
Development of Conditional
Source-term Estimation (CSE)

Framework for Turbulent Buoyant
Diffusion Flames

by

Ahmed M.K. Abdalhamid

A thesis
presented to the University of Waterloo

in fulfillment of the
thesis requirement for the degree of

Doctor of Philosophy
in

Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canada, 2024

© Ahmed M.K. Abdalhamid 2024



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Bart Merci
Professor, Dept. of Structural Engineering and Building Materials,
University of Ghent

Supervisor(s): Cecile Devaud
Professor, Dept. of Mechanical and Mechatronics Engineering,
University of Waterloo

Internal Member: Elizabeth Weckman
Professor, Dept. of Mechanical and Mechatronics Engineering,
University of Waterloo

Internal Member: John Wen
Professor, Dept. of Mechanical and Mechatronics Engineering,
University of Waterloo

Internal-External Member: Eric Croiset
Professor, Dept. of Chemical Engineering,
University of Waterloo

ii



Author’s Declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii



Abstract

Conditional Source-term Estimation (CSE) is a turbulent combustion model that relies
on conditional averages of species mass fractions to provide closure for the mean chemical
source terms. The model has the ability to account for detailed chemical kinetics while
remaining computationally affordable for engineering cases. CSE has been successfully
applied previously to simulate flames of different regimes and configurations. The current
work aims at extending the CSE framework to model turbulent buoyant diffusion flames for
the first time. Large Eddy Simulation (LES) is used to solve transport equations of mass,
momentum, species and enthalpy. Chemistry is pretabulated prior to the simulations.

The LES FireFOAM solver is coupled with CSE approach. The new solver is first
tested against University of Maryland methane line fire using different implementations
for radiation modelling, all relying on the optically thin assumption. The results are
validated against experimental measurements at different locations as well as previously
published predictions of the same case using different combustion models. The predicted
temperatures are in good agreement with the experimental data, except very close to
the fuel inlet. The predicted flame height closely matches the experimental value. The
predictions are consistent with previously published results as well.

Next, the inclusion of radiation absorption is considered by solving the radiative transfer
equation (RTE), avoiding the optically thin approximation for the first time with CSE.
Moreover, the weighted sum of grey gases (WSGG) approach is employed to estimate the
absorption coefficients. The new framework is applied to the simulation of two medium and
large scale methanol pool fires. The medium scale case is investigated using two angular
meshes and compared to the optically thin results. The case that solves the RTE with
fine angular mesh shows improved predictions. The radiative flux results show that the
predictions align better with the measurements with the finer angular mesh outside the
flame region. However, the results from both angular meshes are in agreement within the
flame. For the large scale case, the time-averaged temperature predictions are in good
agreement with the experimental data, except on the centerline downstream of the flame
region where the results are overpredicted.

Finally, the newly developed CSE framework is extended to include soot modelling by
coupling with two of the most widely used soot models in fire analysis. The new approach
is used to simulate the ethanol pool fire case, providing acceptable predictions of soot and
species mole fractions.

In conclusion, this study proves the capability of CSE in accurately simulating turbulent
buoyant diffusion flames. Future work may address more complex fuels, cases of extinction
with doubly-CSE, suppression by water mist, and more detailed soot models.
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Chapter 1

Introduction

1.1 Overview

Combustion processes are encountered in various aspects of daily life, often taking diverse
forms. Among these, are turbulent buoyant diffusion flames, commonly observed in fires,
represent a significant area of concern. Fires pose a substantial threat to public safety
resulting in considerable loss of life and property. Avoiding such losses encourages the
development of new analysis tools to well predict the fire behavior [16]. Relying on com-
puter simulations is a key element in analyzing fire scenarios that are too difficult or too
expensive to perform experimentally. Simple models such as the two-zone CFAST model
can provide quick predictions with low computational costs [17]. However, such models
lack the accuracy and the details required to capture all the processes of the fire phenom-
ena. In recent years, there has been continuous progress in the available computational
power allowing for better models to be employed. The development of computational fluid
dynamics (CFD) approaches relying on the large eddy simulation (LES) turbulence treat-
ment is, therefore, the current trend in the fire analysis field [18].
Fires are different from controlled combustion in the fact that the amounts of fuel and oxi-
dizer feeding the fire are out of control and are sustained by the surrounding environment.
In most cases, fires are turbulent diffusion flames driven by buoyancy. Many complex inter-
acting physical phenomena are encountered in fires such as turbulence, complex chemical
reactions, radiation, soot formation, transient flame spread and pyrolysis. A schematic
showing the different physical processes involved in pool fires is shown in Figure 1.1. Also,
additional complexities can be encountered depending on the fire scenario such as flame
extinction and reignition as in under-ventilated fires, suppression with water, and wind
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effects.

Figure 1.1: Schematic showing the different physical processes in a pool fire. Reproduced
from [1].

Pool fires correspond to one of the generic configurations in fire analysis [19]. In pool
fires, the fuel inlet is well-defined by either being a gas or a flat horizontal liquid surface,
providing a simple configuration to test CFD models. Also, pool fire cases remove some
complexities found in real fires related to flame spread and pyrolysis. Furthermore, de-
pending on the type of fuel chosen, soot modeling may be avoided. For example, methane
and methanol fire cases are non-sooting [20, 4], while heptane is a sooty fuel [21]. In ad-
dition, liquid pool fires provide a test bed to study gas to liquid thermal feedback that
controls the fuel loss rate and the overall flame size. Pool fires also represent real-world
fire hazards that exist in the case of leakages from fuel tanks at homes or in transportation
accident scenarios. Large scale pool fires are also encountered in industrial accidents lead-
ing to severe air pollution and may trigger more serious cascading effects leading to losses
in human lives and material properties.
In pool fires, the rate of fuel loss from the liquid pool that sustains the fire is controlled
by the heat feedback from the flame region. The two main modes of the heat feedback
are the convective and radiative feedback to the pool surface. The dominant mode among
them varies according to the pool size. In small scale pool fires, the dominant mode is the
convective feedback, while in large scale ones, which are bigger than one meter in diam-
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eter, the radiative mode is dominant [22]. In addition, the increase of pool size leads to
a reduction in the combustion efficiency and consequently, higher soot yield if the fuel is
among the sooty hydrocarbons [19].
To simulate turbulent flows, several approaches can be used to solve the governing equa-
tions. Turbulent flows are characterized by the presence of eddies with different scales. The
most accurate approach is the direct numerical simulation (DNS) where all the turbulent
flow scales are resolved. However, DNS is limited to simple cases due to the associated
high computational costs [23]. In contrast, the Reynolds Averaged Navier-Stokes (RANS)
approach models all turbulent scales. RANS techniques have been shown to provide ac-
ceptable results with a significant reduction in computational costs compared to DNS.
The LES approach is a major improvement over RANS. Instead of modeling all the turbu-
lent scales, LES captures the large-scale dynamics that are affordable to be resolved and
models the effects of only the subfilter smaller scales. Thus, a better solution accuracy
than RANS is obtained, while still at a much lower computational cost than required by
DNS. In the fire community, the two most widely used CFD packages in fire modeling are
the Fire Dynamics Simulator (FDS) [24] and FireFOAM [25]. Both of these packages use
the LES approach in the treatment of turbulence. The advantage of LES in fire modeling
over RANS is being capable of handling highly unsteady motions, and it is challenging
to model all the turbulent scales correctly with RANS due to the buoyancy generated
turbulence. The flame intermittent region exhibits strong fluctuations due to the puffing
behaviour leading to periodic shedding [26]. However, in flows involving chemical reac-
tions, turbulence-chemistry interactions require additional modeling considerations, as the
chemical source term is a highly non-linear function in the flow variables. Thus, turbulent
combustion models are developed to close the chemical source term.
In fire analysis, the most popular combustion models are those based on the eddy break-up
model [27] like the eddy dissipation model (EDM) [28] and the eddy dissipation concept
(EDC) [29] which are widely used due to their simplicity. However, there are constants in
these models that require calibration in a case by case basis. In addition, such approaches
rely on single step chemistry neglecting detailed chemical kinetics which are crucial for
accurately simulating complex fire phenomena, including the tracking of minor species,
flame extinction and soot production. Another set of methods relies on the filtered den-
sity function (FDF). Unlike the EDM and EDC techniques, these methods determine the
reaction rate through correlations rather than direct modeling and can include detailed
chemical kinetics. Techniques such as the laminar flamelet [30, 31], the conditional mo-
ment closure [32], and the conditional source term estimation [33] fall into this category.
Still, these methods have seen limited application in fire analysis [7, 8, 34] compared to
the EDM/EDC models.
The Conditional Source term Estimation (CSE) combustion model is adopted in the current
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work. CSE offers many advantages compared to other combustion models. The method is
more sophisticated than simple ones which are usually used in fire modeling. In addition,
it allows the inclusion of detailed chemical kinetics. Moreover, CSE does not require the
solution of additional transport equations to calculate reaction rates unlike comparable
approaches such as the conditional moment closure model [35]. The approach has been
successful in simulating different combustion regimes and configurations of premixed [36],
non-premixed [37, 38], and partially premixed [39] flames. The current work builds upon
recent advances in CSE combustion modeling and adopts the model for fire simulation for
the first time.
Radiative heat transfer modeling is of major importance in analysis of fires. In medium
scale pool fires, the fraction of thermal power emitted as radiation can be 20-30% of the
total heat release rate [40]. In addition, radiation is a major contributor to the total heat
feedback to the fuel surface in liquid pool fires. For a 0.3 meter diameter pool fire, the
radiative heat feedback reaches 55%, 80%, and 96% for methanol, heptane, and toluene,
respectively of the total heat feedback [12]. This contribution increases with increasing
pool size and soot level. The radiation problem involves the solution of the radiative
transfer equation (RTE) for a number of wavelengths. The finite volume discrete ordinate
method is the typical RTE solver used with CFD calculations due to its compatibility with
fluid dynamics discretization and accuracy [3]. The model is available in both FDS and
FireFOAM software packages and is adopted for simulations of pool fires by many authors
[5, 7, 20, 21, 41, 42, 43]. In addition, a suitable absorption-emission model is required to
account for the non-grey nature of the combustion gases which can have up to a million
absorption lines. Line-by-line methods are available, but they are computationally pro-
hibitive to be used in CFD simulations [42]. Global models such as the weighted sum of
grey gases (WSGG) are more appropriate to be coupled with CFD simulations.
Under certain conditions, the combustion of hydrocarbons can produce soot, which is com-
posed of masses that consist mainly of carbon particles. Soot is a key component of smoke
from fires, which not only reduces visibility and complicates evacuation during fire inci-
dents but also leads to respiratory diseases and environmental pollution. Furthermore,
smoke shielding in large hydrocarbon fires traps emitted radiation, influencing the overall
fire dynamics [44, 45, 46]. Soot formation is a complicated process and remains one of
the most challenging aspects in modeling flows involving combustion due to the complex
steps involved. Over the years, many attempts have been made to accurately model soot
in CFD simulations of combustion scenarios [47]. Detailed soot models rely on complex re-
action mechanisms, but these are difficult to develop due to the complexity of the required
measurements [48]. In contrast, smoke point-based models offer a practical and compu-
tationally efficient solution. In this approach, soot formation is assumed to be a function
of the measured laminar smoke point height, which indicates the sooting propensity of a
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given fuel. Two of the most widely used soot models in fire analysis are based on the
laminar smoke point concept [49, 15].

1.2 Objectives

The objective of the current research is to develop a LES approach for fire analysis using
more detailed models for combustion and radiation compared to existing fire modeling
approaches. The model is to be validated against a series of experimental pool fires to
test its accuracy in predicting temperature profiles, radiative heat fluxes and species mole
fractions. CSE has been applied to both RANS and LES to simulate a wide range of
combustion problems such as premixed flames, non-premixed flames, lifted flames, and
combustion with sprays [36, 37, 39, 2, 50, 33, 51]. However, CSE was never considered
before for buoyant diffusion flames such as fires. LES is the main approach in the current
work, as the flow is buoyancy driven and highly unsteady. Also, only simple radiation
models have been coupled before with CSE relying on the optically thin approximation
that neglects absorption. In the proposed research, a more accurate radiation model that
accounts for absorption will be coupled with CSE for the first time by solving the radiative
transfer equation (RTE) with the finite-volume discrete ordinate method and estimating
the absorption coefficients using the WSGG model. Moreover, the new framework is to
be expanded to include soot modeling using CSE in turbulent buoyant diffusion flames for
the first time. Pool fire cases will be investigated with different fuels such as methane,
methanol and more complex ones such as ethanol. It is proposed in this research to
account for detailed chemical kinetics using chemistry tabulation. Numerical predictions
of various quantities, including temperature, velocity, species mole fractions, flame shape,
and radiative heat flux, will be compared with experimental measurements and previously
published numerical results from other groups investigating the same cases using different
turbulent combustion models. The main objectives of this study are summarized as follows:

1. Coupling CSE with FireFoam solver and validation with the
University of Maryland line burner case.

CSE is coupled with the FireFOAM solver for the first time and tested for LES of
a fire case by simulating the University of Maryland line burner methane case. The
Smagorinsky model for subgrid-scale turbulence is selected. The reaction rates are
tabulated using GRI-MECH 3.0 mechanism. Different treatments for radiation that
rely on the optically thin radiation are considered. The results are compared with
available experimental measurements as well as previously published simulations for
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the same case. A paper presenting the numerical results and conclusions is published
in a peer reviewed journal [52].

2. Inclusion of radiation absorption effects with the solution of
RTE in LES-CSE simulation of methanol pool fires.

Previously, CSE has been coupled with only optically thin radiation model that ne-
glects absorption. Thus, the next step is expanding the CSE framework by account-
ing for radiation absorption through solution of the RTE. Moreover, the WSGG
model is considered for estimating the absorption coefficients instead of the RAD-
CAL model. The new modeling approach is tested by simulating a medium and large
scale methanol pool fires. The methanol pool fire cases are well studied experimen-
tally and there are several measurements for the temperature, velocity, and species
mole fractions distributions available. The numerical results are validated using avail-
able experimental measurements. A paper presenting the numerical predictions and
findings is submitted to a peer reviewed journal.

3. Expanding the framework by inclusion of soot modeling and
applying the new modeling approach to an ethanol pool fire.

The new CSE framework is expanded to include soot modeling. Two of the most
commonly used soot models in fire simulations that are based on the laminar smoke
point concept are coupled with CSE for the first time. The new approach is applied
for investigating an ethanol pool fire, which was never simulated previously. The
numerical results are compared with available measurements of temperature, soot
mass fraction, species mole fractions and radiative flux at different locations. A
paper describing the new framework and the findings is submitted to a peer reviewed
journal.

1.3 Thesis outline

Chapter 2 discusses the governing equations and the turbulence treatment required for fire
modeling. In Chapter 3, the turbulent combustion modeling with a focus on CSE approach
and radiative heat transfer analysis techniques is described in addition to reviewing soot
formation and modeling techniques. Chapter 4 presents the conducted simulations of the
University of Maryland line burner including the experimental configuration, the numerical
solver details, the computational configuration and comparison of the results with the
experimental data as well as previously published results. Chapter 5 demonstrates the
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coupling between CSE and solution of RTE to account for radiation absorption. The new
framework is applied to investigate medium and large scale methanol pool fires. Chapter
6 discusses the introduction of soot modeling to the CSE framework and investigation of
a medium scale ethanol pool fire. Finally, conclusions and proposed future work of the
current dissertation are presented in Chapter 7.
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It is acknowledged that parts of the content presented in Chapters 4-6 are published in the
following articles or under review

• Ahmed MK Abdalhamid and Cecile Devaud. Large eddy simulations of a buoyant
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Theory and Modelling, 2023.

• Ahmed MK Abdalhamid, Cecile Devaud and Elizabeth Weckman. Development
of the Conditional Source-term Estimation (CSE) framework including finite-rate
kinetics and non-prescribed radiation applied to a methanol pool fire. Fire Safety
Journal, under review, 2024.

• Ahmed MK Abdalhamid, Cecile Devaud and Elizabeth Weckman. Large eddy simu-
lations of a medium-scale ethanol pool flame using Conditional Source-term Estima-
tion including coupled soot radiation effects. Combustion Science and Technology,
under review, 2024.

• Ahmed MK Abdalhamid, Cecile Devaud and Elizabeth Weckman. Pool fire simu-
lation using Conditional Source-term Estimation (CSE) approach coupled with so-
lution of the radiative transfer equation (RTE). Proceedings of Combustion Insti-
tute/Canadian Section Spring Technical Meeting, Queen’s University, May 13 - 16,
2024.

• Ahmed MK Abdalhamid and Cecile Devaud. Large eddy simulations of a medium-
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• Ahmed MK Abdalhamid and Cecile Devaud. Large eddy simulations of a turbulent
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Chapter 2

Background

This chapter presents the background related to fire modeling. First, the chapter starts
with governing equations. Next, the turbulence treatment methods are presented with an
emphasis on large eddy simulation. The unclosed terms in the equations are discussed
along with their treatment.

