—
S
0.6
'S
[+}]
2
st
3
©
©
(2
o I i i i
15 16 17 18 19 20

Fig. 6.41 Comparison of the predicted radiative fraction with the variation of

solid angle and solving frequency for RTE
c. Effect of New y
The effect of the new y expression is also included here. Comparison of

the predicted average (20 s for the averaging process) temperature and y
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distributions using two different y expressions is displayed in Fig. 6.42. One
could clearly see that the non-physical distribution of z in the non-reacting area
is still existent if the original expression of z, i.e. Eq. (2.33), is applied, as well
as the lifted flame due to the very weak temperature rise near the fuel burner. For
the purpose of better checking the lifted problem, the physical simulation time is
extended from 20 s to 40 s in case the lifted flame would anchor the burner rim

after 20 s. The predicted transient temperature at 40 s with two distinct y

formulae is depicted in Fig. 6.43. It is found that the temperature rise close to the
burner is predicted to be 600 K using the original y expression. As a matter of
fact, this temperature is too weak to be regarded inside the flame, as the common
flame temperature is more than 1000 K [109]. Therefore, the flame is still lifted
evidently. On the contrary, the simulated temperature with the new y equation
of Eq. (2.47) is more than 1000 K in the corresponding area, which agrees well
with the common sense of fire dynamics. Actually, the detailed comparison of
the predicted temperature with the measurement at different heights and radial
positions will be performed in the following subsections. Moreover, the predicted
flame width utilizing the original y equation is much slimmer in comparison
with the counterpart. This might be associated with the damage of pool fire

mechanism due to the lifted problem.

It is worth mentioning that the initial condition issue considered in the
analysis of 30.5 cm methanol fire couldn’t apply to this scenario. The main
reason is the presence of soot model. Taking the high temperature ignition
method as an example, the pre-described temperature rise in one specified region

would have a huge impact on the soot formation and oxidation, making the

120



solver very unstable. Therefore, no ignition method is included, and the burning

would be automatic as time proceeds, as a consequence of the “mixing-controlled™

theory [3].
2R 25
2 2
Average Average T
E1s « E1s5 1200
- 4 - 800
S -2 S 600
T 1 A ® 1 400
o o -
05 05
0= - - L U = -
03 025 ¢ 025 05 -05 026 0 025 05
Radial Position (m) Radial Position (m)
(a) (b)
25 2.5
2 2
Averege ; Average |
E s i os E 15 2000
- 0.4 - 800
'Ea n.z 'Ea 600
® 1 ® 1 400
2 o =
NA nAa
0 - - " 0 - -
05 025 0 025 05 VDE 025 0 025 05
Radial Position (m) Radial Position (m)
(c) (d)

Fig. 6.42 Calculated average distributions of yand 7" with the averaging period of

20 s ((a) and (b)---Eq. (2.33): (¢) and (d)---Eq. (2.47))
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Fig. 6.43 Comparison of predicted transient temperature at 40 s ((a) ---Eq. (2.33);
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d. Effect of x

It is known from Eq. (3.15) that « reflects the relationship between soot
chemical time scale (7., ) and turbulent mixing time scale (7,, ). Mathematically,
if 7, <<Tn. k—0;if 7, >7,  x—1. Physically, when turbulent mixing time
is much longer than soot chemical time scale, soot production would be
considered as a fast chemistry process and controlled by the turbulent mixing.
and thus soot source term with an Arrhenius-type may not be appropriate. This
would correspond to the mathematical analysis of (¥ —0). In contrast, if soot
chemical time scale is much longer than turbulent mixing time scale, soot
production is expected to occur after the turbulent mixing process, and thus
perfect mixing at the sub-grid scale level could be assumed, leading to the
possible removal of sub-grid fluctuations [3] in the soot source term. Hence, the
instantaneous temperature and fuel mass fraction in Eq. (3.6) could be simply

substituted with the filtered properties when extending the original soot model



from laminar flames to turbulent flames. This would correspond to the
mathematical analysis of (x—1). Soot generation rate would reach its upper
limit in this circumstance. Actually, this closure approach is the so-called “lam”.
Its inclusion is aiming to gain insight about the effect of x on the predicted soot
volume fraction and temperature distributions as discussed in the following
subsection, although theoretically it may be inappropriate in most combustion

applications [3].

Figure 6.44 depicts the transient and time-averaged xdistribution in the
near field of the fire. It is seen that the averaged « increases vertically with the
increase of height up to 5 times the burner diameter while decreases along the
radial direction starting from the centreline. The “hump” shape is observed under
the height of 1.2 m, which is comparable to the visible flame height of 1.3 m
[120], as discussed in the following subsection. This is possibly because the
presence of flame surface gives rise to the increase of the predicted SGS kinetic
energy and the total dissipation rate, and thus results in the decrease of the
turbulent mixing time, as shown in Fig. 6.45. Generally, the magnitude of the
transient x is predicted to be less than 0.5 in the flame area, while this value is
slightly greater than 0.5 in the far-field, as a consequence of the relatively strong
turbulent mixing. The averaged x profile suggests that the averaged turbulent
mixing time is slightly longer than the fixed soot chemical time scale based on

the laminar smoke point height.

In order to further investigate the relationship between the turbulent
mixing time scale and soot chemical time scale, the average Kolmogorov time
scale, integral time scale, and geometric mean of these time scales are plotted in

Fig. 6.45. As one can see, the Kolmogorov time scale generally ranges from
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0.005 s to 0.1 s. while the integral time scale varies from 0.75 s to 4 s in the
domain. Correspondingly, the geometric mean of those two time scales is
predicted to be from 0.06 s to 1 s, as portrayed in Fig. 6.45. It is known that the
soot chemical time scale is calculated to be 0.054 s according to Eq. (3.18), with
the smoke point height of fuel heptane, i.e. 0.147 m. Therefore, in this scenario
the turbulent mixing time scale would be larger than the soot chemical time scale,
but these two time scales are comparable in the majority of the domain. This
statement is believed to be consistent with the concept of PaSR, as technically

the turbulent mixing process is assumed to proceed after the combustion.
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Fig. 6.44 The predicted transient and average x for PaSR
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Fig. 6.45 The predicted average turbulent time scales ((a)---Kolmogorov time
scale, s: (b)---integral time scale, s: (¢)---geometric mean of Kolmogorov time

scale and integral time scale, s)
e. Soot Source Terms

The predicted transient (at 20 s) and average soot formation rate o, , is

displayed in Fig. 6.46. The “hump™ shape is observed near the fuel burner, which
is very much dependent on the temperature distribution. This must be related to

the exponential factor of 2.25 for the temperature in the formula of soot



formation rate, i.e. Eq. (3.17). In the smoke point concept, the soot formation is
assumed to take place only inside the flame, and thus the outline of this rate may
represent the flame front. That is the reason why the tip location of the average

soot formation rate is consistent with the measured flame height, i.e. 1.31 m.

Figure 6.47 illustrates the transient and average soot oxidation rate o, . It

is found that the soot oxidation process takes place outside of the flame but very
close to the flame front, and this finding is also evident in the net soot production
rate (i.e. o, ,+w,,) profiles of Fig. 6.48. This is attributed to the limiting
conditions in Eq. (3.26). Theoretically in this study the soot oxidation would
proceed only if the temperature is high enough and meanwhile the oxygen is
relatively rich, inducing the thin oxidation zone. Note that the wide distribution

of average o, must be associated with the turbulent behaviour of the fire. After

this oxidation process, the soot particles would be released from the flame, and

transport to the far-field due to the convection and turbulent diffusion.
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[f. Conservation of Energy

The predicted heat release rate (HRR) and soot potential energy using
four different soot model settings, including “x+oxid™, “lam+oxid”, “x”, and
“lam”, are described in Figs. 6.49 and 6.50. Note that Eq. (3.26) is used for the
soot oxidation model here, in which the turbulent mixing time is assumed to be

the same as the soot formation,

In Fig. 6.49, it is observed that the inclusion of PaSR has a huge impact
on the predicted heat release rate. Actually, the soot volume fraction is 5~10
times over-predicted if the instantaneous temperature and species mass fraction
are directly replaced with the corresponding filtered properties in the laminar
soot formation term (i.e. “lam™), as discussed in the following subsection.
Therefore, a large portion of energy would be stored in the soot particles, of
which the component is assumed to be the same as the fuel. This is the reason

why “lam+oxid” and “lam™ simulations deliver the smaller heat release rate, but



the larger soot potential energy, as shown in Figs. 6.49 and 6.50. After applying
PaSR, the heat release rate is increased, because some part of energy is
artificially released due to the decreased soot volume fraction. One can find the
detailed comparison of the predicted soot volume fraction utilizing those four

soot model settings with the measurement in Fig. 6.55.

Due to the presence of oxidation model, some part of energy would be
released from the soot particles, theoretically giving rise to the larger heat release
rate and smaller soot potential energy, in comparison with the simulations
without oxidation. This is verified by the slight increase of the amplitude for
HRR curves in Fig. 6.49 and the corresponding decrease for soot potential energy

curves, provided that the oxidation model is taken into account.

According to the conservation law of energy, the sum of heat release rate
and soot potential energy should be kept the same, whatever the soot model
settings are applied. This is proved in Fig. 6.51, as one can find all the total
energy curves possess the same average value of 115 kW. As a result, it is very
close to the theoretical value of 116 kW based on Eq. (3.38), demonstrating the

potential of the current models.
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Fig. 6.50 The predicted soot potential energy with different soot model settings

(Eq. (3.26) for soot oxidation)
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g. Flame Height

The predicted flame height with four different soot model settings is
described in Fig. 6.52. It appears that the inclusion of PaSR and oxidation model
would not have considerable effect on the prediction, although the soot mass
fraction would vary a lot as shown in Fig. 6.55, particularly regarding the
application of PaSR. The reason is due to the fact that the effect of soot has been
accounted for in the formula of flame height, i.e. Eq. (5.18). This method is
expected to improve the prediction of flame height in the presence of soot
particles, as the soot oxidation zone is also considered. The flame height is
calculated to be 1.32 m, which agrees very well with the measurement, i.e. 1.31

m [120].
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Fig. 6.52 The predicted flame height with different soot model settings (Eq.

(3.26) for soot oxidation)
h. Radiative Fraction

Figure 6.53 demonstrates the predicted radiative fraction in “x+oxid”,
“lam+oxid”, “x”, and “lam” simulations. The impact due to the utilization of
PaSR is also evident here, as the calculated radiative fractions without PaSR
would be smaller than the ones using PaSR. This must be linked to the difference
of the predicted soot volume fraction. In fact, the existence of soot particles
influences not only the emission, but also the absorption. The oxidation plays a
marginal role here. The radiative fraction achieved form the “x+oxid™ simulation

is 0.35, in very good agreement with the experimental data, i.e. 0.31 [120].
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i. Soot Volume Fraction

The predicted transient and average soot volume fraction contour using
“k+oxid™ is described in Fig. 6.54. It is observed that the transient soot volume
fraction profile corresponds very well to the transient net soot production rate in
Fig. 6.48. and it is predicted to be ranging from 0.4 ~ 2.4 ppm. One could also
derive that the soot particles are capable of escaping from the flame, as the soot
volume fraction of 0.2 ppm is located above the flame height of 1.3 m in the

average profile of Fig. 6.54.

The comprehensive comparison of the predicted mean and root mean
square (RMS) of soot volume fraction is performed in Fig. 6.55 and Fig. 6.56
respectively. Note that Eq. (3.25) is used for the soot oxidation in this figure. It
can be seen that the “lam™ and “lam+oxid™ generally over-predict the mean and
RMS values 5~10 times in comparison with the measurements [120],

demonstrating their poor capabilities in this regard. In contrast, both “x™ and
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“k+oxid” deliver the same order of magnitude as the experimental data. Bear in
mind that the soot volume fraction is very small by comparing with the major
species, such as CO, and H;O, and the precision of being at the same order of
magnitude would be regarded as encouraging. The impact of soot oxidation
model is weak at the lower locations, and would enhance with the increase of
height, particularly near the rim of the fire plume.

Aiming to gain the insight of that oxidation effect, Eq. (3.26) is also
included, which is based on the assumption that the soot formation and oxidation
process have the same turbulent mixing time scale. Fig. 6.57 illustrates the
comparison of the predicted soot volume fraction and its fluctuation using two
different soot oxidation models, i.e. Eq. (3.25) and Eq. (3.26). Note that only
“x+oxid” soot model setting is considered here. It is found that at most locations
both two oxidation models are able to give the reasonable agreement with the
experimental data. “oxid2”, i.e. Eq. (3.25) behaves a bit stronger, as the soot
volume fraction and its fluctuation is considerably weakened in the far-field, say
H/D=3.4. The reason is due to the application of smallest time scale, i.e.
Kolmogorov time scale, to the mixing process after soot oxidation. Eq. (3.26)
employs the geometric mean of Kolmogorov time scale and integral time scale as
the mixing time scale, leading to the weaker effect as shown in Fig. 6.57. In this
study, Eq. (3.26) is preferred, and it will be used in the following simulations,
such as methane fires and large scale LNG pool fires.

Additionally, both the predictions and measurements suggest that the
magnitude of the RMS soot volume fraction is similar to that of the mean value,
indicating that turbulence plays an important role in the instantaneous soot

volume fraction distribution in the present case.
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J. Temperature

It is illustrated in Fig. 6.58 that the predicted mean temperature and
temperature fluctuations in “lam”™ and “lam+oxid™ simulations are seen to be
0~200 K less than those with “x™ and “x+oxid”. The level of differences is much
less than that found in the predictions for soot volume fraction. This is likely
because the increase of soot particles does not only increase the radiative
emissions but also enhances the absorption, resulting in relatively weak influence
of radiation source term on the sensible enthalpy transport equation. Overall, the
predicted temperature distributions with the current combustion and soot models

are in reasonably good agreement with the measurements. But the predicted
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mean temperature profile is slightly wider than the measured profiles at H/D=0.9
and H/D=1.5. The temperature fluctuation is generally under-predicted, as shown
in Fig. 6.59. However, the “x” and “x+oxid” predictions are believed to be better,
as they are more close to the experimental data in comparison with the “lam™ and

“lam+oxid™ results.