2.1 Governing Equations

Any reacting fluid flow is governed by transport equations that describe the evolution of the
different flow variables. A solution for transport equations of mass, momentum, enthalpy
(energy) and species mass fractions is required for simulating turbulent flames. The mass
transport (continuity) equation is written as

∂ρ

∂t
+
∂(ρui)

∂xi
= Sδ,eva, (2.1)

where ρ is the fluid density, ui is the velocity component in the i-direction, and the source
term Sδ,eva represents mass addition to the gaseous phase flow, for example due to the
evaporation of liquid film or liquid droplets in cases of fire suppression with water.
The momentum conservation is given by

∂(ρuj)

∂t
+
∂(ρuiuj)

∂xi
= − ∂p

∂xj
+
∂τij
∂xi

+ Fb,j, (2.2)

where p is the pressure and τij represents the viscous stresses. The source term Fb,j in
Eq. 2.2 accounts for the effects of external forces. In the current work, forces arising from
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external fields or spray particles are not present, thus, they are not accounted for. Only
gravitational force is considered to model buoyancy effects. Consequently, the source term
is written as

Fb,j = ρgj. (2.3)

The viscous stresses are expressed as a function of the strain rate tensor Sij such that

τij = µ

[
2Sij −

2

3
δij
∂uk
∂xk

]
. (2.4)

The species conservation equation is written as

∂(ρYk)

∂t
+
∂(ρuiYk)

∂xi
=
∂Jk,i
∂xi

+ ω̇k + ρ̇k, (2.5)

where Yk is the mass fraction of species k, Jk,i is the diffusive flux of species k, ω̇k is the
rate of production or destruction of species k due to chemical reactions, and ρ̇k is a source
term accounting for evaporation from liquid phase to gas phase, if present. The diffusive
flux is defined using Fick’s law as

Jk,i = ρDk
∂Yk
∂xi

, (2.6)

and Dk is the molecular diffusivity of species k.
The conservation of energy is written in terms of the sensible enthalpy h = e+ p/ρ , where
e is the internal energy, as

∂(ρh)

∂t
+
∂(ρuih)

∂xi
= − ∂qi

∂xi
+ Q̇react + Q̇rad + Q̇liq +

∂p

∂t
− ρgiui +

∂(uiτij)

∂xi
, (2.7)

where qi is the energy flux given by qi = −λ ∂T
∂xi

− ρ
∑n

k=1 hkDk
∂Yk

∂xi
by accounting for heat

conduction using Fourier’s law and energy flux due to diffusion using Fick’s law while λ
is the thermal conductivity. Using the definitions of Schmidt and Prandtl numbers and
assuming a unity Lewis number for all species Le = λ

ρcpD
= 1 the term is simplified [53] to

qi = −ρ ν
Pr

∂h

∂xi
. (2.8)

The terms Q̇react, Q̇rad and Q̇liq are source terms accounting for chemical reactions, radi-
ation, and the heat exchange with the liquid phase, respectively. The temporal pressure
variation, the work produced by gravitational forces and the energy produced by viscous
shear stresses and by normal stresses are all negligible in fire applications [53].
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2.2 Turbulent Flows

Equations 2.1, 2.2, 2.5 and 2.7 are the partial differential equations (PDEs) that govern
any multicomponent reacting system including either laminar or turbulent flows. However,
solving these equations numerically requires a fine resolution to capture all the spatial and
temporal scales. This is called Direct Numerical Simulation (DNS) which, for turbulent
cases, requires huge computational resources to capture all the turbulent scales down to
the Kolmogorov length scale. Such solution is not feasible for practical turbulent flows.
Consequently, not all of the turbulent scales can be resolved.
The other two approaches that are usually adopted to account for the influence of un-
resolved turbulent fluctuations on the resolved ones are the Reynolds Averaged Navier
Stokes (RANS) and Large Eddy Simulation (LES) approaches. In RANS, all the turbulent
fluctuations are modeled using a turbulence model to provide a closure for the unclosed
terms in the averaged equations that accounts for the influence of such fluctuations on a
defined local mean. In contrast, LES resolves the portion of larger scales that are compu-
tationally affordable to be solved and models the effect of the smaller scales beyond the
filter. Therefore, LES serves as a compromise between the DNS and RANS approaches.

2.2.1 Direct numerical simulation

In DNS approach, all of the turbulent scales are simulated with no need for modeling any
sub-grid fluctuations. This requires a very fine resolution in space and time deeming such
approach impractical to simulate real life scenarios with the current computational capa-
bilities. In addition, the computational cost with DNS increases rapidly with Reynolds
number which limits its applicability to flows with low or moderate Reynolds numbers.
Still, simplifications can be made to model specific cases that provide insight into elemen-
tary ingredients of the flow physics which are inaccessible to experiments [54].
The simulation of reacting flows with DNS is also more problematic than that of non-
reacting flows. For instance, the large number of species involved in a chemical scheme
is an additional computational load that is hard to handle for such fine time and space
resolutions. Moreover, the chemical time and length scales are usually even smaller than
that of the smallest turbulent scales. Consequently, DNS is not practical for fire modeling
with the current computational capabilities except for some special cases. [53].
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2.2.2 RANS approach and Favre-averaging

In RANS, the instantaneous transport equations are averaged to obtain balance equations
for the mean quantities. Each variable ϕ is split into a mean component ϕ and the deviation
from the mean ϕ′ as

ϕ = ϕ+ ϕ′, (2.9)

where ϕ′ = 0.
Reynolds decomposition and time-averaging as shown in Eq. 2.9 is suitable for incom-
pressible flows where the density variations are small and fluctuations are encountered in
velocity and pressure only. In flows with variable density such as high speed flows and
flows involving combustion, the density fluctuations add additional terms that require clo-
sure. For example, after applying the Reynolds decomposition and time averaging on the
continuity equation, the term ρ′u′ appears in the equation, and so a correlation is required
to achieve closure. This gets more complicated with the momentum and energy equations
where triple correlations arise involving the density fluctuations. An alternative approach
is to introduce a density-weighted averaging technique named Favre average [55] as

ϕ = ϕ̃+ ϕ′′, (2.10)

where

ϕ̃ =
ρϕ

ρ
. (2.11)

The RANS averaging procedure introduces new unclosed terms in the equations which
require modeling to provide closure. This is accomplished by introducing turbulence models
such as the k − ϵ [56] and k − ω [57]models.

2.2.3 Large eddy simulation

In LES, all the large scale eddies are resolved and only the small scale ones are modeled.
Also, the effect of turbulent small-scales, beyond the filter width, are represented by a
subgrid-scale (sgs) model [58].
LES is carried out by performing a filtering process through which the velocity is decom-
posed into a resolved component and a sub-grid component

U(x, t) = U(x, t) + u′(x, t). (2.12)
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Although the Eq. 2.12 looks similar to Eq. 2.9, here the average of the sub-grid velocity
is not equal to zero

u′(x, t) ̸= 0. (2.13)

The large scale component is separated by carrying out the filtering process as

U(x, t) =

∫
U(x′, t)G(x− x′)dx′, (2.14)

where G represents the LES filter. There are several types of filters in spectral and physical
spaces such as the cut-off filter, the gaussian filter and the box filter defined as

G(x) = G(x1, x2, x3) =

{
1/∆3 if |xi| ≤ ∆/2, i = 1, 2, 3

0 otherwise
, (2.15)

where ∆ is the filter size. This filter performs the averaging over a cubic box of size ∆.
As with RANS approach, the Favre filtering is adopted for deriving the filtered governing
equations for variable density cases

Ũ(x, t) =
1

ρ

∫
ρU(x′, t)G(x− x′)dx′. (2.16)

The transport equations are then obtained by filtering the governing transport equations
resulting in:

• The Favre filtered continuity equation

∂ρ

∂t
+
∂(ρũi)

∂xi
= 0. (2.17)

• The Favre filtered conservation of momentum equation

∂(ρũj)

∂t
+
∂(ρũiũj)

∂xi
= − ∂p

∂xj
+

∂

∂xi
(τij − ρ(ũiuj − ũiũj)) + Fb,j. (2.18)

• The Favre filtered species conservation equation

∂(ρỸk)

∂t
+
∂(ρũiỸk)

∂xi
=

∂

∂xi
(ρDk

∂Yk
∂xi

)− ∂

∂xi
[ρ(ũiYk − ũiỸk)] + ω̇k. (2.19)
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• The Favre filtered energy conservation equation

∂(ρh̃)

∂t
+
∂(ρũih̃)

∂xi
=

= − ∂

∂xi
[ρ(ũih− ũih̃)] +

∂

∂xi
(ρ

ν

Pr

∂h

∂xi
) + Q̇react + Q̇rad.

(2.20)

The unresolved Reynolds stresses term (τ sgsij = ũiuj − ũiũj) is commonly modeled using
Boussinesq’s eddy viscosity concept

τ sgsij = −νsgs(
∂ũi
∂xj

+
∂ũj
∂xi

− 2

3
δij
∂ũk
∂xk

) +
2

3
ksgsδij, (2.21)

where νsgs is the sub-grid viscosity and ksgs is the sub-grid turbulent kinetic energy. There
are several models that can be employed to model the sub-grid viscosity such as the widely
used Smagorinsky model [59] and the one equation eddy viscosity model [60]. In the
Smagorinsky model, νsgs is calculated as

νsgs = (Cs∆)2(2S̃ijS̃ij)
1/2, (2.22)

where Cs is a model constant, ∆ is the filter width, and S̃ij =
1
2
( ∂ũi

∂xj
+

∂ũj

∂xi
) is the resolved

rate of strain tensor. The one-equation eddy viscosity model calculates νsgs as

νsgs = Ck∆
√
ksgs, (2.23)

where ksgs is the sub-grid turbulent kinetic energy found by solving the transport equation:

∂(ρksgs)

∂t
+
∂(ρũiksgs)

∂xi
=

∂

∂xi

(
ρ (D +Dt)

∂ksgs
∂xi

)
− ρτ sgsij

∂ũi
∂xj

− Cϵρ
ksgs
√
ksgs

∆
, (2.24)

where Ck and Cϵ are model constants. Since only the small scales are modeled in LES, the
modeling of the buoyancy effects on turbulence is not an issue as with RANS [53] which is
also verified numerically [61].
The unresolved species and enthalpy fluxes are closed using the gradient hypothesis as

(ũiYk − ũiỸk) = − νt
Sct

∂Ỹk
∂xi

, (2.25)

13



(ũih− ũih̃) = − νt
Prt

∂h̃

∂xi
. (2.26)

where Sct and Prt are the subgrid-scale Schmidt and Prandtl numbers specified depending
on each case.
The molecular and enthalpy diffusion fluxes are closed as

ρDk
∂Yk
∂xi

= ρ
ν

Sc

∂Ỹk
∂xi

, (2.27)

ρ
ν

Pr

∂h

∂xi
= ρ

ν

Pr

∂h̃

∂xi
. (2.28)

The remaining terms to be modeled are the reaction rate term ω̇k in the species equation

and the radiation source term Q̇rad in the energy equation which will be discussed in the
next chapter.
In fire analysis, LES is the most common approach rather than RANS since the fire be-
havior is highly unsteady, and it is challenging to model all the turbulent scales correctly
due to the buoyancy generated turbulence. The flame intermittent region exhibits strong
fluctuations due to the puffing behavior. The periodic shedding produced enhances the
turbulence near the fire source and is, therefore, a key element in fire dynamics as it con-
trols the air entrainment in the reaction zone. In turn, the heat release rate, the products
composition, and all associated physics such as the soot generation are related to the ac-
curate representation of turbulence [26]. In addition, turbulence models are altered by
buoyancy in the RANS approach and requires additional tweaking while this is not the
case with LES.

2.3 Summary

In this chapter, the governing equations required to provide a solution for reacting fluid
flows as in fires are discussed. The transport equations that describe the evolution of flow
variables of mass, momentum, species mass fraction and enthalpy are presented. Since most
of the engineering flows are turbulent which is also the case with fires that are classified
as turbulent buoyant diffusion flames, the different numerical techniques for turbulence
treatment are discussed such as RANS, LES and DNS. The LES approach is given in more
details since this is the method adopted in the current study as well as most of the previous
CFD fire simulations. The Favre-filtered form of the governing equations are shown. In
the equations, there are some unclosed terms that require modeling. The closure of such
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terms are presented. The remaining terms that require closure are the species reaction rate
and the radiation terms, which are discussed in the next chapter.
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Chapter 3

Turbulent combustion and radiation
modeling

This chapter discusses the additional modeling steps required for modeling flows involving
reactions and heat transfer. First, the chapter starts with the different modeling approaches
for closure of mean chemical source term. Second, the radiation treatment methods are
presented. In the end, soot formation steps and modeling techniques in CFD are reviewed.

3.1 Turbulent combustion models

According to the law of mass action and Arrhenius form for the rate coefficients, the
chemical source term is a highly non-linear function in the flow variables. Consequently,
the mean quantities obtained from RANS or the filtered ones from LES cannot be used to
estimate the averaged chemical source term as

ω̇(Yk, T, ρ) ̸= ω̇(Ỹk, T̃ , ρ). (3.1)

Thus, turbulent combustion models are developed to close the chemical source term in
turbulent flows involving chemical reactions modeled with RANS or LES. The modeling
strategies are based on physical assumptions, therefore, they are dependent on the type
of flame under consideration. In the non-premixed flames such as fires, the most popular
models are those based on the eddy break-up model such as the eddy dissipation model
(EDM) [28] and the eddy dissipation concept (EDC) [29]. Another class of methods is based
on the presumed filtered density function (FDF). In these methods, the reaction rate is
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found through correlations and is not modeled as with the EDM and EDC. The reactive
scalars (temperature and species) are related to the mixture fraction through the FDF.
One approach is to solve for the transport of FDF, but this is a computationally expensive
approach. Instead, the FDF can be presumed and modeled through other transported
or modeled variables such as the mixture fraction and its variance. Methods such as the
laminar flamelet [30, 31], the conditional moment closure [32], and the conditional source
term estimation [33] fall under this category.

3.1.1 Eddy break up model

The eddy break up (EBU) model [62, 27] is one of the early proposed models for turbulent
combustion modeling. The model relies on the infinitely fast chemistry assumption that the
chemistry time scale can be considered much smaller in comparison to the turbulence time
scale. Therefore, the turbulent mixing rather than the chemistry is the rate determining
process. The mean/filtered reaction rate is considered to be controlled by the variance of

the product mass fraction Ỹ ′′2
p and a characteristic turbulent time τEBU as

ω̇p = ρCEBU

√
Ỹ ′′2
p

τEBU

, (3.2)

where CEBU is a model constant of the order of unity, and the characteristic turbulent time
can be estimated from the turbulence kinetic energy k and its dissipation rate ϵ as

τEBU = k/ϵ. (3.3)

The major advantage in the model is that it estimates the reaction rate based on simple
relation obtained from known flow variables, making it easy to implement with any CFD
code. However, the model does not account for any effects from chemical kinetics. Also,
the model dependency on the ratio k/ϵ causes the reaction rate to be overestimated in
highly strained regions.

3.1.2 EDM and EDC models

The EDM model is based on the EBU model. It applies the same formulation but replaces
the variance of the product mass fraction with the mass fraction of the deficient species
which would be the fuel or oxidizer depending on whether the mixture is lean or rich. The
model estimates the mean/filtered reaction rate as the minimum of three rates as
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ω̇p = ρCEDM1
ϵ

k
min(ỸF ,

ỸO2

s
, CEDM2

Ỹp
1 + s

), (3.4)

where s is the stoichiometric oxygen to fuel mass ratio, CEDM1 and CEDM2 are model
constants that require adjustments depending on the case, ỸF and ỸO2 are the Favre
averaged/filtered mass fractions of the fuel and oxidizer respectively.
Another variation of the model is the eddy dissipation concept (EDC) [29] which assumes
that the chemical reactions occur in small turbulent structures called the fine scales. The
model calculates the reaction rate as

ω̇p = ρ
γ2χ

τEDC(1− γ3χ)
min(ỸF ,

ỸO2

s
), (3.5)

where γ is the fine scale size, τEDC is mixing time scale for EDC model, χ is fine structures
reactive part. The fine structure size and mixing time are modeled based on the turbulence
scale relations with additional model constants for tuning. The model can be modified to
include detailed chemistry by assuming that reactions take place in the fine scales, where
chemical rates can be integrated numerically over the mixing time scale.

3.1.3 Mixture fraction

In non-premixed (diffusion) combustion, the fuel and oxidizer enter the combustion region
from separate streams. Thus, the reactants need to mix first before combustion can take
place. Moreover, the chemical time scale is small compared to the mixing time scale,
meaning that it is safe to assume that combustion is mixing controlled. A scalar named
the mixture fraction, Z, is defined to express the state of mixing. The mixture fraction is
defined to have a value of 1 in the fuel stream and 0 in the oxidizer stream and between
the two limits is defined by Bilger [63] as

Z =
Yi − Yi,O
Yi,F − Yi,O

, (3.6)

where Yi is the local mass fraction of element i at a given location, Yi,O and Yi,F is the
mass fraction of element i in the oxidizer and fuel streams, respectively. The mixture
fraction defines the local amount of mass that originated from the fuel side to the total
mass originating from both the fuel and oxidizer sides. It acts as an inert tracer introduced
to the flow with the fuel [32]. Therefore, the mixture fraction is a conserved scalar, meaning
that there is no source term in its transport equation except if a mass source such as droplet
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evaporation exists. The transport equation for the Favre-filtered mean mixture fraction
can be written as

∂ρZ̃

∂t
+
∂(ρũiZ̃)

∂xi
=

∂

∂xi
(ρD

∂Z

∂xi
)− ∂

∂xi
[ρ(ũiZ − ũiZ̃)]. (3.7)

The unclosed turbulent flux can be closed using the gradient approach similar to what was
done before with the species equation as

(ũiZ − ũiZ̃) = − νt
Sct

∂Z̃

∂xi
. (3.8)

The Favre-filtered mean mixture fraction is not sufficient by itself for reaction rates esti-

mation. The subgrid mixture fraction variance Z̃ ′′2 at each cell is required as well. There

are different ways to calculate Z̃ ′′2. For example, the gradient model [64] provides a simple
expression

Z̃ ′′2 = CZ∆
2 ∂Z̃

∂xi

∂Z̃

∂xi
, (3.9)

where CZ is a constant and ∆ is the filter size calculated as the cubic root of the cell
volume.
Instead, a Favre-filtered transport equation [39] can be solved to calculate Z̃ ′′2 as

∂ρZ̃ ′′2

∂t
+
∂(ρũiZ̃ ′′2)

∂xi
=

∂

∂xi
(ρD

∂Z ′′2

∂xi
)− ∂

∂xi
[ρ(ũiZ ′′2 − ũiZ̃ ′′2)] + 2

µ

Sct

∂Z̃

∂xi

∂Z̃

∂xi
− ρχ̃, (3.10)

where the first two terms on the right hand side are closed using the gradient assumption.
The filtered scalar dissipation rate (χ̃) is modeled as a function of the subgrid turbulent
kinetic energy (k̃) and subgrid dissipation rate(ϵ̃) as

χ̃ = Cχ
ϵ̃

k̃
Z̃ ′′2, (3.11)

where Cχ is a constant set equal to 2 [65, 39].