The predicted mean temperature and its fluctuation with two different
oxidation models, including Eq. (3.25) and Eq. (3.26). are compared in Fig. 6.60
to investigate their impacts. Marginal difference is observed here, as expected.
Eq. (3.25) delivers a bit higher mean temperature and its fluctuation due to the
fact that more heat is released in the domain as a consequence of the relatively

larger oxidation rate.
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Fig. 6.58 The predicted temperature at different heights (Eq. (3.25) for soot

oxidation)
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Fig. 6.60 Comparison of the predicted temperature and its fluctuation using two
different oxidation models (oxid1---Eq. (3.26) for soot oxidation: oxid2---Eq.

(3.25) for soot oxidation)

6.4 TOLUENE FIRE

6.4.1 Problem Descriptions

A 30 cm diameter toluene pool fire tested by Klassen and Gore [120] is
also considered here, and the computational domain and boundary conditions are
quite similar to those for the heptane case, as displayed in Fig. 6.36. The toluene
feeding rate is 0.0431 kg/m’s with the theoretical heat release rate calculated to
be 125 kW. The inlet temperature is set as 384 K. equal to the boiling point of
toluene. The laminar smoke point height is 0.008 m for fuel toluene [86]. The

integral length scale is calculated to be 0.42 m based on Eq. (2.28). For other
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settings, this scenario is designed as same as the previous heptane fire scenario,

as one can find from Tables 6.3 and 6.4.

Table 6.4 Summary of numerical settings for the toluene fire

Experimentalist Klassen and Gore
Fuel Toluene
Smoke Point Height 0.008 m
Fire Size 30 cm
Mass Flow Rate 0.0431 kg/m’s
Theoretical HRR 125 kW
Inlet Temperature 384 K (boiling point)
Computational
Domain 2m (D) x4 m(H)
Non-uniform grids;
Mesh Cells across bumner: Coarse, 24; Medium,
48; Fine, 72
Sub-grid kinetic energy equation
LES Model C =04
C, =0.05
Radiation Model Finite volume method
Soot Model On
Prandtl Number 0.8
Lewis Number 1.0
Integral Length Scale 042m
Physical Time 20s

6.4.2 Results and Discussions

Toluene is a heavily sooty fuel, and thus a lot of challenges are expected
regarding the current combustion and soot model. Like the heptane fire, four
different soot model settings, including “x+oxid”, “lam+oxid”, “x”, and *“lam”,
would be considered, as well as two oxidation models, i.e. Eq. (3.25) and Eq.

(3.26).

a. Grid Sensitivity
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The centreline temperature rise and axial velocity are introduced to
investigate the grid sensitivity, as displayed in Figs. 6.61 and 6.62. In Fig. 6.61, it
is shown that the experimental data is in good agreement with the McCaffrey
empirical model in the flame zone and the start of intermittent zone, but the

discrepancy is huge in the end of intermittent zone, i.e. z/Q** =0.2. Note that this

finding is consistent with the one in the previous heptane fire conducted in the
same group [120], raising a doubt of the experimental credibility at that location.
The predicted temperature with the “Coarse”, “Medium” and “Fine” meshes
generally follow the trend of McCaffrey empirical model, and the differences
mainly exist in the intermittent zone and plume zone. It is observed that the
predicted temperature would not vary a lot when “Medium” and “Fine” meshes
are utilized, demonstrating the grid independence. Analogously, the predicted
axial velocity is quite close to each other for these “Medium” and “Fine”
simulations, as shown in Fig. 6.62. Note that the major difference between the
predictions and McCaffrey model exists in the flame zone. As mentioned in the
previous heptane fire, this could not imply the predictions are really bad, because

the velocity was not measured during the experiments.
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Fig. 6.61 Centerline temperature rise versus normalized height
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Fig. 6.62 Normalized axial velocity versus normalized height
b. Effect of New y

Comparison of the predicted transient (at 20 s) temperature utilizing two

different 7 expressions is displayed in Fig. 6.63. The weak temperature rise near

the fire base is also evident here, when the original expression of Eq. (2.33) is
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introduced. The newly developed Eq. (2.47) is able to solve that problem, as

concluded before.
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Fig. 6.63 Comparison of the predicted transient (at 20 s) temperature using

different expression of x ((a) ---Eq. (2.33): (b)--- Eq. (2.47))

c. Effect of «

The transient and time-averaged x distribution in the near field of the fire
is shown in Fig. 6.64. It is also found that the averaged x increases vertically
with the increase of height. The “hump™ shape is also obvious. Generally, the
magnitude of the transient and average « is predicted to be very small, say less
than 0.07. demonstrating that the averaged turbulent mixing time scale is much
larger than the soot chemical time scale calculated from the smoke point height,

i.e. Eq. (3.18).
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Fig. 6.64 The predicted transient and average x distributions
d. Conservation of Energy

The calculated heat release rate and soot potential energy with four
different soot model settings, including “x+oxid”, “lam+oxid”, “x”, and “lam”,
are depicted in Figs. 6.65 and 6.66, aiming to understand the effect of PaSR and
soot oxidation model. Eq. (3.26) is used for the soot oxidation here. It is found
that the “lam™ and “lam+oxid™ simulations roughly give the heat release rate of
20 kW and the soot potential energy of 104 kW, implying that the majority of
energy is stored in the soot particles, not released in the domain. Given the
theoretical heat release rate is set as 125 kW based on the fuel mass flow rate,
one may doubt that the combustion would not be sustainable in this situation. It
is explained that EDC combustion model is based on the turbulent mixing, and
combustion will proceed with the presence of turbulence. In contrast, the
predicted heat release rate and soot potential energy in “x™ and “xt+oxid™ is

around 102 kW and 22 kW. Moreover, the soot oxidation model has marginal



effect on the heat release rate and soot potential energy, particularly for the

“lam+oxid™ simulation compared with “lam™ one.

No matter where is the energy (stored or released), theoretically the total
energy should be conserved, as shown in Fig. 6.67. The total energy is estimated
to be 124 kW consistent with the theoretical value based on Eq. (3.38), further

demonstrating the potential of the current models.
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Fig. 6.65 The predicted heat release rate with different soot model settings (Eq.

(3.26) for soot oxidation)
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Fig. 6.66 The predicted soot potential energy with different soot model settings

(Eq. (3.26) for soot oxidation)
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Fig. 6.67 The predicted total energy with different soot model settings (Eq. (3.26)

for soot oxidation)
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e. Flame Height

The predicted flame height with four different soot model settings is
illustrated in Fig. 6.68. The inclusion of PaSR and oxidation model would not
have huge effects on the prediction, and the reason is because the effect of soot
has been considered in the expression of flame height, i.e. Eq. (5.18). The flame
height is predicted to be 1.33 m, in very good agreement with the experimental

data, i.e. 1.3 m [120].
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Fig. 6.68 The predicted flame height with different soot model settings (Eq.

(3.26) for soot oxidation)

/- Radiative Fraction

The predicted radiative fraction in “x+oxid”, “lam+oxid”, “x”, and “lam™
simulations is displayed in Fig. 6.69. The calculated radiative fraction in “lam™
and “lam+oxid” cases would be much smaller than the ones with “x™ and
“k+oxid”. This must be associated with the under-prediction of heat release rate,
leading to the weak temperature rise as well as the radiation emission. The
impact of oxidation model is not considerable here. The radiative fraction
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achieved form the “x+oxid™ simulation is 0.38, in very good agreement with the

experimental data, i.e. 0.35 [120].

Radiative Fraction

Time, s

Fig. 6.69 The predicted radiative fraction with different soot model settings (Eq.

(3.26) for soot oxidation)

g. Soot Volume Fraction

The predicted transient and average soot volume fraction contour is
shown in Fig. 6.70, with the application of “x+oxid”. It is clear that the transient
soot volume fraction is calculated to be within a range of 0.5 ~5 ppm, and the
larger values are generally located near the flame front where the temperature is
thought to be higher. The non-zero values of soot volume fraction above the
flame height in the average profile of Fig. 6.70 further prove that the soot
particles could escape from the flame, as stated in the previous heptane fire

scenario.

Comparison of the predicted mean and RMS soot volume fraction is
made in Fig. 6.71 and Fig. 6.72 respectively. It is noted that Eq. (3.25) is utilized

for the soot oxidation in this figure. It can be seen that the “lam™ and “lam+oxid™
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generally over-predict the mean and RMS values 5~25 times in comparison with
the measurements [120]. That is the reason why the soot potential energy is
hugely over-predicted. In contrast, both the “x™ and “x+oxid” give much better
predictions as they generally have the same order of magnitude as the experiment
data, except at the locations near the burner surface, say H/D=0.8. The impact of
soot oxidation model is relative weak comparing with that of PaSR, particularly
at the lower locations. However, it will become more evident with the increase of
height, especially near the rim of the fire plume. In terms of oxidation effect, the
comparison of the predicted soot volume fraction and its fluctuation with two
different soot oxidation models, i.e. Eq. (3.25) and Eq. (3.26), is made in Fig.
6.73. It is noted that only “x+oxid™ soot model setting is taken into account here.
At most locations both two oxidation models are capable of delivering the
reasonable agreement with the experimental data. As stated before, Eq. (3.26) is

recommended in this study, and its prediction may be a bit better than that using

h
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Fig. 6.70 The predicted transient and average soot volume fraction

150



HID=0.8 «roul
N = PR T
10 . smeieaa s
R 3% N - Em
3 ek L] Exp
g w0 e
o " = ek T
& y . . 'lb -
> 10° N
—
10" /\
15
- 0

(a)

fv (PPM)

Radial position (m)
(c)

fv (PP M)

fv(PPM)

10*

3 HID=2.3 «+onid
10°
10' |
10°
10k

=L 1 L
. 0.5 8] 15

Radial position (m)
(b)

o

T 0.1 1
Raaial posmion (m)

(d)

Fig. 6.71 The predicted soot volume fraction at different heights (Eq. (3.25) for

soot oxidation)



HD=0.§ e ::::nd
g @ 0 EEE e
a — . Exp
& e
g . .
"
g M \ﬁ.\t
1 D [
0.5 a1 0.15
Radial position (m)
(a)

fv-RMS (PPM)

0 o'c-s 31
Radial position (m)

(c)

0.15

fv-RMS (FPM)

fv-RMS (PPN)

wronid
- - lameouid)

1D=2.3

. lam
Exp

. :.: M P | 1
*3 T & B
Radal position (m)
(b)
10°
wtouid
sk 0 === la mr+ oae )
------ lam
10" L] Exp
1n:
.U'
(T 1
0°8 T T s
Radal position (m)

(d)

Fig. 6.72 The predicted soot volume fraction fluctuation at different heights (Eq.

(3.25) for soot oxidation)



Hean-ondi - Wean-oxid1
HO=03 cee = Rean-ond? N H2=21 ciaces Hun«=z
L] Rean-Exp . Mean-Ex
U B omnlt Al E on
..... RM 5-omid2 ses =s+ R S-onid2
o RM §-Exp iF . a RM 5-Exp

fv (PPM)

T K T s
Radial position (m) Radal position (m)
(a) (b)
[ & .
[ WO 3 i M 3 Wiy T Usan-ond2
| eoEE | B
f i o n.us-é.:: ? s o :;?xf
& |
5 &
£ 2k ¥ ] i
==, - o s
S s e P TR i o 2 TR
0 T ] T 15 0 T & E—
Radial position (m) Radal position (m)
(¢) (d)

Fig. 6.73 Comparison of the predicted soot volume fraction and its fluctuation
using two different oxidation models (oxid1---Eq. (3.26) for soot oxidation;
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h. Temperature

The mean temperature and temperature fluctuations in “lam™ and
“lam+oxid™ simulations are predicted to be 0~500 K less than those with “x™ and
“x+oxid”, as illustrated in Figs. 6.74 and 6.75. That must be associated with the
under-prediction of heat release rate due to the over-estimate of soot volume
fraction. It appears that “x" and “x+oxid” generally over-predict the mean
temperature, particularly in the far field, but give very good agreement with the
measurement for the temperature fluctuation. Note that the experimental data of
mean temperature in the far filed might be unreasonable. Taking H/D=4.3 as an

example, this location is expected to be still inside the flame, provided that the



flame height is measured to be 1.3 m [120]. Therefore, the real temperature
should not be very low, but it was reported to be around 500 K in the experiment.
In fact, the large amount of soot particles would decrease the dependence of
radiative intensities on the spectrum, leading to the decrease of experimental
credibility using the spectrum-based intensities to achieve the temperature in the

experimental work [120].

The predicted mean temperature and its fluctuation employing two
different oxidation models, including Eq. (3.25) and Eq. (3.26), are compared in
Fig. 6.76 to understand their effects. As expected, the difference between their
predictions is found to be marginal. Eq. (3.26) predicts a bit lower mean
temperature and its fluctuation, because less energy is generated in the domain as

a result of the relatively smaller oxidation rate.
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Fig. 6.76 Comparison of the predicted temperature and its fluctuation using two
different oxidation models (oxid1---Eq. (3.26) for soot oxidation: oxid2---Eq.

(3.25) for soot oxidation)

6.5 METHANE FIRES

6.5.1 Problem Descriptions

A series of methane fires with the diameter of 30 cm, conducted by
McCaffrey [117] and Cox [122], are considered here. In total, there are 6 cases
included in this section, with the fire power of 18.0 kW, 21.7 kW, 33.0 kW, 44.9
kW, 47.0 kW, and 57.5 kW. A cylindrical computational domain of 1.8 m in
diameter and 3.6 m in height was used to minimize the influence of open
boundaries, as displayed in Fig. 6.77. Non-uniform meshes were employed

similarly like the one in Fig. 6.2. Note that the temperature boundary condition
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for the gas methane inlet was set as fixed enthalpy flux rather than fixed
temperature, aiming to mimic temperature build-up over the inlet. Two types of
boundary conditions shown in Fig. 6.77 were used in the calculations: free
boundary conditions on the surface of the open domain and prescribed mass flow
rate profiles at the fuel exit surface. The laminar smoke point height is set as 0.29
m for the fuel methane, as explained before. Both turbulent Prandtl number and
Schmidt number were set as 0.8. The soot model was switched on with PaSR
adopted for the soot formation and with Eq. (3.26) for the soot oxidation, as
recommended before. Optically thin assumption [105] was activated. as the
methane flame is not sooty. The physical time was chosen to be 20 s to ensure

the flame is fully developed. All the above settings are summarized in Table 6.5.