3.1.4 Laminar flamelet model

The model assumes that chemical reactions take place in thin reactive-diffusive layers
called the flamelets that are smaller than the smallest turbulent scales, while the rest of
the field can be considered to be non-reacting. Since the flamelets are small, they are not
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affected by turbulence and can be considered laminar, while diffusive transport occurs in
the direction normal to the surface of the stoichiometric mixture [66]. This means that
the scalar transport equations can be transformed to a system with the mixture fraction
as an independent coordinate. In the steady laminar flamelet model, the flame structure
is assumed to be in steady state and the time dependence can be neglected as

ρ
χ

2

∂2Yk
∂Z2

+ ω̇k = 0. (3.12)

The solution for the flamelet equation can be computed prior to the CFD calculations and
tabulated as function in the mixture fraction and parameterized scalar dissipation rate.
The Favre-filtered quantities (ϕ̃) such as the species mass fraction or temperature can be
computed as

ϕ̃ =

∫ ∞

0

∫ 1

0

ϕ(Z, χst)P̃ (Z, χst)dZdχst, (3.13)

where P̃ is a presumed joint FDF and ϕ(Z, χst) is the pre-tabulated flamelet solution. Sta-
tistical independence is often assumed between the mixture fraction and scalar dissipation
rate such that the P̃ is calculated as the product of two independent filtered density func-
tions for mixture fraction and scalar dissipation rate. The mixture fraction FDF is usually
presumed as β-distribution [67], calculated based on the filtered mean mixture fraction
and its sgs variance. A Dirac-delta function is presumed for the scalar dissipation rate,
assuming that it remains unchanged along the flame front [54].
In premixed flames, the same approach can be applied by relying on a different variable
instead of the mixture fraction. A scalar that describes the degree of combustion comple-
tion, named progress variable, is defined such that it has a value of 0 for fresh reactants
and 1 for burnt gases. The progress variable is constructed from the flame variables such
as the normalized temperature or the mass fractions of the products [68].
The flamelet models provide better description of the chemistry than the EBU based mod-
els through the pre-tabulated functions with affordable computational cost. However, they
are still limited by the assumption that the flamelets are smaller than the smallest turbulent
scale.

3.1.5 Conditional moment closure model

The conditional moment closure (CMC) model takes advantage from the fact that most of
the fluctuations of the reactive scalars can be correlated to the fluctuations of the mixture
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fraction in non-premixed combustion. Thus, the difficulty in closure of reaction rates is
avoided if the conditional averages of reactive scalars with respect to mixture fraction are
considered [69, 70, 71]. In contrast to laminar flamelet models, CMC is not constrained
by the laminar flamelet assumption, stating that the reactions take place in small scales
not affected by turbulence [32]. In CMC, transport equations are solved to obtain the
conditional moments. Such transport equations are usually solved over a grid coarser
than the actual one, assuming that the spatial variation in conditional moments is limited
in comparison to filtered values [72, 73]. The CMC equations can be derived from the
corresponding transport equations for each reactive scalar through different methods such
as the joint pdf method [70] and the decomposition method [69]. The conditional transport
equation for species mass fraction is written as

∂⟨Yk|η⟩
∂t

+ ⟨ui|η⟩
∂⟨Yk|η⟩
∂xi

= ⟨N |η⟩∂
2⟨Yk|η⟩
∂η2

+ ⟨ω̇k|η⟩, (3.14)

where ⟨Yk|η⟩ is the conditional mass fraction of species k, ⟨ui|η⟩ is the conditional velocity,
⟨N |η⟩ is the conditional scalar dissipation rate and ⟨ω̇k|η⟩ is the conditional reaction rate of
species k. A similar transport equation is also solved for the conditional enthalpy. However,
these equations involve additional terms that require further modeling.
After obtaining the conditional averages from their corresponding transport equations, the
filtered quantities can be obtained by integrating the conditional averages with the FDF

ϕ̃ =

∫ 1

0

⟨ϕ|η⟩P̃ (η)dζ. (3.15)

The model can be extended to premixed combustion through conditioning with the progress
variable instead of the mixture fraction [32]. The progress variable is defined as a normal-
ized mass fraction of one of the reaction products such as carbon dioxide (CO2) and water
vapour (H2O) or a weighted sum of more than one. The progress variable would then have
a value of one in the fully burnt region and zero in the unburnt region.

3.1.6 Transported probability density function methods

The transported probability density function (PDF) methods are a class of modeling ap-
proaches that rely on solving a transport equation for a joint PDF of a set of variables that
describe the state of a reacting medium rather than presuming it as in previous approaches.
In principle, this approach is applicable to either premixed or non-premixed flames. The
approach was first proposed by Dopazo and O’Brien [74, 75] and later developed to its
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modern form by Pope [76].
In its baseline formulation, the PDF considered is a joint distribution of the velocity com-
ponents, the composition variables and turbulent frequency. The local thermochemical
properties are determined by the composition variables, which are typically taken as the
species mass fractions and specific enthalpy for single-phase reacting mixtures. The joint
PDF allows for complex interactions between turbulence and chemistry, as well as other
physical aspects of flames such as soot and radiation to be well captured. Therefore, accu-
rate modeling of scenarios where capturing these interactions are crucial can be achieved
as in flames with strong local extinction and reignition [77].
The PDF transport equation requires closure for additional terms such as the transport
of the probability density function in velocity space through the viscous stresses term.
Modeling such additional terms is challenging, and the quality of the models providing the
closure can affect the predictions depending on the combustion regime. In addition, the
high dimensionality of the equation means that the standard numerical methods such as
Finite-volume are not practical, and other approaches like the Monte-Carlo technique are
adopted in nearly all simulations with the PDF methods [66].
The usage of PDF methods has been expanded from being only an academic research tool
to becoming a modeling choice for laboratory scale flames. However, the application of
PDF methods to engineering combustion scenarios is still limited due to the high computa-
tional cost associated with the solution of additional transport equations and incorporation
of finite-rate chemical kinetics [77].

3.1.7 Multiple mapping conditioning

The multiple mapping conditioning (MMC) approach is a combination of the PDF and
CMC methods with a generalized mapping closure that does not require an assumption
about the type of the flow being modeled. The method is relatively new and was first
proposed by Klimenko and Pope [78]. MMC makes use of the detailed treatment of the
physical process provided by PDF methods but avoids the requirement for direct eval-
uation of the joint PDF which is dimensional in the composition space. Instead, CMC
hypothesis can be used to restrict the dimensionality of the composition space to a certain
manifold by making use of the assumption that the fluctuations in the reactive scalars
are correlated to fluctuations in certain conserved scalar. Different formulations for MMC
exist such as deterministic MMC and stochastic MMC as well as specific models with
different reference variables [79, 80, 81]. A more detailed comprehensive review can be
found in [82]. Although the reduction in dimensionality makes the MMC more computa-
tionally efficient than PDF methods, it is still computationally expensive for engineering
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applications. In addition, model parameters choice requires more testing of the method in
different combustion conditions.

3.2 Conditional source term estimation

The conditional source term estimation (CSE) method was first proposed by Bushe and
Steiner [33]. CSE shares the same assumptions as the CMC method that the fluctuations
in the reactive scalars can be linked to fluctuations in a conditioning variable. However,
CSE does not require the solution of additional transport equations to obtain conditional
averages and relies on integral inversion instead. Therefore, CSE avoids the need to model
unclosed terms in those transport equations which can be problematic [35].
Although CSE was originally proposed for LES of non-premixed combustion, it has also
been considered for RANS simulations [51, 83, 37, 84, 38, 85] and for premixed flames [86,
36, 50]. In addition, it has been extended to simulate lifted flames with double conditioning
[39] and to simulate combustion with fuel spray [2, 87, 87] as well as sooty flames [88].
However, CSE was never considered previously for simulating buoyant diffusion flames as
in fires which is the focus of the current study.

3.2.1 Formulation

CSE relies on the idea that the turbulent fluctuations of a filtered quantity such as species
mass fractions and temperature are reduced when correlated to certain conditioning scalar
depending on the combustion problem type. In non-premixed combustion, the mixture
fraction is selected as the conditioning scalar in most cases. Consequently, scalars under
consideration can be conditionally averaged on mixture fraction and, the resulting fluctua-
tions in those conditional averages would be negligible compared to the fluctuations in the
unconditional ones [35]. The filtered quantity can be related to the conditional average as

f̃ =

∫ 1

0

⟨f |η⟩P̃ (η)dζ, (3.16)

where ⟨f |η⟩ is the filtered scalar f conditioned at a specific mixture fraction value η in
the mixture fraction space. The conditional averages are assumed to be constant spatially
over an ensemble of cells and are considered space independent within each ensemble
while varying with time only. To calculate the conditional averages, CSE uses an integral
inversion approach.
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A major advantage in dealing with conditional averages is that the negligible fluctuations
allow for assuming first order closure for the chemical source term

⟨ω̇k|η⟩ ≈ ω̇(⟨Yi|η⟩, ⟨T |η⟩), (3.17)

where ⟨Yi|η⟩ is the conditional mass fraction of species i and ⟨T |η⟩ is the conditional
temperature. For attached flames far from extinction and without ignition, this assumption
is considered to be reasonable [89] and has been successfully applied previously [37, 65].
In the CSE approach, the species transport equations are first solved, and the Favre-filtered
mass fractions are obtained. The conditional averaged mass fractions are then calculated
through integral inversion of the relating equation

Ỹk(xj, t) =

∫ 1

0

⟨Yk|η⟩(η, xj, t)P̃ (η, xj, t)dη. (3.18)

The FDF P̃ is commonly presumed to be a β-distribution for non-premixed flames [67].
The β-distribution is constructed using the mean mixture fraction and its variance which
are found using equations 3.7 and 3.10 as shown in Section 3.1.3 as

P (f) =
Γ(β1 + β2)

Γ(β1)Γ(β2)
f (β1−1)(1− f)β2−1, (3.19)

where Γ is the gamma function defined as

Γ(β) =

∫ ∞

0

xβ−1e−xdx, (3.20)

β1 and β2 are the beta-function parameters and can be estimated as

β1 = µ

(
µ(1− µ)

σ2
− 1

)
, (3.21)

β2 = (1− µ)

(
µ(1− µ)

σ2
− 1

)
, (3.22)

where µ is the mean mixture fraction value and σ2 is its variance.
In theory, the conditional chemical source term is function in all of the considered species
mass fractions in a given chemical kinetics mechanism. However, solving transport equa-
tions for all of the species then inverting them to find their conditional averages is a
computationally expensive task since the number of species contributing in a given mecha-
nism is usually big. For example, the GRI-MECH 3.0 [90] chemical kinetics mechanism for
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methane-air combustion involves 53 species. Therefore, other techniques are used to reduce
the number of required inversions such as pre-tabulation of the chemical mechanism as a
function in small number of major species. Consequently, the chemical mechanism can be
solved, and the rest of the species and reaction rates can be obtained as a function in those
major species and the mixture fraction. The major species are chosen to be carbon dioxide
(CO2) and water (H2O) because they have similar and relatively long formation time scales
compared to other species [51]. This choice has been applied successfully previously for
cases involving combustion of different fuels such as methane [37, 65, 39, 88], methanol
[84], ethanol [87, 91] and acetone [2]. Thus, Eq. 3.18 is applied for the two species then
inverted to get the conditional species mass fractions ⟨YCO2|η⟩ and ⟨YH2O|η⟩. Next, lookup
tables are used to estimate the reaction rates as

⟨ω̇k|η⟩ ≈ ω̇(⟨YCO2|η⟩, ⟨YH2O|η⟩). (3.23)

The filtered reaction rate can then be obtained from the conditional reaction rate through
integrating with the FDF as

ω̇k(xj, t) = ρ

∫ 1

0

⟨ω̇k|η⟩
⟨ρ|η⟩

P̃ (η, xj, t)dη. (3.24)

The tabulation technique applied in the current study is the Trajectory Generated Low
Dimensional Manifold (TGLDM) [92] which will be discussed in details in Section 3.3. The
TGLDM technique has been successfully employed with most of the previous CSE studies
[50, 37, 39, 88, 91]. Chemistry tabulation not only reduces the computational cost associ-
ated with inverting all of the mechanism species, but also avoids the problem of increased
inaccuracies in mass conservation in mixture fraction space associated with inversion of
large number of species which requires special treatment [93].
Although most of the previous CSE studies have relied on TGLDM for chemistry tabu-
lation, CSE itself is not restricted to TGLDM. CSE has the ability to adopt any other
tabulation technique such as the flamelet generated manifold (FGM) [94] which has been
coupled successfully previously with both CMC for simulation of Sandia flames [95] and
CSE in studying the transient effects of diesel spray [96]. In addition, CSE can rely on
direct chemistry integration and avoid the need for tabulation [97].
In order to access the chemistry tables, the conditional mass fractions of major species are
required, which are obtained from an integral inversion process that will be discussed in
the next section.
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3.2.2 Integral inversion and regularization

The variation of the conditional averages spatially is found to be much less compared to
the spatial variation of the filtered quantities. This means that the conditional averages
can be assumed to be homogeneous within an ensemble of points. Therefore, for each
given ensemble, Eq. 3.18 that relates the Favre-filtered mass fraction to the conditionally
averaged one can be rewritten as

Ỹk(xj, t) =

∫ 1

0

⟨Yk|η⟩(η, t)P̃ (η, xj, t)dη. (3.25)

In this form, the conditionally averaged mass fractions are assumed not to vary in space
within a given ensemble. The ensembles of points are constructed from the computational
mesh. The ensemble distribution depends on the flame being studied. For example, it is
usually assumed for axial jets that the conditional averages are radially consistent, and the
ensembles are set as axial slices of the computational domain [98].
Eq. 3.25 is a Fredholm integral equation of the first kind with P̃ (η, t) as the kernel. It
can be discretized using numerical quadrature into number of bins (M) in the conditioning
variable space. Consequently, the equation can be written in the matrix form as

b⃗ = A.α⃗, (3.26)

where b⃗ representing the unconditional variable values is of size N × 1, N is the number of
grid points in a given ensemble, A is the matrix of integrated FDF over a mixture fraction
interval, α⃗ is the vector containing the conditional average values at each ηm with m as
the mixture fraction bin index. The size of the matrix A is N ×M and can be calculated
as

Aj,m =

∫ η2

η1

P̃ (η, xj, t)dη, (3.27)

where η1 and η2 define the mixture fraction bin lower and upper bounds. It is required
to find the conditional averages α⃗ knowing A and b⃗. However, direct numerical solution
methods, such as the standard least-squares method, can not be used since Eq. 3.26 is
an ill-posed system of equations. This means that the system of equations is sensitive
to any small perturbations [99]. Therefore, a regularization method is required to ob-
tain a unique solution that is smooth and stable. Various regularization techniques exist
such as the Tikhonov regularization [100] and the truncated singular value decomposition
[101]. In the current study, the Tikhonov regularization is adopted since it is characterized
by a continuously-variable degree of regularization. The method can be implemented to
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determine the conditional averages as

α⃗ = argmin

{∥∥∥Aα⃗− b⃗
∥∥∥2
2
+ λ2 ∥I(α⃗− α⃗0)∥22

}
, (3.28)

where λ is the regularization parameter, α⃗0 is a priori knowledge of the solution which can
be taken as the solution of an unstrained one-dimensional laminar flame [86] or the known
solution from a previous time step [98], ∥..∥2 is the L-2 norm operator. In the current study,
the solution from the previous time step is used as the priori solution. The regularization
parameter is proposed following what is employed in previous CSE simulations [98, 65] to
be

λ2 =
Tr(ATA)

Tr(I)
, (3.29)

where Tr is the trace of the matrix and I is the identity matrix.

3.3 Chemistry Tabulation

The reaction rates are calculated based on the chemical reaction mechanism. Detailed
chemical reaction mechanisms for a given fuel combustion are available such as the GRI-
MECH 2.11 [102] and GRI-MECH 3.0 [103] for methane-air combustion. However, such
mechanisms involve tens of species and hundreds of elementary reactions, and solving them
for each computational cell at every time step requires prohibitive computational costs. In
addition, the governing ordinary differential equations (ODE) are stiff since different time
scales are included in the chemical reactions ranging from 10−10 second to more than 1
second. However, not all of such scales interact with turbulence, and the fast scales can
be decoupled from the system [51]. Consequently, chemistry is tabulated in a way to
include the detailed chemistry but still be represented by a low number of parameters.
The method adopted in the current study is the Trajectory Generated Low Dimensional
Manifold (TGLDM) [92, 104]. The TGLDM shares the same basic idea as the intrinsic
low-dimensional manifold (ILDM) [105] method but does not suffer from the convergence
difficulties and other problems associated with the ILDM [106]. In comparison to early
efforts for chemical mechanism reduction such as the quasi-steady state and partial equi-
librium assumptions, the only inputs required for TGLDM are the kinetic mechanism and
the desired number of degrees of freedom of the reduced system [51].
In the TGLDM approach, the detailed chemistry is reduced to a low-dimensional manifold
in the composition space. A manifold is generated corresponding to each mixture fraction
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bin parameterized by the mass fractions of CO2 and H2O. The boundaries of the mani-
folds are determined based on the conservation of chemical elements for the given mixture
fraction value. From the boundaries, initial points for the trajectories are specified. The
trajectories evolve from the initial points until they reach the chemical equilibrium point.
The evolution of the trajectories is based on the numerical integration of the governing
ODE

ρ
∂Yk
∂t

= ω̇k (3.30)

where ω̇k is the reaction rate of the species k determined by the chemical mechanism.
A stiff ODE solver is used to get the trajectories evolution from Eq. 3.30 starting from
the boundary points. The mass balance provides the initial conditions for the solution.
The evolution of trajectories from different initial points ensures coverage of the realizable
region defined by the boundary lines from pure mixing to the equilibrium point even that
no strain rate term is included. An example of the generated trajectories for one of the
manifolds is shown in Figure 3.1.

Figure 3.1: Boundaries and trajectories evolving from start points in a TGLDM manifold.
Taken from [2].

The chemistry tables are represented in three dimensions, which are the mixture frac-
tion, the mass fraction of CO2 and the mass fraction of H2O. These two species are selected
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because they have similar and relatively long formation time scales compared to other
species [51]. After the calculation of the trajectories, redundant points are removed from
the tables to reduce their size. Then, delaunay triangulation technique [107] is employed
to interpolate between the calculated points when looking up the tables to easily locate
required points. The TGLDM with the triangulation applied is shown in Figure 3.2. The
reaction rate of carbon dioxide for TGLDM manifold at the stoichiometric methane/air
mixture fraction of 0.055 is shown in Figure 3.3.

Figure 3.2: TGLDM with Delaunay triangulation at the stoichiometric methane/air mix-
ture fraction of 0.055.

The tables include the species mass fractions and their corresponding reaction rates
at each point. The conditional reaction rates can be extracted from the tables for a
given conditional averages of CO2 and H2O mass fractions at a given mixture fraction bin.
Filtered reaction rate may then be obtained from the conditional ones by integrating with
the FDF following Eq. 3.24.

The standard chemistry tables in the current form are adiabatic ones that do not
account for the effect of heat losses. Although the heat losses due to radiation are included
in the enthalpy equation 2.7, the effect of the heat losses due to radiation or other sources
on the chemical reactions can be included in the tables [88, 91]. In this case, an additional
parameter is added to have different sets of tables with different enthalpy levels. More
details are provided in Chapter 4.
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Figure 3.3: Reaction rate of CO2 [1/s] plotted on a TGLDM manifold with Delaunay
triangulation at the stoichiometric methane/air mixture fraction of 0.055

3.4 Radiative Heat Transfer

Unlike conduction and convection, thermal radiation is transferred through electromagnetic
waves and, therefore, does not require a medium. Also, radiative heat flux tends to be
proportional to the fourth power of temperature. That is why in combustion problems
where temperatures exceed 1000 K, radiation cannot be neglected.

3.4.1 The radiative transfer equation

In order to determine the radiative flux at a point inside a participating medium, the
radiative intensity at that point for all wavelengths and all directions should be known.
This is governed by the radiative transfer equation (RTE) which is a radiative energy
balance for a medium that emits, absorbs and scatters radiation along a line of sight in
the direction s

dIλ
ds

= κλIbλ − κλIλ − σsλIλ +
σsλ
4π

∫
4π

Iλ(ŝi)Φλ(ŝi, ŝ)dΩi, (3.31)

where Iλ is the spectral radiative intensity of a wave with wavelength λ. The first two
terms on the right hand side are the emission and absorption terms respectively. The
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last two terms represent scattering which is usually negligible in flames. The coefficients
of absorption and emission are the same (κλ) assuming the gas is diffuse and following
Kirchhoff’s law for a medium in a local thermodynamic equilibrium. The solution of the
RTE provides the radiative intensity field which is then used to calculate radiative heat
flux

qrad =

∫ ∞

0

qλ dλ =

∫ ∞

0

∫
4π

Iλ(ŝ)ŝ dΩ dη. (3.32)

The source term in the Favre-filtered enthalpy equation is then obtained as the divergence
of the radiative heat flux [3]

−Q̇rad = ∇.qrad =
∫ ∞

0

(4πκλIbλ −
∫
4π

κλIλ dΩ) dλ. (3.33)

The blackbody radiation intensity is defined as

Ib =

∫ ∞

0

Ibλ dλ =
σ

π
T 4, (3.34)

where σ = 5.669 ∗ 10−8W/m2K4 is the Stefan–Boltzmann constant.

The RTE is an integro-differential equation with five independent variables (three space
coordinates and two direction coordinates); thus, its solution is not straightforward. There
are several methods developed to provide a solution for the RTE with various approxi-
mations. These methods include the spherical harmonics method or a variation of it, the
discrete ordinates method (DOM) (or its more modern form, the finite volume method
(FVM)), the zonal method, and the Monte Carlo method.
In the first approach, the directional dependence is expressed by a series representation
(rather than discretized). However, such approach is not commonly employed due to the
mathematical complexity involved. The exception is the lowest order implementation of
the method (also known as the P1) which is usually considered for its low computational
cost. In the second technique, the intensity is assumed to be constant over discrete parts of
the total solid angle of 4π. The zonal method (first developed by Hottel [108]) differs from
the first two approaches in that it approximates the spatial, rather than the directional,
behavior by dividing an enclosure into finite, isothermal subvolumes. The Monte Carlo
technique is a statistical method that traces the history of bundles of photons through the
enclosure.
There are also other approaches that combine features from the previous methods such as
the discrete transfer technique [109] that combines features of the discrete ordinates, zonal,
and Monte Carlo methods.
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Currently, the most popular method implemented in CFD codes is the DOM/FVM method
[110] as it relies on the same discretization techniques readily available for other transport
equations. The finite-volume method is used to discretize the RTE spatially as well as in
the angular direction. For a given direction (ordinate) ŝi and for a cell of volume V , Eq.
3.31 is transformed to

∑
k

Iki(si.n̂k)AK = βp(Spi − Ipi)V Ωi, (3.35)

Spi = (1− ωp)Ibp +
ωp

4π

n∑
j=1

IbjΦij, (3.36)

Φij =
1

Ωi

∫
Ωi

∫
Ωj

Φ(ŝ′, ŝ)dΩ′dΩ, (3.37)

si =

∫
Ωi

ŝdΩ, (3.38)

where si is a vector emerging from the center of the solid angle Ωi with a length that varies
with the angle size, β is the extinction coefficient, ω is the scattering albedo, the subscript
p refers to the value at the cell center, k refers to the value at the center of cell’s face Ak

and i is for the value associated with a solid angle Ωi.
To relate intensities at face centers Iki to those at cell centers Ipi, it is assumed that Iki = Ipi
for intensities leaving the cell i.e. si.n̂k > 0. For intensities entering the cell, the value at
the neighbouring cell center is used instead. Consequently, Eq. 3.35 can be rewritten as

Ipi =
βpSpiV Ωi +

∑
k,in Iki|si.n̂k|Ak

βpV Ωi +
∑

k,out(si.n̂k)Ak

. (3.39)

where in means that the summation includes intensities entering the cell only (si.n̂k < 0)
and out is for those leaving the cell only (si.n̂k > 0).

Since photons are emitted from gas molecules due to quantized changes in energy levels,
this leads to the production of discrete spectral lines that are slightly broadened by num-
ber of effects such as molecular collisions and movements. This means that the spectral
variation of the absorption coefficient is very huge. An illustration for this can be found in
Figure 3.4 showing a part of the spectrum for carbon dioxide, composed of many spectral
lines that are partially overlapping. Accounting for such variation requires the evaluation
of the RTE at an extremely large number of wavenumbers which may reach a million. This
is referred to as line-by-line calculations [111] which are, in consequence, computationally
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highly expensive. Therefore, the use of this approach is limited to development of narrow-
band correlations or validation of global models [112, 113].
To allow for more affordable calculations, band models were developed utilizing the fact

Figure 3.4: Pressure-based spectral absorption coefficient of CO2 in nitrogen variation with
wavenumber. Reproduced from [3]

that the blackbody intensity is nearly constant over a small spectral range, and that statis-
tical models can be used to calculate the narrow band average emissivity [114]. Similarly,
the narrow band k-distribution models benefit from the fact that within a narrow band,
the repeated values of absorption coefficients will yield identical intensities Iη. Thus, the
spectrally oscillating absorption coefficient can be reordered into a simpler monotonically
increasing function varying with an artificial wavenumber [110]. However, a disadvantage
of these methods is that they are difficult to apply in nonhomogeneous media.

In contrast, there are global models that integrate over the entire spectrum before
solving the RTE. Thus, the number of RTE evaluations is hugely reduced. A popular
example is the weighted sum of grey gasses (WSGG) model, first introduced by Hottel
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[115]. The model has been extended from being used with the zonal method to becoming
applicable with any arbitrary RTE solution methods [116], making it the most popular
approach to deal with nongrey combustion media. In early approaches, WSGG model
relied on experimental data but was later further developed to be used with high-resolution
databases such as HITRAN [117] and HITEMP [118] referred to as spectral-line-based
WSGG method. Similarly, the narrow band k-distribution concept has been extended to
the entire spectrum to be referred to as the full-spectrum k-distribution method (FSK)
[119].

3.4.2 Weighted sum of grey gases

Integrating the solution of the RTE for a spatially constant absorption coefficient in a non-
scattering medium across the entire spectrum provides the expression of the total emissivity
as

ϵ(T, s) =
1

Ib(T )

∫ ∞

0

(1− e−κλs)Ibλ(T ) dλ. (3.40)

In the WSGG, the total emissivity is approximated as

ϵ(T, s) =

Ng∑
n=0

an(T )(1− e−κns). (3.41)

where Ng is the number of proposed grey gases and κn is their absorption coefficients which
are constants while the weighting function an is function in temperature

an =
K∑
k=0

bn,kT
k. (3.42)

The WSGG parameters for mixtures of carbon dioxide and water vapour were originally
based on experimental data but are recently derived from correlations based on HITEMP
as in [120, 121].

In the grey WSGG, a grey absorption coefficient is determined as

κ = − ln(1− ϵ)

L
, (3.43)
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where L is the path length and can be defined as

L = 3.6
V

A
, (3.44)

where V is the approximate flame volume and A is its surface area.

3.4.3 Optically thin approximation

The optically thin (OT) approximation assumes that the absorption term is negligible. This
assumption has been employed successfully with CSE in jet flames [37, 2]. In addition, it
has also been utilized in previous studies of pool fires [5, 20, 8, 122, 123, 124]. The radiative
loss term in the enthalpy equation is expressed as

Q̇rad = 4σ(T 4 − T 4
b )
∑
i

(piapi), (3.45)

where Tb is the background temperature, api, and pi are the Planck mean absorption coef-
ficient and the partial pressure of species i respectively. The background temperature term
is included to prevent the temperature in the surroundings from dropping nonphysically,
while still having a negligible effect on the flame region [125]. The Planck mean absorption
coefficients for the main contributing species are calculated using RADCAL [126] with the
curve fitting coefficients provided in [127].

Another implementation is to use a prescribed global radiant fraction, which is popular
in fire simulations due to its simplicity. In this approach, the volumetric radiation source
term that appears in the enthalpy equation is calculated as a fraction of the local heat
release rate per unit volume

Q̇rad = χradQ̇react, (3.46)

where χrad is the radiant fraction, which is set on a case by case basis and usually estimated
experimentally. For medium scale pool fires, the radiant fraction value is approximately
between 0.2 and 0.3 [40] depending on the fuel and the ambient conditions. It is measured
to be 0.23 for methane [4], 0.24 for methanol [9], and 0.31 for acetone [9] fires.

3.5 Soot formation and modeling

Combustion of hydrocarbons under certain conditions may produce particulates called soot,
which are masses composed mainly of carbon particles. Soot is produced due to incomplete
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combustion of fuels in fuel rich regions at high temperatures. Studying soot is important
because it is a major contributor affecting radiative emissions and concentration of toxic
products in both engines combustors as well as fires [47]. Soot also is the main compo-
nent in smoke generated from fires. It impairs visibility, complicating evacuation during
fire-related incidents. Additionally, soot contributes to respiratory diseases and environ-
mental pollution. In addition, smoke shielding blocks emitted radiation from escaping in
large hydrocarbon fires, affecting the overall fire dynamics due to the interactions between
chemistry, buoyancy generated flow and radiation.
A given fuel molecule may contain only few carbon atoms in gaseous phase, while soot
particles are composed of carbonaceous agglomerate containing what may reach millions
of carbon atoms in solid phase [128]. Consequently, the process of soot formation is com-
plicated and is one of the challenging topics in combustion modeling due to the complex
steps involved. In addition to the different chemical and physical natures of the fuel and
the soot product, there is a high variability among the soot particles themselves with no
unique chemical or physical structure. Soot starts as nearly spherical small primary parti-
cles smaller than 2 nm that combine to form aggregates of up to 300 nm [129].
The first step that leads to soot production is formation of radicals and intermediate hy-
drocarbon species from fuel pyrolysis under high temperature. Next, initial benzene rings
are formed then combine together to produce polycyclic aromatic hydrocarbons (PAHs)
which play a major role in soot formation. Nucleation of PAHs causes the formation of
incipient soot particles. Finally, surface growth and coagulation of primary soot particles
lead to formation of soot aggregates which are subject to oxidation.

• Fuel pyrolysis and soot precursors

Unsaturated hydrocarbons such as acetylene and its analogues as well as PAHs are thought
to be the major contributors as soot precursors leading to soot nucleation [130]. After these
species are formed from decomposition of fuel molecules, they react together or with other
species, leading to chaining of the aromatic rings of PAHs and formation of higher order
aromatics until reaching a point that allows transition to soot [53].

• Soot nucleation (inception)

After the formation of PAHs, these complex organic molecules begin to interact with each
other as well as other species. PAH molecules collide and stick together, forming larger
clusters. These clusters consist of multiple aromatic rings with stable structures. As the
clusters grow, they reach a critical size, where they undergo a phase transition from the
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gaseous state to a solid state. This phase change is crucial as it marks the nucleation of
soot particles, transforming from individual PAH molecules into incipient soot particles.
Next, the nascent soot particles provide the initial soot surface that evolve further through
surface growth and coagulation, leading eventually to the mature soot particles [131].

• Surface growth

Condensed soot particles react with each other and with other gaseous species adding to
the amount of soot. The growth of soot particles by reactions at the surface is thought
to follow the same analogy as PAH growth through the H-abstraction carbon addition
(HACA) mechanism. It is composed of an activation step followed by carbon addition
through acetylene, as it is one of the most abundant species [132, 131]. The process is
dependent on the available soot surface area and consequently the soot number density.
Surface growth increases the total mass of soot but not the number of soot particles

• Coagulation

Soot particles can bounce into each other and combine to form bigger soot particles in
a process called coagulation. This process allows for formation of larger soot particles.
Particles may merge to form bigger spherical particles or stick to each other, forming
clusters of particles of different shapes. Coagulation does not change the total mass of soot
but affects the number of particles.

• Oxidation

The soot particles undergo oxidation (combustion) within the flame if the appropriate
conditions are present. Soot oxidation requires the presence of oxidizing radicals and high
temperatures. The counteracting effects between soot formation driven by nucleation,
surface growth and coagulation against soot oxidation determine the leftover soot leaving
the flame [133].