Open Boundary

Fig. 6.77 Schematic of the domain for the methane fires
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Table 6.5 Summary of numerical settings for the methane fires

Experimentalist McCaffrey and Cox
Fuel Methane
Smoke Point Height 0.29m
Fire Size 30cm
Theoretical HRR
180 | 21.7 | 33.0 | 449 | 470 | 57.
(kW) >
Integral l(‘:;g“' Scale | 419 | 021 | 025 | 028 | 028 | 031
Inlet Temperature Fixed enthalpy flux
Computational
Domain 1.8 m (D) x 3.6 m (H)
Non-uniform grids;
Mesh Cells across bumer: Coarse, 15; Medium, 30;
Fine, 45
Sub-grid kinetic energy equation
LES Model C.=04
C, =005
Radiation Model Optically thin assumption
Soot Model On
Prandtl Number 0.8
Lewis Number 1.0
Physical Time 20s

6.5.2 Results and Discussions

a. Grid Sensitivity

In terms of grid sensitivity, a 44.9 kW methane fire is arbitrarily chosen
here. Three different meshes were applied to the domain, denoted as “Fine”,
“Medium”, and “Coarse”, and the number of cells across the burner was selected
to be 45, 30 and 15 accordingly. Centreline temperature rise and axial velocity
with the variation of grid size is plotted in Figs. 6.78 and 6.79. The “Coarse”
prediction generally follows the trend of experimental data and the empirical
model, but its value is a bit larger. This may be relevant to the over-prediction of

total dissipation rate, causing the sharp increase of mass transfer rate, i.e. Eq.
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(2.22), for the combustion model. One could observe that the predicted
temperature gets very close when “Medium™ and “Fine” meshes are applied, and
so does the predicted axial velocity. That means the independence of the grid.
Note that the fluctuating behaviour of the curves regarding the “Coarse™ mesh
should be linked to the interpolation during the data extraction, and it wouldn't

influence the grid analysis.
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Fig. 6.78 Centerline temperature rise versus the normalized height
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Fig. 6.79 Normalized axial velocity versus normalized height

b. Effect of New y

The new y expression is also tested here. Comparison of the predicted
transient (at 20 s) and average temperature applying the new and original y
expressions is presented in Fig. 6.80. One could clearly see the lifted flame from
the fuel burner once the original formula is adopted, and this finding is more
evident than that of heptane and toluene fires. This should be linked to the
smaller molar weight of fuel methane, inducing the lower gas density. It is
proved again that the new expression is capable of anchoring the flame to the

burner, and making the average temperature distribution more plausible.
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Fig. 6.80 Comparison of the predicted transient and average temperature (at 20 s)

using different expression of y ((a),(b) ---Eq. (2.33): (¢).(d)--- Eq. (2.47))

c. Soot Effect

Methane is a very special fuel, of which the smoke point height is hardly
captured. The value of 29 ¢m in Table. 3.1 is estimated according to the radiative
fraction comparison between methane and ethane [32], not from the direct
measurement. In the similar study, Yao [84] concluded that the original soot

formation coefficient calculated from the smoke point height, i.e. 4, [L,; =1.5E=5,
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would over-predict the soot volume fraction by one order of magnitude in the
turbulent methane jet flames, and presented a value of 1E-6 for that soot
formation coefficient. It is worth mentioning that his conclusion was based on
the jet flame calibration, which is momentum controlled, and it might thus be

inappropriate in the buoyancy-driven fire scenarios.

Those two values are tested in this 449 kW methane fire, and the
corresponding predicted transient and average soot volume fraction is illustrated
in Fig. 6.81. It is summarized that the peak average soot volume fraction is
calculated to be around 0.04 ppm, if the coefficient of 1E-6 calibrated by Yao [84]
is used. In contrast, the relevant prediction would be around 0.5 ppm for the
coefficient calculated from the smoke point height. Plenty of previous studies [81,
123-125] suggest that the soot volume fraction for the small/medium methane
fire ranges from 0.1 ppm to | ppm. Hence, the coefficient calibrated from the jet
flame is not applicable to this buoyancy controlled fire. The value achieved from

the smoke point height is employed in all the small/medium methane fires.
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Fig. 6.81 The predicted transient and average soot volume fraction (PPM) using

two different soot model settings ((a) and (b) --- 4, /L, =1.0E-6: (¢) and (d) ---

d. Radiative Fraction

As a matter of fact, the methane fire is relatively clean, and the optically
thin assumption for the radiation model is thus understandable. Theoretically, the
spectrum band dependence of the radiative intensity should be considered for this

kind of flame, but this process is very time consuming. The concept of optically
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thin assumption is to disregard the calculation of the incident radiation from a
series of radiative intensities, and further to neglect the radiation absorption.

Therefore, only radiation emission effect is accounted for in this circumstance.

Here three different methods to enclose the radiation source term in the
energy equation are included, denoted as “Thin-soot”, “Thin-noSoot”, and “RTE-
soot”. “Thin-soot” means the application of optically thin assumption, as well as
the activation of soot model. Based on this “Thin-soot” method, “Thin-noSoot”
implies the deactivation of soot model, while “RTE-soot” represents the
calculation of RTE. It is worth reminding that the fire mixture is assumed to be
grey for the absorption coefficient calculation in “RTE-soot”. Comparison of the
predicted radiative fraction using these three methods is shown in Fig. 6.82. The
average radiative fraction is calculated to be 0.31 in “Thin-soot”, and this value
would decrease to 0.258 for the case without the presence of soot particles,
i.e."Thin-noSoot”, proving that the gas phase radiation is dominant in this
methane fire scenario. In contrast, “RTE-soot™ gives the value of 0.26, reflecting
the participation of absorption in the radiation source term is relatively weak, by
comparing with the emission. Additionally, oscillations of the “RTE-soot”
transient curve are believed to be due to the solving frequency of 10, which don’t

influence our analysis.
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Fig. 6.82 The predicted radiative fraction with the optically thin assumption or

the calculation of RTE

e. Flame Height

The calculated flame height with or without soot model is summarized in
Fig. 6.83, and all the 6 fire powers described before are included. Here these
flame height calculations are compared with the McCaffrey empirical model

expressed below, as there is no experimental data:
L, =0.2350%° -1.02D (6.8)
It is found that the predictions agree very well with the linear relationship

between £, and @*°. Furthermore, the predictions are a bit smaller than the

corresponding values using the empirical model. One may also conclude that the
presence of soot particles would lead to the reduction of flame height, as a

consequence of combustion incompleteness.
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[ Centreline Temperature and Velocity

The predicted centreline mean temperature rise and temperature
fluctuation, compared with the experimental data and McCaffrey empirical
model as a function of the normalized height, are demonstrated in Fig. 6.84 and
Fig. 6.85, respectively. Overall, the calculated mean temperature is in very good
agreement with the experimental data, as well as the derived McCaffrey model.
Note that the minor difference between the predictions and empirical model is
mainly existent in the flame zone. In terms of temperature fluctuation, we only
have the experimental data for 18.0 kW and 47.0 kW cases, conducted by Cox
[122]. According to these data available, it is found that the temperature
fluctuation is over-predicted in the flame zone, and agrees well with the
measurement in the intermittent and plume zones. Moreover, the comparison of

the predicted axial velocity along the centreline with the experimental data
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further demonstrates the capability of the current models, as the good agreement

is observed in Fig. 6.86.
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Fig. 6.86 Normalized axial velocity versus normalized height
g. Radial Temperature and Velocity

The radial temperature and velocity distributions at different elevations
are covered in Figs. 6.87 and 6.88. Note that there is only limited experiment
data for 18.0 kW and 47.0 kW cases. Overall, the good agreement is also
obtained. However, it appears that the velocity is a bit under-predicted, especially
at the higher location, say H=0.8 m. The predicted plume width may be smaller

than the measurement, based on these insufficient experimental data.
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6.6 ENCLOSED METHANE FIRE

6.6.1 Problem Descriptions

The 1 m diameter methane fire scenario tested by Tieszen [126] is chosen
in this section. The experiments were performed in a large building at Sandia
Laboratory in the USA, which is nominally a 6.1 m cube with a one-metre
diameter burner located near the centre of the facility, 2.45 m above the floor.
The facility and bumner layout have been designed to approximate an unconfined
fire on an infinite ground plane even though the burner was in an enclosure. The
vertically oriented airflow comes from 16 segments in the annular ring 1.75 m
below the bumner surface. At the surface of the annular ring, the vertically
oriented airflow was 0.30 m/s. This was expected to decelerate as its area
broadens nearer to the burner surface. Strictly speaking, the test case cannot be
considered as an unconfined fire although it is well ventilated. The circular bund
surrounding the burner may act to limit the radial expansion of the fire plume and
then stretch the fire in the vertical direction. The elevated position of the burner
and the vertical air supply from the bottom would also lead to air ingress into the
fire region not only from the outer region but also from lower surroundings.
These geometrical details were generally neglected in the previous LES
simulations of this particular case [127-129]. In this study, the possible effect of

deviation from the experimental setup will be discussed.

A cylindrical computational domain was adopted with 2 m in diameter,
and 4.5 m in height, quite analogous to Fig. 6.36. Note that the width of domain
was set as same as the one by Xin et al. [127]. The structure of meshes was

similar to that in Fig. 6.2. Three different meshes were applied to the domain,
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denoted as “Fine”, “Medium”, and “Coarse”, and the number of cells across the
bumner was selected to be 72, 36 and 18 accordingly. An inlet mass flow rate is
set as 0.0519 kg/s, and the theoretical heat release rate is thus calculated to be
2.59 MV if the combustion is assumed to be complete. The bottom plane except
the bumer inlet is set as solid wall and all the other planes are defined as
pressure/outlet boundaries, as shown in Fig. 6.36. The ambient air assumed to be
in quiescent condition is set at 277K and 81.1 kPa. The inlet temperature
boundary is set as same as that in the previous methane scenarios. The laminar
smoke point height is set as 0.29 m for fuel methane, as demonstrated before.
Both turbulent Prandtl number and Schmidt number were set as 0.8. The soot
model was activated with the application of PaSR to the soot formation, and of
Eq. (3.26) to the soot oxidation. Optically thin assumption [105] was also
activated. The physical time was set as 30 s. All the above settings are

summarized in Table 6.6.

Table 6.6 Summary of numerical settings for the enclosed methane fire

Experimentalist Tieszen
Fuel Methane
Smoke Point Height 0.29m
Fire Size Im
Mass Flow Rate 0.0519 kg/s
Theoretical HRR 2.59 MW
Inlet Temperature Fixed enthalpy flux
Computational
Domain 2m (D) *x4.5mH)
Non-uniform grids;
Mesh Cells across burner: Coarse, 18; Medium,
36; Fine, 72
Sub-grid kinetic energy equation
LES Model C. =04
C, =0.05
Radiation Model Optically thin assumption
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Soot Model On

Prandtl Number 0.8

Lewis Number 1.0
Integral Length Scale 1.4 m
Physical Time 30s

6.6.2 Results and Discussions

a. Grid Sensitivity

Comparison of centreline temperature rise and axial velocity using
different grid size is presented in Figs. 6.89 and 6.90. As concluded before, the
“Coarse™ mesh tends to over-predict the temperature and axial velocity. Grid
independence is observed, as the “Medium™ and “Fine™ curves get converged for
both the predicted temperature and velocity. The fuel rich core induced weak
temperature rise in the flame zone is evident here. It is also illustrated that the
McCaffrey empiric model over-estimates the axial velocity in the flame zone,

while the predictions agree very well with the experimental data.
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Fig. 6.89 Centerline temperature rise versus normalized height
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b. Effect of New y

The effect of » expression is also examined here. Comparison of the
predicted transient (at 30 s) temperature utilizing the new and original »

expressions is displayed in Fig. 6.91. The flame lifted from the fuel burner is
clearly found. As clarified before, the relatively small molar weight of fuel
methane result into this obvious lified phenomenon. In sharp contrast, the new

expression is proved once again to be capable of tackling this problem.

174



g E
= E
s, )
® - @
- =

03

02

:«}Eﬁfﬁ-i-C?-C:‘Cl 0 01062 0304 05 08 EI!:@-GE-G#-G.:-EZ—C' 0 0102 0) 04 05 06

Radial Positior (m) Radial Position (m)
(a) (b)

Fig. 6.91 The predicted transient (at 30 s) temperature using the different

expression of 7 ((a)---Eq. (2.33): (b)--- Eq. (2.47))
c. Geometric Effect

During the test, the vertically oriented airflow of 0.3 m/s was applied at
the surface of the annular ring consisted of 16 segments, which are located 1.75
m below the burner surface. So far, we still don’t know whether this
experimental setting would have some effect or not. Generally, the vertical
airflow was neglected in the previous LES simulations of this particular case
[127-129]. In this work, we set up two cases to check this geometric effect. Bear
in mind that “Total” means the simulation results considering the vertical
velocity and the entire experimental geometry, while “Part” represents results of
the simplified geometry, which is set up by the previous investigators [127-129].
Note that the number of meshes in the “Part™ domain is kept the same as that of
“Total™ in the corresponding region. It is shown in Fig. 6.92 that in both cases the
predicted vertical velocity and horizontal velocity agree very well with the
measurements. The presence of the vertical airflow on the ground has a minor

stretching effect rather than a pushing effect on the fire plume, as found in the
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vertical velocity profiles. The relatively long distance between the burner and the

ground inlet may significantly reduce the vertical velocity at the elevation of

burner, and hence the fire plume width near the burner could expand a little bit in

order to get more oxygen to sustain the combustion. This point is further verified

by the fact that the horizontal velocity in “Total” simulation is predicted to be a

bit larger than that in “Part” simulation. Overall, however, the velocity difference

due to the treatment of the experimental geometry is found to be marginal.
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d. Puffing Phenomenon

The vertical velocity is monitored during the simulation, and then
compared with the corresponding measurement, as shown in Fig. 6.93. The
periodic puffing behaviour is clearly found in the prediction, and the periods of
puffing cycles vary somewhat from cycle to cycle, as addressed in the relevant
experimental work [126]. The average period is predicted to be 0.65 s, as 11
cycles exist within 7.2 s. This value is a bit larger than the measurement of 0.62 s
[126], but a little smaller than the estimated value of 0.67 s from Pagni’s
empirical model [118]. Additionally, the magnitude of vertical velocity is in
good agreement with the experimental data at most time points. The predicted
and measured four phases of a puffing cycle are demonstrated in Fig. 6.94. Note
that the start of this cycle is arbitrarily chosen. It is found that the movement of
large vortices, which is a dominant factor in buoyancy-driven fires, in the

prediction is consistent with the measurement, and the evolution of the puffing

behaviour is thus well captured.

177



0 ++—rvrr—r I S P s, '-—w"—V“"I—‘I—&—'l—I-r‘—r—v-‘vﬂ
0 05 1 15 2 25 3 35 4 45 5 55 B 65 T 75

Time (sec)

Vertical Velocity (m/s)

0 A i i A i " i A el i i A e A i 3

0O 05 1 1.5 2 25 3 35 4 45 5 55 6 85 7 75
Time (sec)

Fig. 6.93 Vertical velocity history at the height of 50.5 cm (Row 1: experiment;

Row 2: prediction)

178



Start 12

Height (m)
& &

Vi 'l L 1

1/4 Cycle |

c:l f

osk

ar
as
as
a4

Height{m)

a3

g2F

a

Y e FUREE e UV PRSIV SUU VY f
60504030240 0 01 02 03 04 0S5 08 AbUo-JAL 30207 U UIUZVIUAUS UL

Height (m)

! S :
TR R S T U T Ry S R T N R F T R L L

Radial position (m) Radial position (m)

Radial position (m) Radial position (m)

3 : o Bl 1 adeatlinalion waslisalanl
08 05 04 03 G201 0 01 02 03 04 05 08 0308040302010 010203040s0¢
. Radial position (m) Radlal pesition (m)
3/4 Cycle
1=
1=
08
UB:-
= a7F
E
S o0sf
- P 4
2 of
el o
oz2fF #
orE TSeF I KR
[ SPUTTIPIL FOVPY TRRL VSRT IETIY PPN TPPTY TOOTT FROTY PPV VOO | () STIPPL PV PV PPN Proet T FTY FYPvd PN VO Pwe) O |
08 05 040302401 0 01 02 33 04 05 08 A605.04-03-02.01 N D120 302 067 R
Radial position (m) Radial position (m)

Fig. 6.94 Comparison of the velocity vector field (Column 1---experiment;

Column 2---prediction)

-



e. Velocity

Comparison of the predicted vertical and horizontal velocity with the
measurement is made in Fig. 6.95. It appears that the prediction is symmetric
about the burner centreline, and the iso-value curves in the measurement are
generally not as smooth as the ones in the prediction. The reason might be due to
flow perturbations in the surroundings. Overall, the predictions are in reasonable
agreement with the experimental data. However, the simulated and measured
vertical velocity profiles demonstrate that the predicted flame width is around 10
cm wider than the measurement. Both the vertical and horizontal velocity are

slightly over-predicted, by comparing the relevant iso-value curves.
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Fig. 6.95 Comparison of the predicted vertical and horizontal velocity with the
measurement ((a),(b)---vertical velocity, m/s; (c),(d)---horizontal velocity, m/s;
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J. Turbulent Properties

Figure 6.96 describes the comparison of the predicted and measured

turbulent stresses, including '’ , u/u, , and u/u, , which are important factors to
evaluate the capability of the current models, in particular LES model. Both the
prediction and measurement show that turbulent stress u’u’ increases away from

the burner surface within the plotted region, and that two off-axis peaks at the

same vertical distance are present. However, its magnitude is generally over-

181



predicted, particularly in the centreline area starting from 30 cm above the burner,
implying that the fire fluctuates along the vertical direction more strongly in the
prediction than that in the measurement. Additionally, the wider flame width in

the prediction is also evident here.

On the contrary, the turbulent stress a is a bit under-predicted, and two
off-axis peaks expand a bit consistent with the wider predicted flame width.
Regarding the stress ;;7; , the main discrepancy exists near the fire base. The
prediction presents two groups of clustered iso-lines distributed symmetrically,
and the reason should be associated with the buoyancy induced air entrainment.
However, this phenomenon is not shown in the relevant measurement profile,

and it might be due to the relatively small magnitude. The turbulent kinetic

energy is a bit over-predicted, especially near the centerline area, as illustrated in

Fig. 6.97.
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Chapter 7

Large Scale LNG Pool Fires

7.1 INTRODUCTION

With the growing importance of LNG in the world energy arena,
additional research is necessary to quantify the hazards associated with a
potential spill either on land or water so industry can make informed decisions
about the siting of LNG terminals and protecting existing terminals and tankers.
In an expert panel convened in US to rank the need for research on LNG and
suggest future research priorities to determine the public safety impact of an

LNG spill, large fire phenomena was ranked as having the highest priority.

Previous studies on LNG fires have primarily been based on experimental
tests and semi-empirical models [108, 130-139]. While numerical simulations
based on field modeling techniques are now routinely used for the simulations of
many other fire scenarios, limited attempts have been reported on LNG or large
scale pool fires. The major barrier is the relatively large size of the domain, the
lack of robust combustion and soot models and complex radiation characteristics
of LNG fires. The inter-connection of soot and radiation in such large fires also

demands close coupling of the two in any rigorous modeling approach.

For the calculation of thermal radiation hazards distances around large
scale LNG pool fires, semi-empirical models such as the solid flame model

(SFM) are widely used. SFM assumes the fire as a circular cylinder (vertical or

185



tilted) of diameter equal to the fire size and of axial length representing the
visible plume of the fire. Although semi-empirical approaches can estimate the
radiation hazards, they cannot predict the reduction of radiation due to smoke
obscuration, and also fail to properly account for the dynamics of large LNG
fires. Moreover, as commented by Raj [138] it is erroneous to extrapolate results
especially thermal radiation emissions from small scale experiments for
predicting the characteristics of large size fires. CFD approach should provide a

good alternative for such large LNG fires.

In this chapter, we will apply the combustion and soot model, which are
validated in the small/medium scale fire scenarios, to a series of large scale LNG
pool fires with the pool diameters of 14 m, 21 m, 35 m and 56 m. The soot model
will be activated with PaSR adopted for the soot formation and with Eq. (3.26)

for the soot oxidation. The FVM, rather than the optically thin assumption, will

be used to predict radiative heat flux.

7.2 CHINA LAKE 14 m POOL FIRE

7.2.1 Problem Descriptions

Numerical simulations are based on Test 12 in the China Lake test series
which involved spilling LNG on water in a 50 m x 50 m x 1 m pond. The test
was the only one in the series conducted in no-wind condition and the only test
for which both the wide angle radiometer (WAR) data and narrow angle
radiometer (NAR) data were analyzed to obtain surface emissive power (SEP).
The volume of LNG spilled was 5.7 m’ with the rate of 0.07 m*/s. The fire base
diameter is 14 m and the visible flame length was measured as 44.0+6.3 m. The
average LNG burning rate was measured as 4.94E-4 m/s, corresponding to the
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mass loss rate per area of 0.22 kg/m’s. The WAR was directed at 1.5 m above the
fire base and 30 m from the fire centre while two NAR were also set at the
location 30 m far from the pool centre but with height of 4.6 m and 6.2 m above

the fire base.

According to the dimension of the LNG pool fire in the China Lake Tests,
a cylindrical domain, with diameter of 80 m and height of 200 m, was employed.
A circular pool with diameter of 14 m was located in the middle of the floor. The
number of cells was set as 26, 52 and 78 on the burner for the “Coarse”,
“Medium™ and “Fine” cases, respectively. The boundaries of the domain except
the ground floor were defined as ‘opening’, equivalent to Fig. 6.36, which means
that fire smoke and fresh air could exchange across the boundary. Since the
China Lake Tests were conducted on water, the inlet temperature is set as the
boiling temperature of water, i.e. 373 K. The turbulent Prandtl number and
Schmidt number were set as 0.8, as same as the previous methane fire scenarios.
The simulations were found to reach quasi-steady state after 15 s and but were
continued for another 35 s to allow the fire to be fully developed. All the above

settings are summarized in Table 7.1.

Table 7.1 Summary of numerical settings for the China Lake 14 m LNG fire

Location China Lake
Fuel Methane
Smoke Point Height 0.29m
Fire Size 14m
Mass Flow Rate 0.22 kg/m’s
Theoretical HRR 2.59 MW
Inlet Temperature 373K
Computational 80 m (D) x 200 m (H)
Mesh Non-uniform grids;
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Cells across bumer: Coarse, 26; Medium,
52; Fine, 78
Sub-grid kinetic energy equation
LES Model C, =04
C, =0.05
Radiation Model Finite volume method

Soot Model On
Prandtl Number 0.8
Lewis Number 1.0

Integral Length Scale 18.83 m
Physical Time 50s

7.2.2 Results and Discussions

a. Grid Sensitivity

The centreline temperature rise and axial velocity are introduced to
understand the grid sensitivity, as depicted in Figs. 7.1 and 7.2. 1t is also found
that the “Coarse” mesh slightly over-estimates both the temperature and axial
velocity, as observed in the last chapter. This should also be associated with the
over-prediction of SGS kinetic energy. The predicted temperature would not
change hugely when “Medium” and “Fine” meshes are utilized, implying the
grid independence. It is noted that the predicted temperature with the “Coarse”,
“Medium” and “Fine” meshes generally follow the trend of McCaffrey empirical
model, particularly in the plume zone, while there is considerable difference
existent in the flame zone and intermittent zone. Due to the presence of fuel rich
core in the flame zone, the temperature rise would be relatively slow with the
increase of height, and it is thus not possible to maintain the same value like in
the McCaffrey empirical model. Similarly, it is seen that the predicted axial

velocity curves are almost the same for the “Medium” and “Fine” simulations.
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Moreover, the predicted flame height with the variation of grid size is also
examined here, as illustrated in Fig. 7.3. It is found that the grid size may have
some effect on the amplitude of the flame height fluctuation, but would not
hugely change the average value. Therefore, the “Medium™ and “Fine™ meshes
are believed to be adequate. The average flame height is predicted to be around

50 m, consistent with the corresponding measurement, i.e. 44.0+6.3 m.
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Fig. 7.1 Centerline temperature rise versus normalized height
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Fig. 7.3 The predicted flame height with different grid size
b. Soot Formation Coefficient
Technically, the soot formation coefficient 4, /L in Eq. (3.17) should be

calculated from the smoke point height L of a specific fuel. Although the soot

formation coefficient based on the smoke point height of 29 cm, ie.
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4,/L, =1.5E -5, performs well in the small/medium scale methane fire scenarios,

its capability in the large scale fires needs to be further investigated. The

predicted soot yield using the coefficient 4, /L, =1.5E-5 is shown in Fig. 7.4. It

is found that the value generally varies from 0.2 to 0.4, leading to the average
value of 0.3. This prediction is thought to be approximately 2.5 times bigger than
the corresponding estimation by Raj [138], i.e. 0.12. Therefore, the coefficient
calculated from the smoke point height is prone to over-predict the soot
production, raising the challenge of applying the soot model developed and
validated in small/medium fires to the large scale fires. In this work, that
coefficient is tuned to be 3.0E-6, as one can find the predicted average soot yield
is roughly 0.12, equal to the estimated value by Raj [138]. The effect of that
tuned coefficient on the soot volume fraction and temperature is inspected in
Figs. 7.5 and 7.6. It is evident that both the transient and average soot volume
fraction are decreased by nearly 4 times. The predicted average value with the
coefficient of 3.0E-6 has the order of magnitude of 0.1 ppm, which is also close
to the relevant forecast of 0.18 ppm by Raj [138]. Therefore, the tuned
coefficient of 3.0E-6 is recommended for large scale LNG fires, and will be

utilized throughout this chapter.

The predicted flame zone, which may be identified from the critical flame
temperature of 1000 K, is a bit larger, as demonstrated in Fig. 7.6. The reason
must be associated with the decrease of soot potential energy due to the reduction
of soot volume fraction, causing the increase of heat release rate based on the law

of conversation of energy.
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Fig. 7.4 The predicted soot yield with different soot formation coefficient
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Fig. 7.6 The predicted average temperature with different soot formation

coefficient ((a): 4, /L =15E-5;(b): 4,/L, =3E-6)

c. Conservation of Energy

The curves of heat release rate. soot potential energy and total energy
against time are plotted in Fig. 7.7. It is observed that around 214 MW of energy
is stored in the soot particles, and the released energy. due to the gas phase
combustion and soot oxidation. is estimated to be 1508 MW. Thus the total
energy would be 1722 MW. This is in very good agreement with the theoretical

value calculated from the inlet mass flow rate. 1.e. 1715 MW.
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Fig. 7.7 The predicted energy curves versus time
d. Puffing Cycle

The axial velocity is monitored during the simulation, and its time history
is demonstrated in Fig. 7.8. The periodic puffing behaviour is evident here, and
the periods of puffing cycles vary from cycle to cycle, similarly like the finding
in the 1 m methane fire. The average period is estimated to be 2.3 s, as roughly
11 cycles are found within 25 s. Note that one could also observe the existence of
these 11 cycles from Fig. 7.7. This predicted value is very close to the estimation
according to Pagni’s empirical model [118], i.e. 2.5 s. The predicted vector field
within 2.5 s is illustrated in Fig. 7.9, and the start of this period is arbitrarily
chosen. The large vortices initiated from the burner rim are clearly found, of
which the formation, rise and break-up actually determine the puffing behaviour

of a buoyancy-driven fire.
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Fig. 7.9 The predicted velocity vector field within 2.5 s
e. Surface Emissive Power

It is known that three methods, including “Flame Emissivity”, “Surface
Heat Flux™ and “Surface Emissivity™, are developed in this study to achieve the
surface emissive power, which is an extremely important quantity in the LNG
pool fires, As a matter of fact, in these large scale fires the direct measurement of
common quantities, such as temperature, velocity and soot volume fraction,
becomes impossible, let alone the turbulent ones. Therefore, the SEP data from
the WAR or NAR, implicitly representing the radiative character which

indirectly links to the combustion and soot production, is very valuable in this
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regard. Moreover, this quantity is widely used in the empirical model to roughly

estimate the radiative heat flux at some location.

The predicted surface emissive power with three different methods is
depicted in Fig. 7.10. It is found that the “Surface Emissivity” method delivers
relatively low magnitude of SEP. Bear in mind that this method is based on the
local emissivity, which is calculated from the local absorption coefficient and
local beam length. Actually, the grid size is assumed to be equal to the local
beam length, and the predicted value would thus change significantly with the
variation of grid size. Technically, the smaller grid size would give rise to the
lower local emissivity due to the smaller beam length as derived from Eq. (4.33),
and the predicted SEP would be lower provided that the grid size is already
sufficient enough to ensure the flame temperature would not vary hugely. From

this point of view, this method is not recommended for the SEP calculation.