Numerous modeling attempts have been made in the past to accurately capture soot
production and oxidation within CFD simulations of combustion scenarios [44, 45, 46].
However, no universal soot model exists as different models are varying in their applicabil-
ity for an engineering scenario and accuracy. This issue is regarded to the complex physics
of nucleation, inception, coagulation and agglomeration affecting soot formation chemistry
[47].
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Detailed soot models exist and rely on the description of reaction mechanisms of fuel py-
rolysis and oxidation as well as polycyclic aromatic hydrocarbons (PAH) formation, mass
growth and oxidation [134, 135]. However, their development and validation are restricted
by limited simultaneous PAH and soot measurements [48]. Inclusion of detailed soot kinet-
ics also remains computationally expensive for practical engineering fire CFD simulations.
One alternative is to consider empirical soot modelling approaches that are much easier to
implement in CFD. The major drawback is that they solely rely on experimental correla-
tions for specific cases [136] and therefore, lack generality considering the wide range of fire
conditions that may be encountered. As a trade-off between detailed kinetics and compu-
tational complexity/run time, semi-empirical soot models have been widely developed with
varying levels of chemical description, using one or several additional transport equations
of key soot quantities [137, 138]. They offer more affordable options, even if the model
constants in the transport equations are often calibrated from experimental measurements
[139, 140]. In fire analysis, two of the most common soot models are semi-empirical ones
based on the smoke point concept. In this approach, the soot formation is assumed to be
a function of the measured laminar smoke point (LSP) height for each fuel, which is an
indicator of the sooting propensity for a given fuel [141]. The correlation between flame
characteristics and the LSP height is first presented by Markstein et al. in [142] and is
then related to soot formation by Delichatsios [143].
Previous studies have applied this concept to laminar flames for validation purposes [49,
144, 145, 15]. Beji et al. [49] have presented an approach based on the model from [143].
The model postulates that the soot formation in laminar diffusion flames is controlled
by gaseous reaction processes. The model constants are calibrated with measurements
from laminar candle type flames and extended to account for the variation of the soot-
ing propensities in different fuels by determining a pre-exponential factor from the LSP
height. The model is tested by Yao et al. [144] and coupled with soot oxidation model
developed by [139] through simulating non-smoking and smoking ethylene flames as well
as a propane flame. Good agreement is found between the predicted soot volume frac-
tions and measured ones. The model is also capable of well reproducing the transition
from non-smoking to smoking flames as the fuel flow rate increases. The study by Niu
et al. [145] has extended the same model to simulate the sooting behaviour of multiple
fuels mixing in the combustion region by introducing a new conserved scalar named the
sooting tendency parameter and solving a transport equation for it similar to the mixture
fraction transport equation but with boundary values at each fuel inlet equal to the ration
of the mixture fraction boundary value and the corresponding LSP height. The model
is validated in two different laminar flames, and it is found that soot is well predicted in
them, indicating the ability of this approach in accounting for the sooting propensity of
different fuels. Another approach is proposed by Lautenberger et al. [15] that models the
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soot formation and oxidation, separately, as the product of presumed functions in mixture
fraction and flow temperature. The functions are parameterized by the LSP height and
fuel stoichiometry. The model is calibrated for laminar ethylene flames and then extended
to laminar propylene and propane flames. The soot absorption cross-section peak values
are relatively well predicted for the ethylene and propylene flames. For the propane flames,
the predictions show that too much soot is predicted in the region near the inlet relative
to what is measured experimentally.
Aside from laminar flames, limited studies have investigated LSP based soot models in
simulating turbulent buoyant diffusion flames. In most cases, those studies have relied on
EDM and EDC models for combustion modeling rather than more detailed approaches.
Chen et al. [146] have extended the model by [49] to LES using the partially stirred reactor
(PaSR) concept. The soot chemical time scale is assumed to be proportional to the fuel
LSP height then the filtered soot formation rate is related to this time scale using the
PaSR concept. Some modifications to this approach are proposed by Wang et al. [147] to
overcome the limitations associated with the infinitely fast soot oxidation assumption and
constant soot formation characteristic time. The modified model is tested in simulations of
medium scale heptane and toluene pool fires, and it has been found that the modifications
have limited effects on the results. Motaghian et al. [148] have used the local turbulent
Reynolds number to calculate the mean chemical source term as a weighted average of the
laminar and turbulent terms, and they have found that this approach is better in capturing
soot concentrations near the burner in smaller pool fires where less turbulence is expected.
Chatterjee et al. [21] have applied a flamelet-based subgrid soot-radiation model that is
extended from the approach suggested in [15] to model a medium scale heptane pool fire
[14]. The results indicate that there is good agreement in predictions of temperature and
velocity and good qualitative reproduction of soot volume fraction data with some de-
viations. More recently, the model is extended to account for cases with varying oxygen
concentration [149] and to model wall bounded buoyant turbulent diffusion flames anchored
on a slot burner [150].

3.6 Summary

In this chapter, the different turbulent combustion models applied in CFD are reviewed
with an emphasis on CSE approach. CSE shares the same assumptions as the CMC method
but does not require the solution of additional transport equations and relies on integral
inversion, thus avoiding the need to model unclosed terms in those transport equations
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which can be problematic. The closure of the radiation term is also discussed with the
solution methods of the RTE and the different approaches to estimate the absorption
coefficient as well as the optically thin approximation. Finally, soot formation steps and
soot modeling approaches in CFD are presented. The next chapter provides the modeling
steps and results of turbulent line flame using CSE.
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Chapter 4

LES-CSE of a methane line flame
with optically thin radiation

The objective of this chapter is to assess the capabilities of a LES-CSE approach applied
to a laboratory scaled turbulent buoyant flame without extinction. CSE is coupled with
the LES solver, FireFOAM. Tabulated detailed chemistry is included. Radiation is treated
using the optically thin model using four different implementations and the effect of sgs
Turbulence-Radiation Interactions (TRI) is considered.
The availability of fire experimental data has been facilitated by the International As-
sociation for Fire Safety Science (IAFSS) working group, MaCFP (Measurements and
Computations of Fire Phenomena) that shortlists a small number of target cases [151].
One of these cases is the University of Maryland (UMD) buoyancy-driven turbulent line
flame burning methane [4, 152, 153].
As a first step, the baseline UMD case is considered for validation, in line with the strategy
adopted in the first flamelet and CMC investigations [6, 8]. CSE combined with radiation
modeling needs to be carefully examined in the context of LES and turbulent buoyant flame.
This is the first time that LES-CSE is applied to a fire case and a suitable foundation must
be established before more sophisticated models are applied. Further, detailed tempera-
ture measurements are available for the basline UMD case with 21% volume fraction in
the coflow and they provide important intermediate information for model validation. The
numerical predictions are compared with available experimental measurements for temper-
atures and their root mean square (rms) values. In addition, flame shape, unconditional
and conditional species mass fractions, axial velocity and mixture fraction are also exam-
ined for qualitative analysis. Within the CSE framework, different radiation treatments
are also considered to estimate the radiation and sgs TRI impact on the predictions. As
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in the previous CMC study for the same flame [8], the RTE is not solved. Qualitative and
quantitative comparisons will also be made with previously published results.

Previously published simulations can be found for the UMD flame conditions, varying
in complexity for the description of the chemical kinetics, turbulence-chemistry interactions
and radiative heat transfer. In the work of [5, 154], LES with the package FireFOAM in [5]
and FDS in [154], including the EDC model is used including three step kinetics combined
with an additional extinction model. The RTE is solved in finite volume, but radiation
modeling is simplified by the assumption of a non scattering, non absorbing, optically thin
grey medium and use of a prescribed global radiative loss fraction (PGRF) taken from
the experiments. These initial studies are focused on assessing the implemented extinction
and reignition models. In this context, global combustion efficiency trends are found to
be well reproduced and limitations are also pointed out when mixing controlled turbulent
combustion models like EDC are used to predict flame extinction. Maragkos and Merci
[41] also consider FireFOAM with EDC and EDM, with one step chemistry. However,
no prescribed radiative fraction is imposed. Instead, WSGG model [116] is selected for
the absorption/emission. Reasonable temperature predictions and extinction trends are
obtained, but results are shown to be sensitive to the critical temperature of the re-ignition
model. In these three initial studies [5, 41, 154], the sgs turbulence-radiation interactions
are neglected. Detailed chemical kinetics are included in the simulation of the UMD flame
with the Steady Laminar Flamelet (SLF) model [6, 155], unsteady flamelet approach [7] and
Flamelet Progress Variable (FPV) formulation [155]. In the the work of Xu et al. [7], non
grey radiation effects with sgs TRI in the flamelet libraries and RTE solver are included.
Temperature predictions were significantly improved with the unsteady flamelet model in
comparison to those obtained by the SLF version due to the inclusion of unsteady effect
and more accurate description of the radiation in the simulations. Ma et al. [155] solve
the RTE equation including the Rank-Correlated Full-Spectrum k-distribution (RCFSK)
method for the the determination of radiative properties coupled with two different flamelet
models: SLF and FPV. For the UMD baseline case without extinction, both SLV and
FPV are shown to provide similar predictions, but FPV performs better when extinction
is present. Recently, Conditional Moment Closure (CMC) has been implemented for the
baseline UMD flame, i.e. burning in a coflow of air without extinction [8]. In this first
LES-CMC, one step chemistry and detailed kinetics are included and two radiation models,
one based on a prescribed global radiative fraction and one using WSGG model without
solving the RTE. The temperature predictions are shown to be sensitive to the selected
chemical kinetics and CMC submodels, in particular to the conditional scalar dissipation
rate (CSDR) model and coupling between CSDR and radiation model.
A summary of the different modeling approaches in previous studies is given in Table 4.1.
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Table 4.1: Previous studies with modelling approaches
Study reference Combustion Chemical kinetics Radiation

[5, 154] EDC 3-step PGRF
[41] EDC/EDM 1-step WSGG
[6] SLF GRI 3.0 WSGG
[7] UnSt. LF San Diego WSGG
[155] SLF/FPV GRI 3.0 RCFSK
[8] CMC 1/14-step PGRF/WSGG OT

4.1 Computational details

4.1.1 Experimental setup

The University of Maryland (UMD) methane line burner is selected in the current study.
The UMD line burner corresponds to a turbulent buoyant diffusion flame fuelled by methane
[4, 152, 153]. The gas enters the domain through a rectangular slot with a length of 50
cm and width of 5 cm. The slot is surrounded by a horizontal plate followed by the coflow
which is 75 cm in length by 50 cm in width. A schematic of burner top view is shown
in Figure 4.1. The methane mass flow rate is 1 g/sec which corresponds to an average
velocity of 1 cm/sec and a theoretical heat release rate of 50 kW. The coflow mass flow
rate is 85 g/sec which corresponds to an average velocity of 25 cm/sec. The time-averaged
and rms values of temperature are measured in the flame axially and laterally at several
locations using 12.7-µm-diameter S-Type thermocouples. Soot production is negligible in
this case [4] and is, therefore, not considered in the current work.

4.1.2 LES setup

The LES solver selected in the current study is a modified FireFOAM [25] solver, based
on the open-source CFD package OpenFOAM. FireFOAM is a finite volume solver with
implicit time integration that uses a variable density LES formulation and provide several
options for treatment of turbulence, combustion and radiation.
In the present study, the sgs turbulence is treated using the Smagorinsky model [59] with
the model constants set as Ck = 0.02 and Cϵ = 1.048. The computational domain is
composed of a cuboid with 0.8 m length, 1.2 m width, and 2 m height in the x, y and
z directions respectively, as shown in Figure 4.3. The cell size is 5 mm in the region
0.15× 0.6× 0.6 m3 in x, y, and directions resulting in 10 cells across the fuel port width.
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Figure 4.1: Schematic of the top view for UMD line burner [4].

The domain is high enough to cover the flame region which is measured to be 50 cm. The
grid is stretched away in the rest of the domain and the total number of cells is 1,681,920.
Finer grid resolution was tested and resulted in negligible changes in the results. The
current grid resolution is also consistent with previously published LES for the same case
where 5.5 mm [8], and 5 mm [7] grid resolutions are used in the region close to the fuel
inlet.
The simulations are performed for a burning time of over 30 seconds in all of the cases.
The collection of data starts after 10 seconds to make sure that initialization phase is
not affecting the results. This is considered to be sufficient since fluctuations related to
initialization settles in the first few seconds, as shown in the time history of temperature
on the centerline at z=0.25m in Fig. 4.2. The Courant number is set to 0.8 resulting in a
time step of approximately 0.4 ms. Each simulation is performed on one node of a Linux
cluster with 20 processors for 7,200 CPU-hours.

For the inlet surfaces, the mass flow rate is described to match what is reported in
the experiment. The convective and diffusive mass and energy fluxes are accounted for
at the inlets following what is described in previously published studies for the same case
[5, 6, 7, 155]. The imposed mass flow rate for methane is 1 g/sec and for the coflow air
inlet is 85 g/sec. At the sides and outlet boundaries, a zero gradient is imposed for all
scalars. The pressure and velocity are determined from the total hydrostatic pressure if the
flow leaves the domain. In case of a flow reversal, the pressure is reduced by the dynamic
pressure. This regulates any possible instability associated with a possible rapid rise in
velocity since the driving pressure gradient is also reduced [156].
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Figure 4.2: Temperature time history at z=0.25m.

Figure 4.3: Computational domain outline showing fuel inlet in blue, walls in green, co-flow
inlet in yellow, and entrainment in red.
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Figure 4.4: Distribution of CSE ensembles, shown on the centre plane of the LES domain

The LES solver uses implicit time integration with a second order accurate backward
scheme and the time step is based on the maximum Courant number which is set to
be 0.8. The convective terms in the governing equations are discretized spatially using
a Total Variation Diminishing (TVD) scheme called limitedLinear while a second-order
central difference scheme is used for diffusion terms.

4.1.3 CSE details

For CSE, the number of ensembles is equal to 20 dividing the domain as slices in the axial
direction and clustered near the inlet to capture the spatial variations of the conditional
quantities. The distribution of the ensembles is shown in Fig.5.3. The mixture fraction
space is discretized in 50 bins clustered around the stoichiometric value (0.055). Two inver-
sions are performed to determine ⟨YCO2|η⟩ and ⟨YH2O|η⟩ for each ensemble. For radiation
modeling, in methods “CSE-Rad 3” and “CSE-Rad 4”, an additional inversion is applied
for ⟨T |η⟩. Conditional reactions rates of major species (methane (CH4), O2, CO2 and H2O)
and mass fractions of minor species (carbon monoxide (CO), hydrogen (H2 and hydroxide
(OH)) are retrieved from the TGLDM tables. The unconditional values are calculated by
integrating the conditional values with the FDF over η space.
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4.2 Radiation modeling

Radiation is treated by assuming the medium to be non scattering and using the optically
thin approximation that assumes the absorption to be negligible. This approximation is
adopted in previous LES for the current case [8, 5] and medium scale pool fires [124, 20].
In the context of LES-CSE, four different implementations are considered focusing on the
effects of TRI and radiation loss inclusion in the chemistry tables.
First, the radiative loss term in the enthalpy equation is expressed as

Q̇rad = 4σ(T̃ 4 − T 4
b )
∑
i

(ãpip̃i), (4.1)

where σ is the Stefan-Boltzmann constant, Tb is the background temperature, ãpi, and p̃i
are the Planck mean absorption coefficient and the partial pressure of species i, respec-
tively, calculated based on the Favre filtered flow variables. The Planck mean absorption
coefficients for the main contributing species are calculated using RADCAL [126] with the
curve fitting coefficients provided in [127]. In this initial approach, the effect of the sgs
fluctuations on the radiative source term is entirely neglected, which is a crude approxi-
mation [157]. In the paper, this first method is denoted by “CSE-Rad 1”.
In the second method, Eq. 4.1 is kept, but non-adiabatic TGLDM tables are included (in-
stead of adiabatic tables in the first method). Different sets of tables with different levels
of enthalpy loss are generated starting from the adiabatic set of tables. In other words,
the tabulated conditional reaction rates and species mass fractions are corrected to include
the effect of heat loss in the flame.
During the computations, a transport equation for adiabatic enthalpy with no radiation
term is first solved to get a conditional adiabatic enthalpy h̃ad

∂(ρh̃ad)

∂t
+
∂(ρũih̃ad)

∂xi
=

∂

∂xi

(
ρ (D +Dt)

∂h̃ad
∂xi

)
+ Q̇react. (4.2)

Next, the enthalpy loss is calcuated from the Favre filtered adiabatic and sensible enthalpies
as

h̃loss = h̃ad − h̃. (4.3)

The conditional enthalpy loss < hloss|η > is then obtained from the filtered one through
integral inversion and used as one of the parameters in accessing the chemistry tables.
The conditional averages are found by linear interpolation using < ∆h|η > and the tabu-
lated levels of enthalpy loss. In the present TGLDM, three different enthalpy loss values
are included starting from adiabatic conditions moving to an enthalpy loss of 20% at stoi-
chiometric conditions. This is achieved by decreasing the inlet temperature by 25K for all
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mixture fraction values at the beginning of the TGLDM trajectory calculations. The total
enthalpy is kept constant for each enthalpy loss value and the temperature is calculated
from the total enthalpy and mixture properties in conditional space. Three enthalpy loss
levels are found to be sufficient in the current case. This second method is denoted by
“CSE-Rad 2”.
In the third method, the adiabatic chemistry tables are considered only, as in the first
method, however, the radiation loss term is calculated in conditional space using the con-
ditionally averaged temperature and species, instead of the Favre filtered quantities to
account for the sgs TRI as

⟨Q̇|η⟩rad = 4σ(⟨T |η⟩4 − T 4
b )
∑
i

(⟨pi|η⟩⟨api|η⟩). (4.4)

⟨T |η⟩ is determined by inverting Eq. 3.25 for T̃ , as described in Section 3.2.2. The radiation
term, ⟨Q̇|η⟩rad is then integrated with the FDF to get the averaged source term to be used
in the filtered enthalpy equation following

Q̇rad = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨Q̇|η⟩(η, t)P̃ (η, xj, t)dη. (4.5)

In this approach, the sgs fluctuations related to temperature, Planck absorption coefficient

and the species partial pressure are taken into account in the determination of Q̇rad. This
third method is denoted by “CSE-Rad 3”.
The fourth method combined the second and third methods by implementing the non-
adiabatic chemistry tables while calculating the radiation loss term in conditional space.
This is the most complete optically thin model in the present LES-CSE context. This
fourth method is denoted by “CSE-Rad 4”.

4.3 Results

4.3.1 Flame structure

Instantaneous snapshots of the simulated and experimental flame surface are presented in
Figure 4.5. The simulated flame surface is defined as an iso-contour of the volumetric heat
release rate (200 kW/m3). The experimental flame surface is obtained from a photographic
view of the visible light emission from the flame region assuming that luminosity provides
a suitable tracer of the flame contour [5]. In both the simulated and experimental flame
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Figure 4.5: Comparison between the simulated flame surface defined as an iso-contour of
the volumetric heat release rate of 200 kW/m3 (left) and the experimental flame surface
(right) reproduced from [5].

shapes, the flame near the inlet is continuous without any voids. Moving downstream,
the intensity of turbulence increases due to the buoyancy driven motions. At the final
region, the flame shows separated flame zones. The average height difference between
the peak and the base of these zones is approximately 12.5 cm in both the experimental
and simulated flames. At the tip of the fire, small independent flame structures that are
completely detached from the main fire region are present.