It is found that the prediction using “Flame Emissivity” and “Surface
Heat Flux” is very close to each other, with the average value of 275 kW/m? and
269 kW/m’, respectively, both of which are in reasonable agreement with the
measured value, i.e. 220+47 kW/m®. The “Flame Emissivity” method only relies
on the predicted flame temperature, as the total flame emissivity is predicted to
be 1 at all times. In this simulation, the average beam length and absorption
coefficient is estimated to be 11.9 m and 3.2 m". The corresponding flame
emissivity of 1 can be achieved from Eq. (4.24). It is worth mentioning that
Drysdale [109] made similar conclusion about this emissivity in large scale fires.
Theoretically, the “Surface Heat Flux” method is an ideal one to calculate SEP,
but a lot of challenges need to be confronted regarding the identification of outer

flame surface. The potential block effect due to the existence of soot particles
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would make this method more difficult. The coefficient C,, is tuned to be 0.15 in

this large scale scenario. and it would be default value for the rest of the cases in

this Chapter.
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Fig. 7.10 The predicted surface emissive power using three different methods

7.3 PHOENIX 21 m POOL FIRE

7.3.1 Problem Descriptions

In this test [136]. 58.0 m* LNG was discharged on water through a 15
inch pipe. The flow rate initially was about 0.061 m’/s and increased throughout
the test, reaching 0.123 m/s at the end of the test. During the steady-state fire
interval, the average flow rate from the reservoir was 0.119 m’/s, yielding an
average mass discharge rate of 50.0 kg/s from the reservoir. The liquid mass flow
rate from the diffuser was slightly less at 48.4 kg/s due to two phase flow and the
generation of methane vapor. The steady-state pool area yielded an equivalent
circular diameter of 21.4 m, and the regression rate was 0.14 kg/m’s, Note that

this mass loss rate was approximately 66 % of the value used for the reservoir
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design criteria (0.212 kg/m’s). During the test, the average wind speed was 4.8
m/s, tilting the flame plume to some direction. The average length was measured
as 60~70 m, yielding an L/D ratio of 2.8~3.3. The average height and tilt angle
was around 34 m and 50°, respectively. Narrow view radiometers corrected for
transmission losses measured a spot-average SEP of 228 kW/m® A flame-
averaged SEP was determined by correlating view factor information from video
analysis with the wide-angle radiometer data, yielding an average overall SEP of

270 kW/m’.

A cylindrical computational domain with the size of 200 m in diameter,
100 m in height was set to ensure that the influence of outflow boundaries is
negligible as displayed in Fig. 7.11. Non-uniform meshes were employed with
grid points clustered around the burner centre and their size gradually increased
in the radial and vertical direction, similarly like Fig. 6.2. The number of grid
points across the burner was set as 36, 54 and 72 for “Coarse”, “Medium” and
“Fine” simulations, respectively. In the “Fine” case, 264 cells were applied
through the diameter of whole domain, while 120 cells were introduced along the
height direction. The atmospheric velocity profile, i.e. Eq. (5.20), was applied to
the cross wind inlet boundary as shown in Fig. 7.11, with A, and «,(H,) equal to
9.0 m and 4.8 m/s, respectively. Meanwhile, the initial velocity field inside the
domain was set as the same to improve numerical stability. The inlet mass flow
rate is set as 50.355 kg/s according to the test, giving the theoretical heat release
rate of 2518 MW. The integral length scale is calculated to be 22.02 m based on
Eq. (2.28). The inlet temperature is set as the boiling temperature of water, i.c.
373 K. Both turbulent Prandtl number and Schmidt number were set as 0.8. The

physical time was set as 50 s to ensure the fire is fully developed, while the
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summarized in Table 7.2.
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Fig. 7.11 Schematic of the domain for the Phoenix 21 m LNG fire

Table 7.2 Summary of numerical settings for the Phoenix 21 m LNG fire

" Open Boundary

Location Phoenix
Fuel Methane
Smoke Point Height 0.29m
Fire Size 21 m
Mass Flow Rate 50.355 kg/s
Theoretical HRR 2518 MW
Computational 5
Deasain 200 m (D) x 100 m (H)
Non-uniform grids;
Mesh Cells across burner: Coarse, 36; Medium,
54; Fine, 72
Fuel Inlet 373K
Temperature
Wind Inlet Velocity Atmospheric velocity profile
Sub-grid kinetic energy equation
LES Model C,=04
C, =0.05
Radiation Model Finite volume method
Soot Model On
Prandtl Number 0.8

averaging process starts from 25 s after ignition. All the above settings are
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Lewis Number 1.0
Integral Length Scale 2202 m
Physical Time 50s

7.3.2 Results and Discussions

a. Grid Sensitivity

In case of cross wind, the flame would tilt to some direction, and the
centreline temperature rise and axial velocity cannot be applied for the grid
sensitivity study. The calculated flame height with the variation of grid size is
depicted in Fig. 7.12. It is found that the decrease of grid size would increase the
fluctuation of the flame height, but would not have a huge effect on the time-
averaged value, which is around 27.4 m. This value is slightly lower than the
measurement of 34 m. Moreover, the variation of grid size has very weak effect
on the predicted flame tilted angle from the vertical direction, as shown in Fig.
7.13. The time-averaged angle is calculated to be 57.8°, slightly greater than the
measurement, i.e. 50°, and hence the cross wind have a bit more impacts on the
flame behaviour during the simulation than that in the experiment. Combing with
the flame angle and flame height, one could work out the averaged flame length,
which is expressed as 27.4 m/cos57.8°, i.e. 51.4 m. This value is still a bit lower
than the measurement of 60~70 m. As explained in Chapter 5, the pressure term
is neglected in the energy equation for the cross wind scenarios, and the effect of
compressibility cannot thus be accounted for. Ideally, specific outlet boundary
conditions for the pressure and velocity need to be developed in these scenarios,
if the fully compressible solver is considered. Unfortunately, we are still not fully

aware of the effect of disregarding the pressure term on the energy transport, as it
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could be examined only if one has very sophisticated pressure and velocity

boundary conditions.
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Fig. 7.12 The predicted flame height with different grid size

Time, s

1 Ll Ll
- Fine ——
Medium -
)
o 80 4
S
o % v
e
— 40 B -
(™"
20 } i
o n L L L
25 30 35 40 45 50
Time, s

Fig. 7.13 The predicted flame angle with different grid size

b. Soot Formation Coefficient
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The impact of soot formation coefficient 4, /L is also investigated here.

The predicted soot yield with two coefficients presented above is shown in Fig.
7.14. 1t is found that the transient value generally ranges from 0.3 to 0.4, if the
coefficient, i.e. 1.5E-5, calculated from smoke point height is adopted. This
prediction is believed to be roughly 2.3~3.1 times bigger than the preliminary
estimation by Raj [138], i.e. 0.13. Note that that estimation is based on the 20 m
LNG pool fire on land, while the scenario we considered here is a fire with the
same size on water. Nevertheless, it should be acceptable that the coefficient
tends to over-estimate the soot production, as concluded before. In contrast, the
coefficient of 3.0E-6, tuned from the last LNG scenario, could produce the
average soot yield of 0.11, in reasonable agreement with that Raj’s estimation.
The influence of that tuned coefficient on the soot volume fraction and
temperature is examined in Figs. 7.15 and 7.16. It is still clear that both the
transient and average soot volume fraction are decreased by nearly 4 times. The
predicted average value with the coefficient of 3.0E-6 has the order of magnitude

of 0.1 ppm, which agrees well with Raj’s empirical estimation of 0.19 ppm [138].

With a setting of critical flame temperature of 1000 K, the predicted
flame zone would become larger due to that decrease of soot formation
coefficient, as illustrated in Fig. 7.6. This is because more energy is artificially
released from the soot potential energy, as explained before. One could also
observe that the “iso-value” curves tend to approach the vertical direction for the
prediction with the coefficient of 3.0E-6, implying the flame angle becomes
smaller. It is known that the more released energy would correspond to the

higher temperature, causing lower density if the static pressure is kept the same.
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The induced bigger density difference would give rise to the stronger buoyancy

exerted along the vertical direction, and thus pull the flame closer to the vertical.
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Fig. 7.14 The predicted soot yield with different soot formation coefficient
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Fig. 7.15 The predicted transient and average soot volume fraction with different
soot formation coefficient (Row 1: 4, /L_=15E-5:Row 2: 4, /L =3E-6: dash-

dot line: burner rim)

awmngeT Average T
&0

- .00 = 1409
E 20 E 1200
e | 1000

5 w9 i 800
& J 00 @ 220
T a X «20

0 0 <0 0 20 40 g0
Radial Posigon (m) Radial Position (m)
(a) (b)

Fig. 7.16 The predicted average temperature with different soot formation
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¢. Conservation of Energy

The predicted heat release rate, soot potential energy and total energy
against time are demonstrated in Fig. 7.17. Note that the coefficient of 3.0E-6 is

applied. It is shown that around 280 MW of energy is stored into soot particles,
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and the released energy from gas phase combustion and soot oxidation is
estimated to be 2205 MW. Thus the total energy would be 2485 MW, which
agrees reasonably with the theoretical value calculated from the inlet mass flow

rate, i.e. 2518 MW.
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Fig. 7.17 The predicted energy curves versus time
d. Surface Emissive Power

The predicted surface emissive power utilizing three different methods is
depicted in Fig. 7.18. The “Flame Emissivity” method predicts the average SEP
of 255 kW/m’, in reasonable agreement with the experimental data, i.e. 270
kW/m’. As found before. the “Surface Emissivity” method gives relatively low
magnitude of SEP, with the average value of 177 kW/m’. The prediction with
“Surface Heat Flux™ is somewhere in-between, i.e. 214 kW/m®. Therefore, it is
proved again that the “Flame Emissivity” method is more promising, as it is

believed to be less dependent on the grid size and the value of C,, .
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Fig. 7.18 The predicted surface emissive power using three different methods

7.4 MONTOIR 35 m POOL FIRE

7.4.1 Problem Descriptions

In this test [134], a 35 m diameter bund, made of a 100 mm thick layer of
lightweight concrete, was built to retain the LNG. Prior to discharging LNG, a
lightweight flammable cover was positioned 1 m above the bund floor to reduce
the heat transfer due to solar radiation and convection between air and LNG. It is
found that the steady methane fire period could be split into a series of shorter
steady periods within which the wind conditions were relatively constant. The
average value of mass burning rate was 0.14 kg/m’s. The average flame drag
ratio, defined as the flame base length in the direction of the wind divided by the
pool diameter, was measured to be around 1.29. The average flame length to pool
diameter is estimated to be 2.24. It is worth pointing out that in the original
experimental work [134] the flame length was defined as the distance from the

centre of flame base (including flame drag) to the tip of the visible flame, while



in this study it is defined as the distance from the burner centre to that tip. In fact,
2.24 is a converted value based on our definition. The overall flame averaged

SEP was measured to be in the range of 257~273 kW/m?.

A cylindrical computational domain was set with the size of 300 m in
diameter and 100 m in height, similarly to Fig. 7.11. Non-uniform meshes were
also employed. The number of grid points across the burner was set as 40, 60 and
80 for “Coarse”, “Medium” and “Fine” simulations, respectively. The magnitude
of wind speed is 9.6 m/s in this scenario, obtained at 9 m above the ground in the
test. The atmospheric velocity profile, i.e. Eq. (5.20), was applied to the cross
wind inlet boundary similarly like Fig. 7.11, and the initial velocity field inside
the domain was set as the same to improve numerical stability. The inlet mass
flow rate is set as 134.70 kg/s according to the test, giving the theoretical heat
release rate of 6780 MW. The integral length scale is calculated to be 32.73 m
based on Eq. (2.28). Note that the temperature boundary condition for the gas
methane inlet was set as fixed enthalpy flux rather fixed temperature, aiming to
mimic temperature build-up over the inlet. Both turbulent Prandtl number and
Schmidt number were set as 0.8. The physical time was set as 50 s to ensure the
fire is fully developed, while the averaging process starts from 25 s after ignition.

All the above settings are summarized in Table 7.3.

Table 7.3 Summary of numerical settings for the Montoir 35 m LNG fire

Location Montoir
Fuel Methane
Smoke Point Height 029 m
Fire Size 35m
Mass Flow Rate 134.70 kg/s
Theoretical HRR 6780 MW
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Computational
Domain 300 m (D) x 100 m (H)
Non-uniform grids;
Mesh Cells across burner: Coarse, 40; Medium,
60; Fine, 80
Fuel Inlet .
Temperature Fixed enthalpy flux
Wind Inlet Velocity Atmospheric velocity profile
Sub-grid kinetic energy equation
LES Model C, =04
C, =0.05
Radiation Model Finite volume method
Scot Model On
Prandtl Number 0.8
Lewis Number 1.0
Integral Length Scale 32.73m
Physical Time 75s

7.4.2 Results and Discussions

a. Grid Sensitivity

The calculated flame height with the variation of grid size is
demonstrated in Fig. 7.19. It is also observed that both the fluctuation of the
flame height and its average value are increased, when the mesh changes from
“Coarse” to “Medium”. In contrast, “Fine” and “Medium” meshes produce very
similar results, demonstrating that the grid size is getting independent. The
average flame height in “Fine” simulation is predicted to be 43 m. Moreover, the
variation of grid size has slight effect on the predicted flame tilted angle from the
vertical direction, as found in Fig. 7.20. The time-averaged angle is simulated to

be 57.0°. Combing with the flame angle and flame height, one could work out

the averaged flame length, which is expressed as 43 m/co0s57.0°, i.e. 79.0 m.

210



Therefore, the ratio of flame length to the burner diameter is calculated to be 2.26,

quite close to the measurement of 2.24.
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Fig. 7.19 The predicted flame height with different grid size
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Fig. 7.20 The predicted flame angle with different grid size



b. Soot Formation Coefficient

The predicted soot yield with two formation coefficients is shown in Fig.
7.21. It is found that the transient value generally varies from 0.32 to 0.43, if the
coefficient, i.e. 1.5E-5, achieved from smoke point height is employed. This
prediction is thought to be approximately 2.3~3.1 times bigger than the
preliminary estimation by Raj [138], i.e. 0.137. In contrast, the coefficient of
3.0E-6, tuned from the 14 m LNG fire scenario, could produce the average soot
yield of 0.12, in reasonable agreement with that Raj’s estimation. The impact of
that tuned coefTicient on the soot volume fraction and temperature is examined in
Figs. 7.22 and 7.23. It is still clear that the transient and average soot volume
fraction are generally decreased by nearly 4~6 times. The predicted average
value with the coefficient of 3.0E-6 possesses the order of magnitude of 0.1 ppm,
consistent with Raj’s empirical estimation of 0.2 ppm [138]. From the profiles of
average soot volume fraction, one could also observe that the flame is dragged
out of the bumner with the distance of around 17.5 m. Hence, the flame drag ratio
is predicted to be around 1.5, a bit larger than the measurement of 1.29. It is
depicted in Fig. 7.23 that the larger flame zone is achieved if the soot formation
coefficient is decreased, which is associated with the fact that more energy is

artificially released from the soot potential energy.
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Fig. 7.21 The predicted soot yield with different soot formation coefficient
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¢. Conservation of Energy

Ihe predicted heat release rate, soot potential energy and total energy

against time are displayed in Fig. 7.24. Bear in mind that the coefficient of 3.0E-

6 is applied. It is found that around 819 MW

of energy is stored in the soot

particles. and the released energy from gas phase combustion and soot oxidation

is approximated to be 6082 MW. Thus the total energy would be 6901 MW,

which agrees reasonably with the theoretical value obtained from the inlet mass

flow rate. i.e. 6780 MW.
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d. Surface Emissive Power

The predicted surface emissive power applying three different methods is
depicted in Fig. 7.25. The “Flame Emissivity” method predicts the average SEP
of 233 kW/m’, in reasonable agreement with the experimental data, i.e. 257~273

kW/m’. As stated before, the “Surface Emissivity” method delivers relatively

low magnitude of SEP, with the average value of 171 kW/m” The prediction
with “Surface Heat Flux"” is somewhere in-between, i.e. 197 kW/m?. Therefore, it
is established again that the “Flame Emissivity” method is more promising.
Additionally, the predicted flame temperature is approximately 1424 K, while the

absorption coefficient is estimated to be 3.3.
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Fig. 7.25 The predicted surface emissive power using different methods



7.5 PHOENIX 56 m POOL FIRE

7.5.1 Problem Descriptions

In this test [136], about 198.5 m’ LNG was discharged through three
discharge pipes. The average flow rate during the fully open period of 90 s was
1.91£0.84 m’/s, yielding a mass discharge rate of 802 kg/s. The average wind
speed was 1.6 m/s. The spreading LNG pool area continuously increased during
the discharge interval, achieving an equivalent circular diameter of 81 m at the
end of the spill. The bumning rate could not be calculated, as the reservoir
emptied prior to the pool achieving a constant area. It was unexpected that the
fire did not attach to the leading edge of the spill, and hence the effective fire
diameter was smaller than the spreading LNG pool diameter. The average flame
width at 15 m above the pool was around 56 m and the average flame height was
146 m during the steady-state interval. The overall flame average SEP was

measured to be 28610 kW/m?.

A cylindrical computational domain was set with the size of 300 m in
diameter and 300 m in height, analogously to Fig. 7.11. Non-uniform meshes
were also employed, similarly like Fig. 6.2. The number of grid points across the
burner of 56 m was selected to be 40, 60 and 80 for “Coarse”, “Medium” and
“Fine” simulations, respectively. The atmospheric velocity profile, i.e. Eq. (5.20),
was applied to the cross wind inlet boundary similarly like Fig. 7.11, and the
initial velocity field inside the domain was set as the same to improve numerical
stability. As the fuel burning rate is not known in this test, the value should thus
be pre-described before the simulation. In this study, 0.32 kg/mz/s is chosen,

which is obtained from the measured discharging rate divided by the pool area,
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and this number is expected to be the maximum value of burning rate for this
scenario. Correspondingly, the theoretical heat release rate is calculated to be
39433 MW, while the integral length scale is calculated to be 66.82 m based on
Eq. (2.28). The inlet temperature is set as 373 K considering the boiling of water
during the buming. Both turbulent Prandtl number and Schmidt number were set
as 0.8. The physical time was set as 100 s to ensure the fire is fully developed.

All the above settings are summarized in Table 7.4.

Table 7.4 Summary of numerical settings for the Phoenix 56 m LNG fire

Location Phoenix
Fuel Methane
Smoke Point Height 0.29m
Fire Size 56 m
Mass Flow Rate 0.32 kg/m’/s
Theoretical HRR 39433 MW
Computational
Domain 300 m (D) x 300 m (H)
Non-uniform grids;
Mesh Cells across bumner: Coarse, 40; Medium,
60; Fine, 80
Fuel Inlet
Temperature 33K
Wind Inlet Velocity Atmospheric velocity profile
Sub-grid kinetic energy equation
LES Model C =04
C, =005
Radiation Model Finite volume method
Soot Model On
Prandti Number 0.8
Lewis Number 1.0
Integral Length Scale 66.82 m
Physical Time 100 s
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7.5.2 Results and Discussions

a. Grid Sensitivity

The calculated flame height with the variation of grid size is
demonstrated in Fig. 7.26. It is found that the average flame height decreased
against time up to 60 s and then maintained quasi-steady state. The reason is that
fuel would strongly mix with air after entering the inlet boundary, resulting in the
intensive combustion, particularly at the upper location of the flame. Therefore,
one could find that the flame height is relatively larger during the first few
puffing cycles. It is also observed that both the fluctuation of the flame height
and its average value are increased, when the mesh varies from “Coarse” to
“Medium”. In contrast, “Fine” and “Medium” meshes produce very similar
results, demonstrating that the grid size is getting independent. The average
flame height in “Fine” simulation is predicted to be 72.4 m at the quasi-steady
state. Moreover, the variation of grid size has slight effect on the predicted flame
tilted angle from the vertical direction, as found in Fig. 7.27. It is also found that
the average flame angle increase with time till around 65 s, and then tends to be
quasi-steady with the value of around 65.2°. The reason is most likely to be
associated with the strong air entrainment. This value is believed to be larger
than the experimental finding, although no detailed measurement was made
during the test. Combing with the flame angle and flame height, the average
flame length is calculated to be 170.4 m, which is expressed as 72.4 m/c0s65.0°.
This predicted flame length is greater than the measured value of 146 m, and
their difference must be related to the setting of maximum mass flow rate, as the

exact value was not measured.
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Fig. 7.27 The predicted flame angle with different grid size

b. Conservation of Energy

Time, s

The predicted heat release rate, soot potential energy and total energy

against time are demonstrated in Fig. 7.28. Note that the coefficient of 3.0E-6 is

applied. It is observed that around 7171 MW of energy is stored into soot
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particles, and the released energy from gas phase combustion and soot oxidation
is approximated to be 34785 MW. Thus the total energy would be 41956 MW,
with the discrepancy of around 6 % by comparing with the theoretical value
obtained from the inlet mass flow rate, i.e. 39433 MW. This discrepancy may
also be related to the setting of maximum mass flow rate, which may not be
reached for the real fire with this kind of scale. Unfortunately. it is impossible to

verify it, as no relevant measurement was reported.
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Fig. 7.28 The predicted energy curves against time
¢. Surface Emissive Power

The predicted surface emissive power applying three different methods is
depicted in Fig. 7.29. The “Flame Emissivity” method predicts the average SEP
of 346 kW/m’, in reasonable agreement with the experimental data, i.e. 286+10
kW/m’. The discrepancy is expected to be associated with the setting of
maximum mass flow rate, resulting in more energy released from the combustion

and soot oxidation. As stated before, the “Surface Emissivity” method and

“Surface Heat Flux™ method deliver relatively low magnitude of SEP, with the
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average value of 253 kW/m? and 247 kW/m’, respectively. According to the fact
that the maximum value was set for the mass flow rate, the SEP is believed to be
over-predicted, and the “Flame Emissivity”™ method is thus more promising. as

established before.
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Fig. 7.29 The predicted surface emissive power using different methods
d. Temperature and Soot Volume Fraction

The predicted transient (at 100 s) temperature and soot volume fraction is
shown in Fig. 7.30. It is seen that the flame is dragged out of the burner near the
fire base, due to the existence of cross wind. The dragging distance is estimated
to be around 57 m from the temperature profile, provided that the critical flame
temperature is set as 1000 K. One can also find that the flame on the “upwind”
side becomes more turbulent than that on the “downwind™ side, and this should
be attributed to the interaction between the flame and the cross wind. The
transient temperature is simulated be less than 1800 K in the majority of the
flame. From the soot volume fraction profile, one can observe that the soot

particles can escape from the flame. indicating the role of turbulence in the soot
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transport. The magnitude of soot volume fraction is calculated to be less than 3.0

ppm.
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Fig. 7.30 The predicted transient (at 100 s) temperature (K) and soot volume
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Chapter 8

Conclusions and Future Work

8.1 CONCLUSIONS

A comprehensive combustion and soot modelling approach in the LES
frame for fire simulations has been developed. The procedures have also been
developed to calculate the flame height, flame angle, radiative fraction, flame
angle and surface emissive power. These models and approaches have been
implemented into the FireFOAM solver. A series of fire scenarios with different
fuels, including methanol, methane, heptane, and toluene, and with different
sizes ranging from 30 cm to 56 m, have been performed for their validation and

application studies. The major conclusions are summarized as follows.
8.1.1 Eddy Dissipation Concept

The original turbulent energy cascade of EDC is extended to the LES
framework, assuming that there is always a structure level at which the typical
length scale is equivalent to the filter width of LES. Since the velocity scale at
that structure level could be estimated from the SGS kinetic energy, all other
quantities would thus be calculated at this structure level according to the general
formulations in the original turbulent energy cascade. Based on this known
structure level, the total kinetic energy and dissipation rate would be estimated,

provided that the integral length scale is assumed to be equivalent to the
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characteristic length of fire plume. Hence, the time scales, such as Kolmogorov
time scale and integral time scale, would be calculated, which are important for

the soot model development.

A 30.5 cm methanol fire was conducted to verify this combustion model,
as fuel methanol is very clean and then soot model is not activated. First of all,
the grid sensitivity study has been conducted to ensure the grid size is adequate,
based on the curves of axial mean temperature and velocity against the grid size,
as well as the profiles of temperature and velocity fluctuations with the variation

of grid size. The new formulations of y and » have been examined, regarding
the different initial conditions and different ignition methods, and the new »

formulation has been found to be able to tackle the lifted problem due to the
onginal one. The heat release rate, radiative fraction, velocity and its fluctuation,
temperature and its fluctuation, turbulent heat flux, SGS and total dissipation rate,
SGS and total kinetic energy, time scales, and length scales have been compared
with the corresponding experimental data, and reasonable agreement has been
observed, suggesting that the extended EDC in this study is promising. It is
worth mentioning that Kolmogorov time scale and integral time scale have been
captured within the same order of magnitude as the measurement, which is really
encouraging in the LES of fire dynamics, and this conclusion would give us more

confidence for the soot model development.
8.1.2 Smoke Point Soot Model

In laminar flames the instantaneous soot mass fraction transport equation
would be solved, while it is not applicable to the turbulent flames, as the

turbulent fluctuations play a very important role. After the filtering process and
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the conversion of mixture fraction, the instantaneous transport equation would be
transformed to the one for the filtered soot mass fraction. By neglecting the
thermophoresis term and modeling the unresolved scalar flux and the soot
diffusion term, one would thus realize that the key issue for this extension would
be how to treat the filtered soot source terms, including the soot formation and
oxidation processes. In this study, the filtered soot formation rate has been
accounted for using the concept of PaSR, and this rate is thus linked to the
laminar based soot formation rate substituted with the filtered properties, through
the formulation of «. Note that in x the soot formation chemical time scale has
been assumed to be proportional to the SPH while its turbulent mixing time has
been supposed to be the geometric mean of the Kolmogorov time scale and
integral time scale. In contrast, the filtered soot oxidation rate has been
considered by imitating the gas phase combustion model, i.e. EDC, as the soot
particles are assumed to be the solid phase of the fuel. Hence, the soot oxidation
chemical time scale has been implicitly set to be infinitely fast. Moreover, the
corresponding mixing time scale for soot oxidation has been chosen to be the
same as the soot formation. The roadmaps of soot formation and oxidation have
also been developed in order to account for the effect of soot on the fuel

distribution and energy transport.

A series of fire scenarios with different fuels, including methane, heptane,
and toluene, have been investigated to validate the coupling between the
extended EDC and SPSM. These fuels represent three different levels of soot
production, i.e. light, moderate, and heavy. The grid sensitivity study has been
performed for each scenario by comparing the curves of axial mean temperature

and velocity against the grid size, and also considering the profiles of
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temperature and velocity fluctuations with the variation of grid size. The
sensitivity study has also been conducted for the radiative properties, such as the
number of solid angles and solving frequency of RTE. The new expression of y
has been proved again to be capable of tackling the non-physical lifted problem.
The relationship between the soot formation chemical time scale and mixing time
scale has been investigated, as well as its effect on «. The typical distributions
for the soot formation rate, oxidation rate, and net soot production rate have been
discussed. The conservation of total energy, including heat release rate and soot
potential energy has been examined to ensure that the unexpected energy loss is
negligible. The flame height, radiative fraction, soot volume fraction and its
fluctuation, and temperature and its fluctuation have been compared with the
corresponding experimental data, and reasonable agreement has been observed,
suggesting the current coupling of the extended EDC and SPSM is encouraging

in the LES of fire dynamics.
8.1.3 Others

The method to calculate the flame height in the sooty flames has been
developed and then verified in the current study. The approach to obtain the
radiative fraction has also been considered by integrating the radiation source
term in the energy transport equation over the entire flame envelope, and then
validated in the non-sooty and sooty flames. Three different methods have been
developed to estimate the SEP, which is one of the most important quantities in
the large scale LNG pool fires, and it has been observed that the “Flame
Emissivity” method could give relatively better predictions, which is

recommended in this study.
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The coupling of the extended EDC and SPSM, as well as the approaches
to calculate the flame height, radiative fraction and SEP, have been further
applied to the large scale LNG pool fires. Reasonable agreement between the
predictions and measurements further demonstrates the capability of models
mentioned above, in spite of the huge length scales involved. Note that the pre-

exponential coefficient 4,/L, in the filtered soot formation rate has been

artificially tuned from the default value of 1.5E-5 to 3E-6 in the large scale LNG
pool fires, as it has been found that the coefficient of 1.5E-5 may have hugely

over-predicted the soot production, in comparison with other researchers’ studies.