Figure 4.6 shows the instantaneous and mean temperature contours at the midsection
of the domain from the front and side directions to present the overall shape of the flame.
The predicted peak values in the instantaneous temperature are approximately 1890 K.
The contours reveal that the flame region is confined within the first 50 cm, as measured
experimentally [4]. The side view of the mean temperature contours shows that the flame
width increases with elevation, which will be discussed in Section 5.2.2.

4.3.2 Time averaged temperatures

The centreline time averaged temperature profiles with corresponding rms are presented in
Figure 4.7 for the four radiation model implementations, as shown in Section 4.2. In the
four cases, the predicted temperatures increase from the fuel inlet value to a peak value.
Then, farther downstream, the predicted temperature decreases, as expected. Experimen-
tal data show that the time averaged temperature increases rapidly from the inlet and
reaches a peak of approximately 1180 K at 0.15 m above the fuel inlet. Then, the experi-
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(a)

(b)

Figure 4.6: LES instantaneous temperatures (upper) and time-averaged temperatures
(lower) front view at the central (y-z) plane along the burner (left) and side-view at the
central (x-z) plane across the burner (right). All distances in m.
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Figure 4.7: Centerline profiles: left time-averaged temperatures, right corresponding rms
including experimental data (symbols) and current LES-CSE results obtained with four
different radiation treatments, as described in Section 4.2.

mental centerline temperatures gradually decrease. In all of the four cases, the predicted
time averaged temperatures increase to reach a peak value similar to the experimental
value with a slight overprediction of approximately 6% in the first case with the adiabatic
tables and 3% in the second case with the non-adiabatic ones. The other two cases, show
very similar trends but with an underprediction of approximately 1% only in the maximum
temperature value. However, the numerical temperature predictions show slower increase
compared to the experimental data in the first 0.09 m. Farther downstream, the tempera-
ture profiles are well predicted and follow the experimental measurements.
The rms of the temperature Trms profile is calculated by taking the square root of the
time average of the squared difference between the recorded values and the calculated time
average. Experimental Trms values also increase rapidly to 400 K and then start dropping
at z ≃ 0.38 m. However, the predicted rise in Trms is slower in the simulations and does
not reach the peak value until 0.3 m from the fuel inlet. The peak value is overpredicted
by approximately 17% in all of the four cases. Farther downstream in the plume region (z
> 0.5m), the predicted rms values decrease following the experimental measurements in
the predictions of the four cases.
It is not clear why the LES-CSE temperatures and their rms are much lower than the
experimental values in the first 0.09 m. Higher temperature and turbulence levels were
tested at the inlet boundary conditions, but no improvement was noted: the initial temper-
ature/rms increase was quickly damped out. In this flame, the experiments show a laminar
region close to the inlet for z < 0.05 m followed by a rapid transition to turbulence [5]. The
current LES-CSE does not seem to capture the laminar and transition zones. Careful ex-
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amination of the ensemble distribution, conditional average profiles and pdfs in this region
(z < 0.9 m) do not reveal any anomaly. A grid refinement near the inlet was performed
with a cell size of 2 mm instead of 5 mm, currently used, no significant improvement in the
temperature could be seen, but an increase in the rms could be noticed, still well below
the experimental values. Therefore, at this point, the discrepancies that can be seen in the
predictions very close to the inlet are believed to be due to a grid resolution or sgs model
or pdf shape. As will be seen in Section 4.3.6, temperature and rms underpredictions are
also noted in some previously published studies.
Similar observations are found in the cross-stream temperature profiles at axial locations
of 0.25 m, 0.5 m, 0.75 m, and 1.0 m from the fuel inlet, as shown in Figure 4.8. The time
averaged temperature is well predicted and follows the experimental values. The variations
in the predictions between the four cases are minimal and are present mainly near the cen-
terline. The temperature rms is well predicted in general except near the centerline region
at z = 0.25 m. This corresponds to what is observed in the axial distribution in Figure
4.7. At z = 0.5 m, the rms experimental values are overpredicted near the centerline by
approximately 8% and closer agreement is achieved farther away from the centreline. At
z = 0.75 m, the rms predictions are underpredicted near the centerline region. At z = 1.0
m, the rms predictions show only slight deviation from the experimental measurements. In
addition, the flame width in all of the four cases is nearly the same and is slightly under-
predicted at only z = 0.25 m, while it is more accurately predicted at the other locations.
The flame height may also be determined using the time-averaged temperatures by ex-
amining the elevation where the mean flame temperature exceeds the surrounding air
temperature by 550 K [124]. The calculated flame height is found to be 0.55 m for CSE
Rad-1, 0.54 m for CSE Rad-1 and CSE-Rad-2, and 0.52 m for CSE-Rad-3 and 4. The
experimental value is equal to 0.5 m determined by the 50% intermittency criterion for
visible flame emission [152]. Therefore, the predicted flame height is in good agreement
with the experimental value, keeping in mind that the comparison is not fully quantitative
due to the different methods used to determine the height.
Overall, the results suggest that the current modeling approach captures well the flame
structure and that the optically thin approximation is reasonable in the current study.
The results are also in agreement with previously published data, as will be discussed in
Section 4.3.6. The different radiation modeling approaches under consideration provide
temperature predictions close to each other, with variations most evident at the region
of the maximum temperature. However, the fourth case, CSE-Rad 4 that employs the
non-adiabatic chemistry tables along with the calculation of the radiation term in the con-
ditional domain provides the most accurate predictions among the investigated approaches.
In the current CSE implementation, even when adiabatic TGLDM tables are used, radia-
tive effects are still included in the enthalpy equation and therefore, have an impact on
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Figure 4.8: Cross-stream variation of the time averaged (left) and rms (right) temperature.
From top to bottom, cross-stream profiles at heights 0.25 m, 0.5 m, 0.75 m, and 1 m.
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Figure 4.9: Vertical variation of axial velocity along centerline: left time averaged values,
right rms values

the turbulent flow and mixing fields. Thus, some radiative effects are also included in the
determination of the conditional mass fractions of CO2 and H2O through the inversion
process in which the PDF is a major term, and then the other conditional quantities taken
from TGLDM. In other words, the use of adiabatic TGLDM does not mean adiabatic
conditions. In the non-adiabatic version of TGLDM tables, radiation is accounted entirely
for in both physical and conditional spaces in a consistent manner. That is why the im-
pact between the inclusion of adiabatic and non-adiabatic TGLDM may appear small in
the current predictions. These findings are consistent with previous CSE predictions in a
turbulent methane jet flame in atmospheric conditions with negligible soot formation [88].
Larger differences may be seen for other conditions like those close to extinction.

4.3.3 Axial velocity and mixture fraction

The vertical velocity along the centerline is presented in Figure 4.9. The time averaged
vertical velocity increases from the fuel inlet value following the temperature rise. The
axial velocity increases to approximately 2.8 m/s near z = 0.4 m for the four cases with
slight variation between the four cases due to the variation in the temperature predictions
in these cases and then stays approximately constant. The rms of the vertical velocity
profiles show similar trends as the rms values increase from zero at the inlet to reach a
value of 1.2 m/s at z = 0.4 m then start to decline with a lower rate.

The centerline mean mixture fraction is shown in Figure 4.10. However, there is no
available experimental measurements for the mixture fraction for the current case. As
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Figure 4.10: Vertical variation of mean mixture fraction along centerline: left time averaged
values, right rms values

expected, the centerline values of the time averaged Z̃ follow closely what is observed in
the axial velocity component. The time averaged Z̃ starts with value of 1 at the fuel inlet
then rapidly declines along the centerline as mixing with the surroundings increases. The
profiles reach the stoichiometric value of 0.055 for the methane-air mixture near z = 0.24
m. The rms of the mean mixture fraction fluctuations profiles show rapid increase up to z
= 0.1 where the gradient of the time averaged values is maximum and then declines.

Although there are no available experimental measurements for velocity or mixture
fraction for the case under investigation, the trends are in agreement with previously
published results for the same case [5, 8].

4.3.4 Species mass fractions

The time averaged centerline mass fractions of CH4, O2, CO2, H2O, carbon monoxide (CO)
and hydrogen (H2) species are shown in Figure 4.11. Overall, the four cases present only
slight variations in the species mass fraction predictions. The fuel mass fraction is rapidly
decreasing from the inlet and is almost totally consumed 30 cm from the inlet. In contrast,
O2 is consumed in the flame region, as expected, and its mass fraction increases moving
farther downstream approaching the ambient air value as more air is entrained into the
fire plume. The mass fractions of CO2 and H2O increase in the flame region, as expected
and then decay in the plume region as they mix with the coflow and entrained air. The
CO profile shows rapid rise near the inlet where the mixture is rich, as expected. Farther
downstream, CO is depleted as the mixture gets leaner and reaction with the excess O2
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takes place. The influence of such behaviour is evident also in the O2 mass fraction profile
as there is a step in the profile within the flame region and the slope is not smooth. In
addition, the CO2 profile’s double peak can be explained by the same reason as near the
inlet the mixture is rich, thus, the fuel is burned into CO2 as well as CO. As the fuel is
consumed, the CO2 generation is hindered but then rises again as the CO oxidizes into
CO2 as the mixture gets leaner.

Although there is no experimental species mass fraction measurements for the given
case, the general trends are in agreement with measurements and simulation results of a
pool fire [158, 43].

4.3.5 Conditional averages

The conditional averages of the mass fractions of CO2, H2O, CO, and temperature are
shown at different locations in Figure 4.12 for the base case. As can be seen, the conditional
averages are close to each other at different locations. This confirms the lack of large
spatial variation in the conditional average variation, as commonly seen in turbulent flames
without extinction [32, 159]. The conditional averages of the mass fractions of CO2, H2O,
and the temperature reach their peak near the stoichiometric mixture fraction and have
lower values at the leaner and richer mixtures, as expected.

For the mass fraction of CO in Fig.4.12(c), the value is nearly zero for the lean mixtures
where no production of CO occurs and the value starts to rise around a mixture fraction
of 0.05 very close to the stoichiometric mixture fraction value as the mixture starts to shift
from lean to rich.

4.3.6 Comparison with previously published numerical data

The centerline temperature profiles obtained from the fourth case, CSE-Rad 4, are shown
in Figure 4.13 with the LES results published previously using EDC [5], SLF [6], unsteady
flamelet [7] and CMC [8]. Different predictions were obtained in the CMC study, here, the
best CMC predictions for the mean centerline time averaged temperature are included and
correspond to the case with the Amplitude Mapping Closure (AMC) model for CSDR with
prescribed radiative fraction as well as single step chemistry. Other cases with the WSGG
radiation model show a high degree of underprediction in time averaged temperatures in
comparison to the experimental measurements. As mentioned in the Introduction, these
previous simulations also include different radiation models.
It can be seen that the current predictions are generally in good agreement with previously
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Figure 4.11: Centerline variation of the time averaged species mass fractions of (a) CH4,
(b) O2, (c) CO2, (d) H2O, (e) CO ,and (f) H2.
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Figure 4.12: Conditional averages of mass fractions of CO2, H2O, and CO as well as
temperature at 0.25, 0.5, 0.75, and 1.0 m from the inlet.
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Figure 4.13: Comparison of centerline temperature profiles with previously published data
employing EDC from Vilfayeau et al. [5], SLF from Le et al. [6], unsteady flamelet from
Xu et al. [7], and CMC from Kruljevic et al. [8] combustion models.

published results except for the case with SLF which shows significant underprediction
in the maximum time averaged temperature value. The predicted maximum temperature
values using the EDC and CMC are nearly the same, while in comparison, that of the
unsteady flamelet is lower by approximately 6.5%. The current predictions are situated
between these two sets. In the downstream region after reaching the peak, the CMC profile
follows the experimental measurements, while the EDC profile presents a more rapid decline
with an underprediction in the time averaged values in comparison to the experimental
measurements. The unsteady flamelet mean temperature predictions are closer to the
experimental points for axial distances between 0.03 and 0.09 m, then farther downstream
the unsteady flamelet and CSE predictions follow each other closely. The unsteady flamelet
temperatures show a rapid decline with values lower than the measurements until z =
0.6 m and farther downstream, the opposite trend is displayed. The current LES-CSE
results show closer agreement with the experiments in the plume region with only small
overpredictions near z = 0.4 m. In addition, previous rms results with different models show
overpredictions in the peak value at a higher level than that obtained in the current study
with the CMC results showing the highest peak of about 40% overprediction compared to
the experimental measurements. Near the inlet, the rms underpredictions are also visible
in the results obtained by LES-EDC [5] and more recently in the work of Ma et al. [155]
with the SLF and FPV models including a dynamic sgs model in LES. The current LES
boundary conditions closely match those reported in previous studies for the same case
[5, 6, 7, 8, 155]. At this stage, it is not clear what the sources of rms discrepancies between
some simulation results and experiments are.
For additional comparison, the radiative fraction, χrad, is also calculated in the current
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LES-CSE-Rad4 as

χrad =

∫
Q̇raddV∫
Q̇reactdV

, (4.6)

where V is the computational domain volume. A value of 24.9% is found, which is in
good agreement with the experimental estimate of 23% ±4.5% [7]. In previous work,
19% is reported in the unsteady flamelet simulations with the WSGG model and 35%
with the grey assumption [7]. Previous EDC and CMC results include a prescribed value
corresponding to the experimental value, in their simulations. However, the Heat Release
Rate (HRR) is found to be 61.2 kW, larger than the experimental value of 50 kW. Similar
discrepancies in the HRR are observed in the previous LES for the same case [7, 8]. The
HRR is not an input for the current model formulation and does not have a direct impact
on the predictions. Further detail on the issue of HRR prediction in fire simulation may
be found in [160]. This HRR mismatch remains an outstanding problem in flamelet, CMC
and CSE approaches and further research is needed to reconcile the experimental HRR
and the values calculated by conditional or tabulated quantities.

Table 4.2: Duration, approximate time step and CPU time for current work and previously
published studies, whenever available.

modeling approach duration (s) time step (ms) CPU time (hours)
current work 30 0.4 7,200
LES-EDC [5] 20 0.5 2,700
LES-SLF [6] 30 0.5 25,000

LES-unsteady flamelet [7] 25 0.5 25,000

Computational costs may be compared with caution between the current LES-CSE and
what is reported for the previously published simulations. Table 4.2 shows the duration,
approximate time step and total CPU hours for the set of simulations run for the same
flame, whenever available. The CPU time reported for the different flamelet model cal-
culations (grey model for radiation) is larger than what is required for the present CSE
calculations for similar durations. For fairness, it should be noted that the RTE is solved
in these previous studies [5, 6, 7], expected to add significant computational time. No run
time is reported in the LES-CMC study [8]. The CPU time also depends on processor
architecture and code implementation.
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4.4 Summary

The LES FireFOAM solver coupled with the CSE approach is applied to the UMD buoyant
turbulent flame including tabulated detailed chemistry and different approaches for radia-
tion modeling. The current time averaged temperature predictions are in good agreement
with the experimental measurements, except very close to the fuel inlet. The predicted
temperatures increase more slowly compared to the experimental data in the first 0.09 m
above the burner exit. The temperature rms is in reasonable agreement with experimental
data with the peak rms being overpredicted by approximately 17%. Further, flame shape,
unconditional and conditional quantities, axial velocity and mixture fraction are also ex-
amined for qualitative analysis and found to correspond to expected trends.
The current LES-CSE predicted temperature and rms compare well with previously pub-
lished numerical results for the same flame. The present LES-CSE formulation does not
incorporate any conditional space submodels that were problematic in previous LES-CMC.
The effect of the calculation of the radiation term in the conditional domain to account
for TRI is found to have an influence on the predicted maximum temperature: the peak
is reduced by approximately 7% moving the predictions closer to the experimental data.
However, the use of the non-adiabatic tables is found to show only slight effect on the pre-
dictions for the current case. The predicted flame height closely matches the experimental
value. The calculated radiative fraction is found to be in agreement with the reported value
in the experiments. However, the HRR is found to be larger than the experimental value
of 50 kW. In the current work, the radiation modeling formulation relies on the optically
thin assumption along with the Planck mean absorption coefficients calculated using RAD-
CAL. This is found to be reasonable for the selected case. This first LES-CSE provides a
good foundation for further developments for more complex fire cases. The study can be
extended to include more detailed models that account for absorption such as the finite
volume discrete ordinate method combined with the weighted sum of grey gases. For this,
the RTE will need to be solved, the conditional absorption coefficient may be calculated
in conditional space as a function of conditional temperature and species concentrations
like CO2 and H2O, the mean absorption may be determined by integrating the product of
conditional absorption and FDF over mixture fraction space, similar to what is reported in
[7] and the absorption TRI would be neglected, shown to be a reasonable assumption [161].
A more detailed radiation model is needed to extend the current LES-CSE framework to
larger buoyant turbulent flames.
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Chapter 5