8.2 FUTURE WORK

Although the reasonable agreement between predictions and
measurements has been achieved for the small, medium, and large scale fire

scenarios, there is still room to further enhance the combustion and soot models.
8.2.1 Eddy Dissipation Concept

The concept of the turbulent energy cascade, which is the foundation of
EDC, may face challenges in practice. In this study, the turbulent energy is
always assumed to transfer from the large scales to the small scales, while the
backscatter and upscale transfer phenomena would take place in real physics. In
fact, the fraction of energy due to the backscatter and upscale transfer needs to be
understood. This fraction might be relatively small, and thus one may regard the
current turbulent energy cascade model has taken into account the net energy

transfer.
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It is known that the drive of the fire is buoyancy rather than momentum,
and thus the effect of buoyancy on the turbulent energy transfer and even on the
reaction rate in EDC needs to be investigated. Regarding this issue, we can
hardly rely on experimental approach because of micro-scales of turbulent

structures, and then theoretical analysis may play a dominant role.
8.2.2 Smoke Point Soot Model

It is concluded that the expression of «, i.e. Eq. (3.15), has the great
effect on the filtered soot formation rate in LES, further on the soot volume
fraction. Thus the estimation of the chemical time scale and of the turbulent
mixing time scale for soot formation is of extreme importance. In this work, the
soot formation chemical time scale is assumed to be proportional to the laminar
smoke point height, and the fuel-independent coefficient was estimated based on
the soot formation residence time of 40 ms for the laminar ethylene flame. This
assumption should be further verified based on the more detailed experimental
studies for a variety of fuels. Furthermore, the soot formation chemical time scale
may be affected by the local turbulent mixing in the reacting zone of PaSR, and

thus the expression of « may be further improved.

The turbulent mixing time scale for soot formation is estimated from the
Kolmogorov time scale and the integral time scale, as the corresponding structure
level on which the soot formation process takes place is unknown to us in the
turbulent energy cascade of EDC. More works can be done to improve the
prediction of this mixing time scale, as well as the sensitivity study due to the

different expressions.
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8.2.3 Others

As mentioned in Chapter 5, the non-physical pressure and velocity would
be obtained in the fire scenarios with the cross wind, if no special treatment is
performed to the original FireFOAM. In this work, the issue is bypassed by

neglecting the Dp/Dr term in the energy transport equation, similar to the

treatment in the low Mach number assumption. Fundamentally, the reason for
this problem is due to lack of the appropriate boundary conditions for the
pressure and velocity in the compressible solver, which are not included in the
existing OpenFOAM. One might have a try to implement the more advanced
Navier Stokes characteristic boundary conditions to tackle this issue.
Furthermore, this settlement will also benefit the numerical simulation of a

compartment fire.

Importantly, more experimental studies should be carried out, as the
number of fire scenarios, which are useful for the soot model validation, is really
limited, particularly for the moderately and heavily sooty fires. Moreover, the
possible over-prediction of soot production in the large scale LNG pool fires has
suggested that the application of the current models to the large scale fires would

face more challenges, especially for the heavily soot fires.

229



References

[1] Quintiere JG, Fundamentals of Fire Phenomena, Wiley Online Library, 2006.

[2] Fire Statistical Yearbook of China, Ministry of Public Security of China,

Beijing, 2011.

[3] Poinsot T, Veynante D, Theoretical and Numerical Combustion, second ed.,

R.T. Edward, Philadelphia, 2005.

[4] Williams FA, Combustion Theory, second ed., The Benjamin/Cummings

Publishing Company, California, 1985.

[5] Wang Y, Chatterjee P, de Ris JL, Large Eddy Simulation of Fire Plumes,

Proceedings of the Combustion Institute, 2011, 33: 2473-80.

[6] Magnussen B, Hjertager B, On Mathematical Modeling of Turbulent
Combustion with Special Emphasis on Soot Formation and Combustion,

Symposium (International) on Combustion, 1976, 16: 719-29.

[7] Spalding DB, Mixing and Chemical Reaction in Steady Confined Turbulent

Flames, Symposium (International) on Combustion, 1971, 13: 649-57.

[8] Spalding D, Development of the Eddy Break-up Model of Turbulent

Combustion, Symposium (International) on Combustion, 1976, 16: 1657-63.

[9] Magnussen BF, Hjertager BH, Olsen JG, Bhaduri D, Effects of Turbulent
Structure and Local Concentrations on Soot Formation and Combustion in
C,H; Diffusion Flames, Symposium (International) on Combustion, 1979,

17: 1383-93.

230



[10] Bilger R, Turbulent Diffusion Flames, Annual Review of Fluid Mechanics,

1989, 21: 101-35.

[11] Brizuela E, Bilger R, On the Eddy Break-up Coefficient, Combustion and

Flame, 1996, 104: 208-12.

[12] Novozhilov V, Computational Fluid Dynamics Modeling of Compartment

Fires, Progress in Energy and Combustion Science, 2001, 27: 611-66.

[13] Ertesvdg IS, Magnussen BF, The Eddy Dissipation Turbulence Energy

Cascade Model, Combustion Science and Technology, 2000, 159: 213 - 35.

[14] Magnussen BF, The Eddy Dissipation Concept: A Bridge between Science
and Technology, Thematic Conference on Computational Combustion,

Lisbon, Portugal, 2005, p. 1-25.

[15] Cox G, Kumar S, Field Modelling of Fire in Forced Ventilated Enclosures,

Combustion Science and Technology, 1987, 52: 7 - 23.

[16] Huhtanen R, Numerical Fire Modelling of a Turbine Hall, Fire Safety
Science--Proceedings of the Second International Symposium, 1989, p.

771-79.

[17) Adiga KC, Ramaker DE, Tatem PA, Williams FW, Numerical Predictions

for a Simulated Methane Fire, Fire Safety Journal, 1990, 16: 443-58.

[18] Wang HY, Joulain P, Three-Dimensional Modeling for Prediction of Wall
Fires with Buoyancy-Induced Flow Along a Vertical Rectangular Channel,

Combustion and Flame, 1996, 105: 391-406.

231



[19] Novozhilov V, Harvie DJE, Kent JH, Apte VB, Pearson D, A
Computational Fluid Dynamics Study of Wood Fire Extinguishment by

Water Sprinkler, Fire Safety Journal, 1997, 29: 259-82.

[20] Yoon SS, Figueroa V, Brown aL, Blanchat TK, Experiments and Modeling
of Large-Scale Benchmark Enclosure Fire Suppression, Journal of Fire

Sciences, 2009, 28: 109-39.

[21] Deslardin P, Gnitzo L, A Dilute Spray Model for Fire Simulations:
Formulation, Usage and Benchmark Problems, Sandia National

Laboratories, Albuquerque, NM, 2002, pp. 1-89.

[22] Panjwani B, Ertesvag IS, Rian KE, Gruber A, Sub-Grid Combustion
Modeling for Large Eddy Simulation (LES) of Turbulent Combustion Using
Eddy Dissipation Concept, Fifth European Conference on Computational

Fluid Dynamics, Lisbon, Portugal, 2010, p. 1-19.
[23] Menon S, Yeung PK, Kim WW, Effect of Subgrid Models on the Computed

Interscale Energy Transfer in Isotropic Turbulence, Computers and Fluids,

1996, 25: 165-80.

[24] Pope S, Turbulent Flows, Cambridge University Press, Cambridge, UK,

2000.

[25] Corrsin S, Turbulent Dissipation Fluctuations, Physics of Fluids, 1962, 5:

1301-02.

[26] Tennekes H. Simple Model for the Small Scale Structure of Turbulence,

Physics of Fluids, 1968, 11: 669-71.

[27] Frisch U, Sulem P, Nelkin M, A Simple Dynamical Model of Intermittent
Fully Developed Turbulence, Journal of Fluid Mechanics, 1978, 87: 719-36.

232



[28] Lesieur M, Turbulence in Fluids: Stochastic and Numerical Modeling,

Kluwer Academic Publishers, Dordrecht, 1990.

{29] Anselmet F, Gagne Y. Hopfinger EJ, Antonia RA, High-Order Velocity
Structure Functions in Turbulent Shear Flows, Journal of Fluid Mechanics,

1984, 140: 63-89.

{30} Baum H, McGrattan K, Rehm R, Three Dimensional Simulations of Fire
Plume Dynamics, Fire Safety Science: Proceedings of the Fifth International

Symposium, Melbourne, Australia, 1997, p. 511-22.

[31] Chen ZB, Wen J. Xu BP. Dembele S, Large Eddy Simulation of Fire
Dynamics with the Improved Eddy Dissipation Concept, Fire Safety
Science: Proceedings of the Tenth International Symposium, University of

Maryland, USA, 2011.

{32] Lautenberger CW, de Ris JL, Dembsey NA, Bamett JR, Baum HR, A
Simplified Model for Soot Formation and Oxidation in Cfd Simulation of

Non-Premixed Hydrocarbon Flames, Fire Safety Journal, 2005, 40: 141-76.

[33] Kennedy IM, Models of Soot Formation and Oxidation, Progress in Energy

and Combustion Science, 1997, 23: 95-132.

{34) Frenklach M, Clary DW, Gardiner WC, Stein SE, Detailed Kinetic
Modeling of Soot Formation in Shock-Tube Pyrolysis of Acetylene, 1985, p.

887-901.

{35] Frenklach M, WARNATZ J, Dctailed Modeling of Pah Profiles in a Sooting
Low-Pressure Acetylenc Flame, Combustion Science and Technology, 1987,

S1: 265-83.

233



[36] Frenklach M, Wang H, Detailed Modeling of Soot Particle Nucleation and

Growth, 1991, p. 1559-66.

[37] Kazakov A, Wang H, Frenklach M, Detailed Modeling of Soot Formation in
Laminar Premixed Ethylene Flames at a Pressure of 10 Bar, Combustion

and Flame, 1995, 100: 111-20.

[38] Frenklach M, On Surface Growth Mechanism of Soot Particles, 1996, p.

2285-93.

[39) Brown NJ, Revzan KL, Frenklach M, Detailed Kinetic Modeling of Soot
Formation in Ethylene/Air Mixtures Reacting in a Perfectly Stirred Reactor,

1998, p. 1573-80.

[40] Appel J, Bockhorn H, Frenklach M, Kinetic Modeling of Soot Formation
with Detailed Chemistry and Physics: Laminar Premixed Flames of C2

Hydrocarbons, Combustion and Flame, 2000, 121: 122-36.

[41] Frenklach M, Reaction Mechanism of Soot Formation in Flames, Physical

Chemistry Chemical Physics, 2002, 4: 2028-37.

[42] Schuetz CA, Frenklach M, Nucleation of Soot: Molecular Dynamics
Simulations of Pyrene Dimerization, Proceedings of the Combustion

Institute, 2002, 29: 2307-14.

[43] Tao F, Golovitchev VI, Chomiak J, A Phenomenological Model for the
Prediction of Soot Formation in Diesel Spray Combustion, Combustion and

Flame, 2004, 136: 270-82.

[44] Balthasar M, Frenklach M, Detailed Kinetic Modeling of Soot Aggregate
Formation in Laminar Premixed Flames, Combustion and Flame, 2005, 140:
130-45.

234



[45] Leung KM, Lindstedt RP, Jones WP, A Simplified Reaction Mechanism for

Soot Formation in Nonpremixed Flames, Combustion and Flame, 1991, 87:

289-305.

[46] Kronenburg A, Bilger RW, Kent JH, Modeling Soot Formation in Turbulent
Methane-Air Jet Diffusion Flames, Combustion and Flame, 2000, 121: 24-

40.

[47]) Floyd J, McGrattan K, Hostikka S, Baum H, Cfd Fire Simulation Using
Mixture Fraction Combustion and Finite Volume Radiative Heat Transfer,

Journal of Fire Protection Engineering, 2003, 13: 11.

[48]) McGrattan K, Hostikka S, Floyd J, Baum H, Rehm R, Fire Dynamics
Simulator (Version 5): Technical Reference Guide, National Institute of

Standards and Technology, Gaithersburg, MD, 2007, pp. 1-94.

[49] Floyd JE, McGrattan KB, Extending the Mixture Fraction Concept to

Address under-Ventilated Fires, Fire Safety Journal, 2009, 44: 291-300.

[50] Zhubrin S, Discrete Reaction Model for Composition of Sooting Flames,

International Journal of Heat and Mass Transfer, 2009, 52: 4125-33.

[S1] Tesner PA, Smegiriova TD, Knorre VG, Kinetics of Dispersed Carbon

Formation, Combustion and Flame, 1971, 17: 253-60.

[52] Khan M, Greeves GA, A Method for Calculating the Formation and
Combustion of Soot in Diesel Engines, In: Afgan NH, Beer JM editors, A
Method for Calculating the Formation and Combustion of Soot in Diesel

Engines, Scripta Book Co, Washington, 1974, pp. 391-402.

[53] Glassman I, Soot Formation in Combustion Processes, Symposium
(International) on Combustion, 1989, 22: 295-311.

235



[54] Tesner PA, Tsygankova El, Guilazetdinov LP, Zuyev VP, Loshakova GV,
The Formation of Soot from Aromatic Hydrocarbons in Diffusion Flames of

Hydrocarbon-Hydrogen Mixtures, Combustion and Flame, 1971, 17: 279-85.

[55] Moss JB, Stewart CD, Syed KJ, Flowfield Modelling of Soot Formation at
Elevated Pressure, Symposium (International) on Combustion, 1989, 22:

413-23.

[56] Kennedy IM, Kollmann W, Chen JY, A Model for Soot Formation in a

Laminar Diffusion Flame, Combustion and Flame, 1990, 81: 73-85.

[57] Syed KJ, Stewart CD, Moss JB, Modelling Soot Formation and Thermal
Radiation in Buoyant Turbulent Diffusion Flames, Symposium

(International) on Combustion, 1991, 23: 1533-41,

[58] Moss JB, Stewart CD, Young KJ, Modeling Soot Formation and Burnout in
a High Temperature Laminar Diffusion Flame Burning under Oxygen-

Enriched Conditions, Combustion and Flame, 1995, 101: 491-500.

[59] Young KJ, Moss JB, Modelling Sooting Turbulent Jet Flames Using an
Extended Flamelet Technique, Combustion Science and Technology, 1995,

105: 33-53.

[60] Bressloff NW, Moss JB, Rubini PA, Cfd Prediction of Coupled Radiation
Heat Transfer and Soot Production in Turbulent Flames, Symposium

(International) on Combustion, 1996, 26: 2379-86.

[61] Kaplan CR, Shaddix CR, Smyth KC, Computations of Enhanced Soot
Production in Time-Varying CH4/Air Diffusion Flames, Combustion and

Flame, 1996, 106: 392-98.

236



[62] Luo M, Beck V, A Study of Non-Flashover and Flashover Fires in a Full-

Scale Multi-Room Building, Fire Safety Journal, 1996, 26: 191-219,

[63] Luo M, He Y, Beck V, Application of Field Model and Two-Zone Model to
Flashover Fires in a Full-Scale Multi-Room Single Level Building, Fire

Safety Journal, 1997, 29: 1-25.

[64] Moss JB, Stewart CD, Flamelet-Based Smoke Properties for the Field

Modelling of Fires, Fire Safety Journal, 1998, 30: 229-50.

[65] Brookes SJ, Moss JB, Predictions of Soot and Thermal Radiation Properties
in Confined Turbulent Jet Diffusion Flames, Combustion and Flame, 1999,

116: 486-503.

[66] Makhviladze GM, Roberts JP, Yakush SE, Combustion of Two-Phase
Hydrocarbon Fuel Clouds Released into the Atmosphere, Combustion and

Flame, 1999, 118: 583-605.

[67] Wang HY, Joulain P, Most JM, Modeling on Burning of Large-Scale
Vertical Parallel Surfaces with Fire-Induced Flow, Fire Safety Journal, 1999,

32: 241-71.

[68] Consalvi JL, Pizzo Y, Porterie B, Torero JL, On the Flame Height

Definition for Upward Flame Spread, Fire Safety Journal, 2007, 42: 384-92.

[69] Lignell DO, Chen JH, Smith PJ, Lu T, Law CK, The Effect of Flame
Structure on Soot Formation and Transport in Turbulent Nonpremixed
Flames Using Direct Numerical Simulation, Combustion and Flame, 2007,

151: 2-28.

237



[70] Pierce JBM, Moss JB, Smoke Production, Radiation Heat Transfer and Fire
Growth in a Liquid-Fuelled Compartment Fire, Fire Safety Journal, 2007,

42: 310-20.

[71] Porterie B, Consalvi J-L, Loraud J-C, Giroud F, Picard C, Dynamics of
Wildland Fires and Their Impact on Structures, Combustion and Flame,

2007, 149: 314-28.

[72] Consalvi JL, Pizzo Y, Porteriec B, Numerical Analysis of the Heating
Process in Upward Flame Spread over Thick Pmma Slabs, Fire Safety

Journal, 2008, 43: 351-62.

[73] Wang HY, Prediction of Soot and Carbon Monoxide Production in a
Ventilated Tunnel Fire by Using a Computer Simulation, Fire Safety

Journal, 2009, 44: 394-406.

[74] Markstein GH, De Ris J, Radiant Emission and Absorption by Laminar
Ethylene and Propylene Diffusion Flames, Symposium (International) on

Combustion, 1985, 20: 1637-46.

[75] Markstein GH, Relationship between Smoke Point and Radiant Emission
from Buoyant Turbulent and Laminar Diffusion Flames, Symposium

(International) on Combustion, 1985, 20: 1055-61.

[76] Markstein GH, Correlations for Smoke Points and Radiant Emission of
Laminar Hydrocarbon Diffusion Flames, Symposium (International) on

Combustion, 1989, 22: 363-70.

[77] Delichatsios MA, Smoke Yields from Turbulent Buoyant Jet Flames, Fire

Safety Journal, 1993, 20: 299-311.

238



[78] Delichatsios M, A Phenomenological Model for Smoke-Point and Soot
Formation in Laminar Flames, Combustion Science and Technology, 1994,

100: 283-98.

[79] Lautenberger CW, CFD Simulation of Soot Formation and Flame Radiation,
Worcester Polytechnic Institute Center for Fire Safety Studies, Worcester

Polytechnic Institute, 2002.

[80] Beji T, Zhang J, Delichatsios M, Determination of Soot Formation Rate
from Laminar Smoke Point Measurements, Combustion Science and

Technology, 2008, 180: 927-40.

[81] Beji T, Modelling of Soot and Radiation in Fires Including Experimental

Work on Corridor-Like Enclosures, FireSET, University of Ulster, 2009.

[82] Beji T, Zhang JP, Yao W, Delichatsios M, A Novel Soot Model for Fires:
Validation in a Laminar Non-Premixed Flame, Combustion and Flame,

2011, 158: 281-90.

[83] Yao W, Soot Modelling in Laminar Ang Turbulent Combustions, FireSET,

University of Ulster, 2010.

[84] Yao W, Zhang J, Nadjai A, Beji T, Delichatsios MA, A Global Soot Model
Developed for Fires: Validation in Laminar Flames and Application in

Turbulent Pool Fires, Fire Safety Journal, 2011, 46: 371-87.

[85] Chatterjee P, de Ris JL, Wang Y, Dorofeev SB, A Model for Soot Radiation
in Buoyant Diffusion Flames, Proceedings of the Combustion Institute,

2011, 33: 2665-71.

[86] Tewarson A, Smoke Point Height and Fire Properties of Materials, National
Institute of Standards Technology, Gaithersburg, MD 1988.

239



[87] De Ris JL, Wu PK, Heskestad G, Radiation Fire Modeling, Proceedings of

the Combustion Institute, 2000, 28: 2751-59.

[88] Hamins A, Yang JC, Kashiwagi T, Standards Nlo, Technology, A Global
Model for Predicting the Burning Rates of Liquid Pool Fires, National

Institute of Standards and Technology, 1999.

[89] Hunt RA, Relation of Smoke Point to Molecular Structure, Industrial &

Engineering Chemistry, 1953, 45: 602-06.

[90] Nordin N, Complex Chemistry Modeling of Diesel Spray Combustion,
School of Mechanical Engineering. Department of Thermo and Fluid

Dynamics, Chalmers University of Technology, Gothenburg, Sweden, 2001.

[91] Chomiak J, Karlsson A, Flame Liftoff in Diesel Sprays, Symposium

(International) on Combustion, 1996, 26: 2557-64.

[92] Smooke MD, Long MB, Connelly BC, Colket MB, Hall RJ, Soot Formation

in Laminar Diffusion Flames, Combustion and Flame, 2005, 143: 613-28.

[93] De Ris J, Fire Radiation--a Review, Symposium (International) on

Combustion, 1979, 17: 1003-16.

[94] Modest MF, Radiative Heat Transfer, Academic Press, California, USA,

2003.

[95] Siegel R, Howell JR, Thermal Radiation Heat Transfer, Taylor & Francis,

2002.

[96] Yeoh G, Yuen K, Computational Fluid Dynamics in Fire Engineering:

Theory, Modelling and Practice, Butterworth Heinemann, 2009.

240



[97] Lockwood FC, Shah NG, A New Radiation Solution Method for
Incorporation in General Combustion Prediction Procedures, Symposium

(International) on Combustion, 1981, 18: 1405-14.

[98] Shah NG, New Method of Computation of Radiation Heat Transfer in

Combustion Chambers, Imperial College of Science and Technology, 1979.

[99] Chai JC, Rath P, Discrete-Ordinates and Finite-Volume Methods for
Radiation Heat Transfer, International Workshop on Discrete-Ordinates and

Finite-Volume Methods for Radiation Heat Transfer, Guwahati, India, 2006.

[100] Fiveland W, Discrete-Ordinates Solutions of the Radiative Transport
Equation for Rectangular Enclosures, Journal of Heat Transfer, 1984, 106:

699.

[101] Mishra S, Lankadasu A, Analysis of Transient Conduction and Radiation
Heat Transfer Using the Lattice Boltzmann Method and the Discrete

Transfer Method, Numer. Heat Transfer A, 2005, 47: 935-54.

[102] Talukdar P, Steven M, Issendorff FV, Trimis D, Finite Volume Method in
3-D Curvilinear Coordinates with Multiblocking Procedure for Radiative
Transport Problems, International Journal of Heat and Mass Transfer, 2005,

48: 4657-66.

[103] Chai JC, Lee HOS, Patankar SV, Finite Volume Method for Radiation
Heat Transfer, Journal Of Thermophysics And Heat Transfer, 1994, 8: 419-

25.

[104] Grosshandler W, Radcal: A Narrow-Band Model for Radiation
Calculations in a Combustion Environment, National Institute of Standards

and Technology, Gaithersburg, MD, 1993, pp. 1-52.

241



[105] Barlow R, Scalar Profiles and No Formation in Laminar Opposed-Flow
Partially Premixed Methane/Air Flames, Combustion and Flame, 2001, 127:

2102-18.

[106] Felske J, Tien C, The Use of the Milne-Eddington Absorption Coefficient
for Radiative Heat Transfer in Combustion Systems, Journal of Heat

Transfer, 1977, 99: 458.

[107] Barlow R, Laboratories SN, TNF Method for Radiation. Available From: <

http://www.sandia.gov/TNF/radiation.html>.

[108] Raj PK, LNG Fires: A Review of Experimental Results, Models and
Hazard Prediction Challenges, Journal Of Hazardous Materials, 2007, 140:

444-64.

[109] Drysdale D, An Introduction to Fire Dynamics, second ed., Wiley,

Chichester, 1999.
[110]) OpenFOAM. Available From: <http://www.openfoam.org>.

[111] OpenFOAM Programmers' Guide. Available From:

<http://www.opencfd.co.uk/openfoam>.

[112] Issa RI, Solution of the Implicitly Discretised Fluid Flow Equations by

Operator-Splitting, Journal of Computational Physics, 1986, 62: 40-65.

[113] Patankar S, Spalding D, A Calculation Procedure for Heat, Mass and
Momentum Transfer in Three-Dimensional Parabolic Flows, International

Journal of Heat and Mass Transfer, 1972, 15: 1787-806.

[114] Seinfeld JH, Pandis SN, Atmospheric Chemistry and Physics: From Air

Pollution to Climate Change, John Wiley & Sons, New York, 1998.

242



[115] Weckman EJ, Strong AB, Experimental Investigation of the Turbulence
Structure of Medium-Scale Methanol Pool Fires, Combustion and Flame,

1996, 10S: 245-66.

[116] Wen JX, Kang K, Donchev T, Karwatzki JM, Validation of FDS for the
Prediction of Medium-Scale Pool Fires, Fire Safety Journal, 2007, 42: 127-

38.

[117] McCaffrey B, Purely Buoyant Diffusion Flames: Some Experimental

Results, 1979.

[118] Pagni PJ, Pool Fire Vortex Shedding Frequencies, Applied Mechanics

Reviews, 1990, 43: 153-70.
[119] Karlsson B, Quintiere JG, Enclosure Fire Dynamics, CRC, 2000.

[120] Klassen M, Gore J, Structure and Radiation Properties of Pool Fires: Final
Report, National Institute of Standards and Technology, Gaithersburg, MD,

1992, pp. 1-153.

[121] OpenFOAM Users' Guide. Available From:

<http://www.opencfd.co.uk/openfoam/>.

[122] Cox G, Chitty R, A Study of the Deterministic Properties of Unbounded

Fire Plumes, Combustion and Flame, 1980, 39: 191-209.

[123]) McEnally CS, Kéylia UO, Pfefferle LD, Rosner DE, Soot Volume Fraction
and Temperature Measurements in Laminar Nonpremixed Flames Using

Thermocouples, Combustion and Flame, 1997, 109: 701-20.

[124] Giilder OL, Effects of Oxygen on Soot Formation in Methane, Propane,

and N-Butane Diffusion Flames, Combustion and Flame, 1995, 101: 302-10.

243



[125] Brookes SJ, Moss JB, Measurements of Soot Production and Thermal
Radiation from Confined Turbulent Jet Diffusion Flames of Methane,

Combustion and Flame, 1999, 116: 49-61.

[126] Tieszen S, O'hern T, Schefer R, Weckman E, Blanchat T, Experimental
Study of the Flow Field in and around a One Meter Diameter Methane Fire,

Combustion and Flame, 2002, 129: 378-91.

[127] Xin Y, Filatyev S, Biswas K, Gore J, Rehm R, Baum H, Fire Dynamics
Simulations of a One-Meter Diameter Methane Fire, Combustion and Flame,

2008, 153: 499-509.

[128] Cheung SCP, Yeoh GH, A Fully-Coupled Simulation of Vortical
Structures in a Large-Scale Buoyant Pool Fire, International Journal of

Thermal Sciences, 2009, 48: 2187-202.

[129] Desjardin P, Modeling of Conditional Dissipation Rate for Flamelet
Models with Application to Large Eddy Simulation of Fire Plumes,

Combustion Science and Technology, 2005, 177: 1883-916.

[130] Luketa-Hanlin A, A Review of Large-Scale LNG Spills: Experiments and

Modeling, Journal of Hazardous Materials, 2006, 132: 119-40.

[131] Cleaver P, Johnson M, Ho B, A Summary of Some Experimental Data on

LNG Safety, Journal of Hazardous Materials, 2007, 140: 429-38.

[132] Havens J, Spicer T, United States Regulations for Siting LNG Terminals:

Problems and Potential, Journal of Hazardous Materials, 2007, 140: 439-43.

[133] Koopman RP, Ermak DL, Lessons Learned from LNG Safety Research,

Journal of Hazardous Materials, 2007, 140: 412-28.

244



[134] Nedelka D, Moorhouse J, Tucker RF, The Montoir 35 m Diameter LNG

Pool Fire Experiments, Proceedings of 9th International Conference on

LNG, Nice, France, 1979.

[135] Raj PPK, Experiments Involving Pool and Vapor Fires from Spills of

Liquefied Natural Gas on Water, Department of Transportation, US, 1979.

[136] Blanchat T, Helmick P, Jensen R, Luketa A, Summary of the Phoenix
Series Large Scale LNG Pool Fire, 23rd International Colloquium on the
Dynamics of Explosions and Reactive Systems (ICDERS), University of

California, Irvine, 2011.

[137] Raj PK, Exposure of a Liquefied Gas Container to an External Fire,

Journal Of Hazardous Materials, 2005, 122: 37-49.

[138] Raj PK, Large Hydrocarbon Fuel Pool Fires: Physical Characteristics and
Thermal Emission Variations with Height, Journal of Hazardous Materials,

2007, 140: 280-92.

[139] Raj PK, LNG Pool Fire Spectral Data and Calculation of Emissive Power,

Journal of Hazardous Materials, 2007, 142: 720-29.

245