Coupling between CSE and RTE
solver for LES of methanol pool fires

Pool fires are well suited for the purpose of CFD model validation, displaying an ideal
balance between realistic coupled thermo-chemical-fluids phenomena and simple geometry
in controlled conditions. Generally, focusing on pool fires removes some complexities found
in real fires related to flame spread and pyrolysis [162, 163]. As such, they are one of the
most studied configurations [16]. They mimic real-world fire hazards that exist in the case
of leakages from fuel tanks in industrial facilities, homes, or in transportation accident
scenarios. Further, the fuel inlet can be defined as a flat horizontal surface of liquid or gas
providing a simple study configuration.
Most pool fire simulations consider simplified sgs combustion models assuming infinitely
fast chemistry such as EDC or EDM models [164, 16]. In these approaches, chemical re-
actions rates are limited by the turbulent mixing between fuel and oxidizer occurring at
the sgs level and therefore, neglect the effects of finite-rate kinetics, crucial for accurate
prediction of species concentrations and extinction/reignition. Similarly, radiation model-
ing is often simplified to the use of a constant radiative fraction. This approach may be
effective when the radiative fraction is known prior to the simulations, but this poses issues
when different fuels are present, leads to inaccuracies for the accurate estimation of heat
feedback at the fuel surface and is questionable when several radiative flux components
interact and large scale fires occur [165, 20]. Therefore, the use of a constant radiative
fraction in the simulations sets a severe limitation to the desired predictive capabilities of
CFD tools for fire safety. There are more sophisticated sgs combustion models capable of
including detailed kinetics coupled with radiative effects using the transported probability
density function [166, 167], flamelet model concept [168, 169], or CMC methods [32, 170].
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The present investigation fits within this last class of approaches using CSE [171, 35] rely-
ing on the CMC concept with more accurate radiation models without prescription of any
radiative fraction.
CMC and CSE have not been applied to methanol pool fires or any other pool fires with
their developments and validation more focused on non-fire related turbulent combustion
applications. These two approaches have the advantage of incorporating detailed kinet-
ics without any specific assumption on the flame structure and in particular, no flamelet
assumption is needed. This is achieved by including at least one additional conditioning
space and using conditional averages. LES-CMC may be found for the well-ventilated case
of UMD turbulent line flame with radiation modeled with a prescribed global radiative
fraction and using WSGG [8]. Mixed success was observed due to high sensitivity of the
predictions to the selected chemical kinetics and submodels, in particular the conditional
scalar dissipation rate which had a notable impact on the results.
In Chapter 4, the first fire related application using CSE is illustrated. LES-CSE results
are shown for the UMD case using detailed chemistry and with different radiation imple-
mentations, all assuming an optically thin medium and the radiative transfer equation was
not solved. Numerical predictions for temperature and rms, and flame height were in good
agreement with the experimental data.
The present chapter builds on these previous developments with some important changes to
further expand the CSE framework. The RTE is solved, as available in the default version
of FireFOAM, with the extension that all the radiation and chemical sources are evaluated
in conditional space to account for TRI, adding significant steps in the calculations. Fur-
ther, radiation absorption is included to advance from the optically thin assumption. The
inclusion of radiation absorption effects in the solution of the RTE is important in real fire
scenarios as the physical scale of the combustion zone implies that the optical thickness
cannot be considered negligible. Further, WSGG model is implemented for the radiation
calculations, first time in CSE, to bring the radiation modeling closer to previous studies
of the same pool fire.
The objective of the present chapter is to assess the new developments of the CSE frame-
work with improved radiation modeling in large eddy simulations applied to medium and
large scale methanol pool fires. Results of radiation treatment in two ways are compared.
The first is the optically thin approximation neglecting absorption. The second is through
solution of the radiative transfer equation to account for absorption. The weighted sum
of grey gases model is included in both cases and turbulence-radiation interactions are
accounted for. The numerical predictions are compared with existing experimental mea-
surements of time-averaged temperature and velocity as well as their rms values. The
distribution of species mole fraction in the axial direction is also examined and compared
with available experimental data. Within the current CSE framework, different radiation
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treatments are considered that account for sgs TRI and account for absorption through
the solution of the RTE.

5.1 Radiation modeling

Radiation is treated by assuming the medium to be non-scattering. Two methods are
considered. The first relies on the optically thin approximation that assumes the absorption
is negligible. In this method, the radiation loss term is calculated in conditional space using
the conditionally averaged temperature and species mass fractions, instead of the Favre
filtered quantities, as

⟨Q̇|η⟩rad = −4σ⟨κ|η⟩(⟨T |η⟩4 − T 4
b ), (5.1)

where σ is the Stefan-Boltzmann constant, ⟨T |η⟩ is the conditional temperature determined

by inverting Eq. 3.25 for T̃ , as described in Section 3.2.2, ⟨κ|η⟩ is a wavelength-independent
absorption coefficient calculated in conditional space, Tb is the background temperature
[125].
The WSGG model [116] is used to estimate the absorption coefficient. In the WSGG,
method, the total emissivity is approximated as

⟨ϵ|η⟩ =
Ng∑
n=0

⟨an|η⟩(1− e−κnpaL), (5.2)

where pa is the partial pressure of the participating gases, Ng is the number of proposed
gray gases, κn is their absorption coefficients which are constants while the weighting
function an is a function of temperature,

⟨an|η⟩ =
K∑
k=0

bn,k⟨T |η⟩k. (5.3)

The WSGG parameters for mixtures of CO2 and H2O were originally based on experimental
data but can also be derived from recent correlations based on HITEMP [121]. The latter
derived values are selected in the current study. The present WSGG formulation does not
account for fuel contribution. The absorption coefficient is then determined as

⟨κ|η⟩ = − ln(1− ⟨ϵ|η⟩)
L

, (5.4)
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where L is the mean path length and is defined as

L = 3.6
V

A
, (5.5)

where V is the approximate flame volume and A is its surface area. The flame volume and
area are calculated by assuming the flame to be cone-shaped with a diameter equal to that
of the pool and a height equal to the one reported in the experiments.
The radiation term, ⟨Q̇|η⟩rad is then integrated with the FDF to get the averaged source
term to be used in Eq. 2.20 following

Q̇rad = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨Q̇|η⟩(η, t)P̃ (η, xj, t)dη. (5.6)

The advantage of integrating ⟨Q̇|η⟩rad over the sample space is that the TRI effects are
accounted for.

In the second approach, the absorption is accounted for by solving the RTE for an
absorbing-emitting medium which is written as

∇I.s⃗ = κIb − κI, (5.7)

where I is the radiation intensity, −→s is its direction vector, κ is the absorption coefficient,
and Ib is the blackbody radiation intensity defined as

Ib = σT 4/π. (5.8)

As presented below, Equation 5.8 is determined in conditional space using the conditional
temperature. For the solution of the RTE, the WSGG model is also applied as in Eq. 5.4
to estimate wavelength-independent absorption coefficient at an affordable computational
cost for LES. There are several methods developed to provide a solution for the RTE
with various approximations [3]. In the current study, the finite-volume discrete ordinates
method (FVDOM) is selected where the intensity is assumed to be constant over discrete
parts of the total solid angle 4π as discussed in Section 3.4.1.
The source term in the Favre-filtered enthalpy equation (Eq. 2.20) is then obtained as the
divergence of the radiative heat flux as

Q̇rad = −∇.qrad = −4πκIb +

∫
4π

κI dΩ. (5.9)

The TRI effects are accounted for by calculating the absorption coefficient and the emission
term in conditional space first then integrating them with the FDF as
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κ = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨κ|η⟩(η, t)P̃ (η, xj, t)dη (5.10)

κIb = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨κIb|η⟩(η, t)P̃ (η, xj, t)dη. (5.11)

The sgs fluctuations in the absorption term κI are assumed negligible. Thus, the filtered
absorption term may be closed as κI ≈ κI. This is known as the optically thin fluctuation
approximation [172]. The effects of absorption TRI are shown to be negligible in LES
[173]. The same approximation is also applied in previous numerical studies for the same
methanol pool fire [43, 174, 42] as well as similar cases [7, 34, 6]. The inclusion of sgs
fluctuations in the absorption term is not straightforward. In principle, the current CSE
framework would be able to provide a complete closure of the absorption term: this would
require inversion of the filtered radiative intensities and determination of the absorption
term in conditional space and then use the FDF to recover the filtered intensities. However,
this is extremely challenging to implement due to many additional inversions, equal to the
number of solid angles considered, to be performed.
A flow chart summarizing the coupling between the CFD solver, CSE and the radiation
calculations with the solution of the RTE is shown in Figure 5.1.

5.2 Medium-scale methanol pool fire

In the current section, the medium-scale methanol pool fire experimentally characterized
by several groups [12, 10, 158, 9, 11, 175] is investigated due to the availability of exper-
imental measurements of different flow quantities such as temperature, velocity, species
and radiative fluxes. Methanol also offers the advantage of producing a non-sooting flame,
which allows testing the main modeling elements of fluid mechanics, turbulence and radi-
ation while avoiding the uncertainties usually related to soot modeling. This case is one
of the target experiments in the MaCFP working group of the International Association
of Fire Safety Science [176, 177], helpful for comparison with other numerical predictions
using different modeling approaches.
Previous numerical results using EDM and EDC turbulent combustion models are avail-
able for this pool fire [122, 178, 179, 20, 180]. Early investigations by Chen et al. [122]
including EDC for combustion modeling and relying on the optically thin approximation
for treating radiation showed reasonable agreement with experimental data for velocity,
but the temperature results were underpredicted in comparison to the experimental data.
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Figure 5.1: Flow chart showing the solution procedure for the coupling between the CFD
(LES) solver, CSE and the radiation calculation with the solution of the RTE.
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Maragkos et al. [178] applied the EDC model for combustion modeling with a one-step,
infinitely fast, irreversible chemical reaction and compared different modeling approaches
for turbulence and radiation. The use of the dynamic, instead of the standard, Smagorin-
sky model for modeling the sgs turbulence stresses and WSGG for modeling radiation
instead of the optically thin global radiant fraction, in addition to considering a non-unity
Lewis number and inclusion of differential diffusion effects provided better results for the
centerline temperature predictions, but with increased computational cost. The study was
extended to consider different mesh sizes and other fire cases as well [179]. The results
showed that the dynamic procedure was more accurate and less grid dependent in compar-
ison to the standard modeling approaches. Ahmed et al. [20] simulated the same case with
combustion described using a global equation and EDM. Radiation was included with a
prescribed radiation fraction and the WSGG approaches. Different mesh levels were com-
pared for a domain that featured the fuel pan lip and pool elevation from the ground. The
large scale processes occurring at length scales on the order of the pool diameter controlled
the global pool fire features, while the dynamics near the pool surface were controlled by
vortices and structures with smaller length scales. Different approaches were investigated
for modeling the convective heat flux to the pool surface and the model based on stagnant
film theory was found to be the best approach as it was only slightly grid sensitive [180].
More detailed chemical kinetics have been included in the simulation of the methanol pool
fire with the laminar flamelet model [43, 174, 181, 182]. In the work by Ma et al. [43], the
steady laminar flamelet model was implemented for turbulent combustion modeling along
with the Rank-Correlated Full-Spectrum k-distribution (RCFSK) method for the determi-
nation of radiative properties. A comparison between different domain layouts showed the
importance of reproducing the experimental configuration by including a fuel pan lip and
an elevated pool surface from the ground to obtain accurate predictions. Consalvi et al.
[174] focused on the effect of fuel radiation in both the medium and large scale methanol
pool fires. They found that the inclusion of radiation effects due to methanol fuel vapor
near the fuel surface improved the predictions of the heat feedback to the fuel surface
with a small decrease in the mean temperature. Hubbard et al. [181] used a version of
the narrow band RADCAL model to estimate the radiation absorption coefficients with a
calibration applied to the radiation source terms by varying a reduction coefficient until
a more accurate radiative fraction prediction was attained. The simulations included two
cases, one with a standard prescribed fuel mass loss rate and the second using an algo-
rithm to predict mass flux based on a mass and energy balance at the fuel surface. Both
approaches showed similar predictions.
A summary of the different modeling approaches in previous studies is given in Table 5.1.
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Table 5.1: Previous studies with modelling approaches
Study reference Combustion Chemical kinetics Radiation

[122] EDC 1-step OT
[178, 179] EDC 1-step WSGG

[20] EDM 1-step PGRF/WSGG
[43] SLF Li et al. RCFSK
[181] SLF San Diego RADCAL

5.2.1 Computational details

Experimental setup

The medium-scale methanol pool fire reported in [10] is used in the simulations for the
current study. This case is one of the target experiments in the Measurement and Com-
putation of Fire Phenomena (MaCFP) working group of the International Association of
Fire Safety Science [176, 177]. The fuel evaporates from a pool of 30.5 cm diameter. The
methanol evaporation volume flow rate is reported to be 1.35 cm3/s which corresponds to
a theoretical heat release rate of 21.3 kW (corrected value from what is originally reported
[183]). The time-averaged and rms values of temperature and velocity are measured in
the flame at several locations. The species mole fraction centerline measurements are pro-
vided for the same case [11] as well as radiative heat flux at different locations [9]. Soot
production is negligible and is, therefore, not modeled in the current study.

LES setup

The LES calculations are performed with a modified FireFOAM [25] solver, based on
the general purpose open-source CFD package OpenFOAM. FireFOAM is a finite volume
solver with a variable density LES formulation following what is performed in Chapter 4.
This LES platform is selected due to extensive validation for buoyant turbulent flows with
and without combustion and was shown to reproduce the turbulent plume features and
associated phenomena of entrainment and puffing [184, 185, 163, 186, 179].
The computational domain is cylindrical in shape with 1.5 m diameter, and 1.75 m height
in the z direction, as shown in Figure 5.2. The fuel inlet is placed such that it is raised
0.3 m (one diameter) above the ground and the burner features a lip height of 1 cm to
replicate the experimental setup [10]. A previous study showed that it was important to
reproduce the rim height maintained in the experiments for accurate results [43].
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Figure 5.2: Computational domain sectional view showing the fuel pan with the burner
lip at the center, and the overall domain dimensions in meters. The fuel inlet is in grey,
domain outlet in red, entrainment boundary in green, the burner walls and the ground are
in blue.
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The grid cell size is equal to 5 mm in the pool region up to a height of 43 cm from the
surface of the pool. Then the grid is stretched away in the rest of the domain. This means
that the inlet is lower than the rim by 2 cell thicknesses in the current model. Previously,
1 and 2 cell thicknesses have been reported for modelling the lip wall height [178, 179, 180]
and a finer resolution of 2.5 mm was used in the work of Ma et al. [43]. The 5 mm mesh
resolution follows the MaCFP recommendation [177] for this case and is consistent with
previously published LES for the same case but using different sgs combustion modeling
approaches [180, 179, 42, 178, 43]. In addition, this resolution guarantees the satisfaction of
the criterion that the ratio of the characteristic fire size (D∗) [187], to the grid size is in the
order of 10–15 or higher [176]. TThis ratio with the selected LES mesh is approximately
40. Further, the current mesh resolves over 90% of the turbulent kinetic energy. The total
number of cells is 677,336. Finer grid resolution with 2.5 mm cell size near fuel inlet and
at the middle of the pool was tested and resulted in negligible changes in the predictions.
The simulations are performed for a burning time of at least 35 seconds in all the cases.
To make sure that the initialization phase is not altering the results, the collection of data
does not start until after 10 seconds. The time step for the simulations is approximately
0.5 ms controlled by the Courant number which is set to 0.8. This value was also selected
in previous LES-CSE of another buoyant flame [52]. The current Courant number also
falls within values used in previous studies, 0.9 [178, 179, 180], 0.75 [20] and 0.6 [43] for the
same case currently investigated. In the present study, the constant Smagorinsky model
[59] is used for treating the sgs turbulence with the model constants set as Ck = 0.02 and
Cϵ = 1.048. Implicit time integration with a second order accurate backward scheme is
taken for the LES solver. In the governing equations, a Total Variation Diminishing (TVD)
scheme called limitedLinear is applied for the spatial discretization of the convective terms
while a second-order central difference scheme is used for the diffusion terms.
For the inlet surface, the mass flow rate is described to match what is reported in the
experiment. The imposed mass flow rate for methanol is equal to 1.067 g/s. The inlet
boundary condition for the scalars accounts for both advection and diffusion fluxes. Zero
gradient is imposed for all scalars at the sides and outlet boundaries. If the flow leaves
the domain, the total hydrostatic pressure is used to determine the pressure and velocity.
In case of a flow reversal, the pressure is reduced by the dynamic pressure. This regulates
any possible instability associated with a possible rapid rise in velocity since the driving
pressure gradient is also reduced [25].
For the solution of the RTE, two angular meshes of 32 and 128 angles are considered.
The finer mesh exceeds the recommendation by the MaCFP working group of 100 angles
resolution for this case [177]. In addition, previously published simulations used 48 angles
[179], 64 angles [20], 72 angles [178] and 128 angles [181].
The three cases that are considered with the optically thin approximation and with solving
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Figure 5.3: Distribution of CSE ensembles over the computational domain

the RTE with the two angular meshes will be referred to as Case-OT, Case-RTE32 and
Case-RTE128, respectively.

CSE details

The LES domain is divided into CSE ensembles defined as slices in the axial direction and
split into two halves. The ensembles covering the first 90 cm from the pool surface each
have a height of 15 cm, equivalent to half of the pool diameter, and the height of ensembles
in the rest of the domain is 27.5 cm. The ensembles do not cover the region lower than
the pool surface on the sides of the burner as no reactions are expected in those regions
given that the fuel evaporates from the pool surface and gets burned downstream. The
distribution of the ensembles is illustrated in Figure 5.3. This ensemble distribution follows
what was previously employed for LES with CSE [65, 39]. The mixture fraction space is
discretized in 70 bins clustered around the stoichiometric value (0.135). To determine
⟨YCO2|η⟩ and ⟨YH2O|η⟩, two inversions are performed for each ensemble in addition to an
extra inversion applied for ⟨T |η⟩ needed for radiation modeling. Conditional reactions rates
of major species (methanol (CH3OH), O2, CO2 and H2O) are retrieved from the TGLDM
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tables as well as mass fractions of minor species (CO, H2 and OH). Eq. 3.25 is applied to
calculate the unconditional values by integrating the conditional values with the FDF over
η space.

5.2.2 Results

Flame structure

In Figure 5.4, instantaneous snapshots of the experimental and simulated flame surfaces
of Case-OT are presented. The experimental flame snapshots are obtained from a pho-
tographic view of the visible light emission at two time instances during the flame cyclic
pulsing [9]. The simulated flame surface is defined by the iso-contour of the volumetric
heat release rate (200 kW/m3). Both the experimental and simulated flames experience
the puffing behavior common in pool fires. They both appear attached near the fuel surface
with the combustion zones initially confined to near the fuel surface. In the second view,
both the experimental and simulated flames appear to have a smaller base near the pool
surface that forms an elongated tube-like shape with larger flame puffing structures in the
downstream due to the buoyancy driven motions. Also, smaller structures appear to be
branching from the main combustion zone away from the pool surface as well.
The flame height is estimated to be 40 cm in Case-OT and 42 cm in Case-RTE32 and
Case-RTE128. The estimation is based on the axial point at which the time-averaged
temperature exceeds that of the ambient by 550 K beyond the maximum temperature
point [124]. These predictions fall within the reported value of 36.4± 16 cm in the ex-
periments, for which, the measured value is based on processing video recorded frames
of the experiments [11]. In addition, the radiative fraction is estimated by evaluating

χrad =
∫
Q̇raddV/

∫
Q̇reactdV . In the three cases, the radiative fraction is approximately

0.21 which is in agreement with the experimentally measured value of 0.24± 25% [9] in-
cluding the experimental uncertainty.
The pulsation frequency is obtained from the simulations using the Fourier transform of
the time history of vertical velocity at 0.35 m above the pool surface on the centerline.
The estimated value is 2.08 Hz for Case-OT, 1.97 Hz with Case-RTE32 and 1.93 Hz with
Case-RTE128. These frequencies are lower than those found in the experiments by exam-
ining the video record of the fires, determined to be 2.8± 0.3 Hz in [12] and 2.65± 0.08
Hz in [188].
A possible explanation for the discrepancy in the puffing frequency prediction is related
to the way the fuel pool surface is modelled in the simulations. The current fuel inlet is
modelled as flat horizontal surface where gaseous fuel at boiling temperature enters the
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Figure 5.4: Comparison between the experimental flame surface (left) reproduced from [9]
and the simulated flame surface defined as an iso-contour of the volumetric heat release
rate of 200 kW/m3 (right). For both the experimental and numerical snapshots high and
low flames at different time instants are shown.

domain. In the experiments, it is reported that the liquid pool surface exhibits standing
waves of 2.0 Hz frequency [12]. Thus, the fuel evaporation rate would be neither steady
nor uniform. It is expected that such variation at the fuel inlet would alter the predicted
overall fire puffing frequency.

Temperature and velocity

In the LES-CSE, mean quantities are obtained as both time and azimuthal averaging. Fig-
ure 5.5 shows the centerline variation of the temperature and axial velocity with height
above the pool surface. Both the time-averaged and the root mean square (rms) variations
are presented. Simulation results are shown for the case with the optically thin assumption
as well as with solving the RTE using 32 and 128 angular resolutions. In all the figures, zp
is the axial height measured from the pool surface (30 cm from the ground). In general,
the time-averaged results are in good agreement with the measurements [10] with slight
underprediction in the time-averaged maximum temperature value for the optically thin
case and that using 32 angles. The maximum time-averaged temperature reported exper-
imentally is 1324 K and is measured at 8 cm from the pool surface at the center of the
pool. The predicted maximum time-averaged temperature is nearly the same in Case-OT
and Case-RTE32 and is lower than the measured value by approximately 8%. These pre-
dictions are reasonable considering the estimated experimental uncertainty of about 5%.
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Figure 5.5: Centerline variation of the time averaged (upper) and rms (lower) temperature
and axial velocity along the domain centerline. Solid lines optically thin radiation (OT),
dashed-dotted lines solution of the RTE with 32 angles, and dashed lines solution of the
RTE with 128 angles. Error bars represent experimental uncertainty. Vertical lines on
the x-axis indicate the ensembles interfaces. Experimental data taken from Weckman and
Strong [10].
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In the third case which solves the RTE with 128 angles, the numerical time-averaged peak
temperature falls within the experimental uncertainty. The location of the maximum tem-
perature point in the simulations is approximately 14 cm above the pool surface which is
higher than the location in the experiments.
An overprediction can be noted in the time-averaged vertical velocity at the last axial
locations at zp = 30 cm from the inlet of approximately 18%. This is also noted in the
time-averaged temperature predictions, but to a much lesser extent as the centerline tem-
perature is overpredicted by only 6% at this location.
The predicted temperature rms values do not agree as well. This can be explained in part
by the expected higher level of uncertainties in the rms measurements, which were not
given in the experiments, but are estimated to be in the range of 25%-30% [189, 10]. The
rms bars are added with 30% uncertainty following what is selected in [178]. Overall, the
three simulated cases show similar results which suggests that the optically thin approxi-
mation is reasonable for the current scale of fire. Still, predictions are improved with the
inclusion of the RTE solution with 128 angles.
In comparison to previously published results, the maximum time-averaged temperature
value and location in the simulations by Ahmed et al. [20] and Ma et al. [43] agree well
with the current predictions. However, the near pool centerline temperatures up to 10 cm
above the fuel surface are closer to the experimental measurements in the current results.
The results by Hubbard et al. [181] show larger underpredictions in the region close to the
pool and lower maximum time-averaged temperature that occurs even farther downstream,
at 20 cm from the pool surface. In the simulations by Maragkos et al. [178] the maximum
time-averaged temperature and its location are closer to the measurements, but there is
a more notable overprediction in the centerline temperature at 30 cm from the inlet and
higher overprediction in time-averaged vertical velocity as well.

Figures 5.6 - 5.9 show the radial variation of the temperature, axial velocity and radial
velocity at different axial locations from the pool surface. The general trends in mean
predicted values are in good agreement with the measurements and the simulated flame
width matches the measured value at different stations. In Figures 5.6 and 5.7, there is
an underprediction in the mean temperature localized around the centerline region above
the pool surface at 2 cm and 6 cm from it. The predictions improve in the downstream
region. This may in part be due to the constant and uniform evaporation rate used in the
simulation, and potentially could be improved by defining the evaporation as a function
of the thermal feedback to the fuel surface which may better mimic the physical process
in a real fire. However, the pool surface would still be flat in the simulations while it was
reported in the experiments to exhibit a standing wave of a frequency with about 2.0 Hz
due to interactions between the gas pulsations and the free surface of the liquid fuel [12].
In Figure 5.6, the velocity at 2 cm from the fuel surface shows high radial unsteadiness
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Figure 5.6: Radial variation of the time averaged (upper) and rms (lower) temperature,
axial velocity, and radial velocity at 2 cm from the fuel surface. Experimental data taken
from [10]. Same legend as in Figure 5.5.
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Figure 5.7: Radial variation of the time averaged (upper) and rms (lower) temperature,
axial velocity, and radial velocity at 6 cm from the fuel surface. Experimental data taken
from [10]. Same legend as in Figure 5.5.
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Figure 5.8: Radial variation of the time averaged (upper) and rms (lower) temperature,
axial velocity, and radial velocity at 10 cm from the fuel surface. Experimental data taken
from [10]. Same legend as in Figure 5.5.
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Figure 5.9: Radial variation of the time averaged (upper) and rms (lower) temperature,
axial velocity, and radial velocity at 20 cm from the fuel surface. Experimental data taken
from [10]. Same legend as in Figure 5.5.
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Figure 5.10: Radial variation of the time averaged (upper) and rms (lower) temperature,
axial velocity, and radial velocity at 30 cm from the fuel surface. Experimental data taken
from [10]. Same legend as in Figure 5.5.
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which is reproduced in the simulations by a wavy pattern. There is a deeper decrease
in the measured values at 12 cm from the center that is not reproduced in the simula-
tions. Moving downstream, however, predicted time-averaged vertical velocities are more
in alignment with the measured values with an overprediction at the last location 30 cm
from the inlet. The time-averaged radial velocity predictions are in overall good agreement
with the experimental measurements indicating that the entrainment is well predicted.
The estimated radial velocity rms values agree with measured ones in the region near the
surface but become underpredicted in the downstream locations.

Time-averaged species mole fractions

The time-averaged centerline species mole fractions of CH3OH, O2, CO2, H2O, CO and H2

species are shown in Figure 5.11 and compared with the experimental values [11]. Overall,
the three cases present only slight variations in the species mole fraction predictions and
their trends agree well with the experimental profiles. The predicted fuel mole fraction
rapidly decreases from the inlet and is almost totally consumed within 20 cm from the pool
surface in agreement with the experimental profile. However, the rate of decrease is higher
in the simulations compared to the experiments. Due to combustion, O2 is consumed in the
flame region and the O2 mole fraction increases with downstream distance approaching the
value in ambient as more air is entrained into the fire plume. Although the predicted rate of
increase of O2 is high near the fuel surface, the O2 mole fraction becomes underpredicted
in the downstream region which may be explained by the underprediction in the radial
velocity rms in the downstream locations. Higher radial velocity rms values would enhance
mixing with ambient air and decrease the height required for O2 mole fraction to reach
the ambient value. The mole fractions of CO2 and H2O increase in the flame region, as
expected and then decay in the plume region as they mix with the entrained air. The
predicted peak of CO2 is lower than that in the experiments by 12%, while the numerical
peak of H2O mole fraction is within the experimental uncertainty. The CO and H2 profiles
show a rapid rise near the inlet where the mixture is fuel rich, following the experimental
trend. Farther downstream, these minor species are depleted as the mixture gets leaner
and reactions with the excess O2 taking place. In comparison to the reported experimental
values, the CO mole fraction peak is underpredicted, while that of H2 is in good agreement
with the measurements taking into consideration the experimental uncertainty. No radial
profiles of chemical species are available in the experimental investigations.
The variation between the measurements and the simulation results may be explained by
the uncertainties in the measurements which, for example, can reach about 50% for the
values of fuel and water mole fractions [175] close to the pool. Further, the modeled case
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prescribed fuel mass flow rate is 1.067 g/s based on what is reported by Weckman et. al
[10]. This is higher than the value of 0.8579 g/s reported by Falkenstein-Smith et al. [11]
in the experiments for which the species mole fractions are measured. The possible effects
of tabulated chemistry were also considered. Another tabulation technique, the flamelet
generated manifold (FGM), was tested with different definitions for the progress variable
[95]. However, the predictions did not improve and the technique was not investigated
further.
Previously published simulations reporting species mole fraction distributions are limited.
The results obtained by Ma et al. [43] show that the fuel mole fraction is overpredicted
in comparison to the experiments and the current predictions. Their O2 profile is overall
underpredicted, which is also the case in the current simulation, but only after 15 cm from
the fuel surface. The CO2 mole fraction peak is underpredicted as well, but is closer to
the measured values. This is also true for CO, however, the profile downstream of the
peak is overpredicted in their simulations while it matches better the measurements in the
current simulations. Maragkos et al. [178] reported the distributions of the major species
only. Their results show overprediction in the fuel mole fraction profile, but are in closer
agreement with the measurements than those in [43] and also present an underpredicted O2

profile. In their study, an overprediction in the CO2 mole fraction profile is noted reaching
a maximum value of 0.075, in contrast with the current predictions and previous results
[43]. It is worth noting that both of these previously published studies have compared
their results with experimental measurements from a different source [158], older than the
set used for comparisons in the current study [11]. The two sources display considerable
variation in the reported measurements. For example, the value for O2 and H2O mole
fractions at 20 cm from the inlet are 0.14 and 0.071 in [11], while they are 0.079 and 0.22
in [158], respectively.

Radiative heat flux

An additional case with 512 angles, referred to as Case-RTE512, is investigated to test
the effect of angular resolution on the radiative flux results. The differences between pre-
dictions of temperature, velocity and mole fractions from Case-RTE128 and Case-RTE512
are very small without any impact on the analysis and conclusions presented previously.
Figure 5.12(a) shows the distribution of radiative heat flux from the fire with height outside
of the pool at radial position 0.6 m from the pool center. The results from Case-RTE32,
Case-RTE128, Case-RTE512 and experimental measurements from [9] are included. As
expected, the estimated values for Case-RTE128 and Case-RTE512 match better the ex-
perimental measurements in comparison to those of Case-RTE32. With the finest angular
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Figure 5.11: Centerline variation of the time averaged species mole fractions of (a) CH3OH,
(b) O2, (c) CO2, (d) H2O, (e) CO, and (f) H2. Experimental data taken from [11]. Same
legend as in Figure 5.5.
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mesh, the predictions show a dip followed by a peak in the predictions in the first 0.2 m
above the fuel followed by a smoother curve in the downstream. The peak is larger than
the experimental value, but agreement improves in the downstream regions. In compari-
son, Case-RTE32 and Case-RTE128 display similar shapes, but spread over a longer height
and show overall higher level of discrepancies along most of the curve to the outlet. In
Figure 5.12(b), the variation in radiative flux in the downward direction radially along a
line extending from the burner rim is shown in comparison to experimental measurements
[9]. For all cases, radiation is overpredicted near the burner in comparison to the mea-
surements, but the results get closer moving away from the burner. However, with the
angular mesh refinement, the prediction of the peak value is enhanced and matches the
experimental measurement more closely. Figure 5.12(c) shows the variation in radiative
flux in the downward direction radially over the pool surface in comparison to the experi-
mental measurements [12]. The measured values show that the radiative heat feedback is
highest at the pool center and decreases moving radially to the burner wall. This behavior
is replicated in the predicted values with all angular meshes which are close to each other
and overpredicted in comparison to the measurements. This may be explained by the dif-
ference in lip height between the current simulated case of 1 cm and that reported for the
measured case to be 0.5 cm [12].
The behavior of the different heat flux profiles discussed above is similar to a previous
study by Ma et al. [43] which implemented the RCFSK instead of the WSGG in the cur-
rent model. Their results overpredict the flux as well at 0.6 m from the centerline, but
instead of the localized peak shown in Figure 5.12(a), their results show a similar degree
of overprediction that is extended over a wide distance up to zp = 0.5 m. In addition,
the predictions of the radiative flux variation radially out of the pool in Figure 5.12(b)
are closer to the experimental measurements, while those in [43] show a higher degree of
overprediction. For the radiative flux over the pool, the predictions from both studies are
similar.
Examining the three distributions, the differences between the predictions using the dif-
ferent angular meshes are high outside the flame region, but the results from all meshes
are similar near the flame. This agrees with previous suggestions that a finer angular grid
is required for better radiative flux predictions outside of the flame region only [190]. The
current model does not account for methanol radiation in the calculation of the absorption
coefficient which is a possible contributing factor for the discrepancies shown.
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Figure 5.13: Conditional averages of mass fractions of CO2, H2O, and CO as well as
temperature at 7.5, 22.5 and 37.5 cm from the inlet.

Conditional averages

Figure 5.13 shows the conditional averages of mass fractions of CO2, H2O and CO as well as
temperature at at three axial locations within the predicted flame height for Case-RTE128.
As can be seen, the conditional mass fractions of CO2 and temperature rise until reaching
their peak value around the stoichiometric mixture fraction of 0.135 and then decrease for
fuel rich mixtures. The peak of the conditional mass fractions of H2O is slightly on the
fuel rich side, but the trend is similar. For CO, the values are nearly zero for the fuel lean
mixtures corresponding to regions of excess air where complete combustion is reached. For
larger mixture fraction values greater than the stoichiometric value, the conditional mass
fraction of CO increases, as expected due to fuel rich conditions.
When moving downstream, the fuel air mixture becomes more fuel lean due to turbulent
mixing with surrounding air. Thus, farther downstream, there is less meaningful statistical
information obtained through the FDF for the integral inversion performed for the condi-
tional mass fractions of CO2 and H2O. This does not affect the unconditional averages as
the FDF tends to zero for these η values. For example, at zp = 37.5 cm, the peak value
of Z̃ is around 0.15 and therefore, limited to no statistical information is available for fuel
rich mixtures that may introduce some inaccuracies in the conditional profiles. No experi-
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mental conditional values are available for comparison for the present study, however, the
trends are similar to those found in a previous RANS-CSE methanol flame study [84].
The conditional profiles do not vary much with axial distance, noting that the results from
the three axial locations are extracted from three different ensembles. This small spatial
variation in the conditional averages was also seen in previous investigations for turbulent
flames far from extinction [32, 159].

5.3 Large-scale methanol pool fire

In this section, the coupling between CSE and RTE solution is applied to a large-scale
methanol pool fire [13] to further assess the capabilities of this new approach. The numer-
ical predictions are compared with available experimental measurements of temperature
and radiative fluxes.

5.3.1 Experimental setup

The large-scale methanol pool fire is considered for simulations in the current section as
reported in [13]. It is one of the MaCFP target experiments [177]. The fuel evaporates to
the domain from a pool of 100 cm diameter featuring a burner rim of 1 cm. The burner
is placed such that the rim is 0.3 m above the ground. The methanol mass flow rate is
12.8 ± 0.9 g/s which corresponds to an ideal heat release rate of 254 ± 19 kW [13]. The
time-averaged and rms values of temperature are measured in the flame axially and radially
at several locations. Radiative heat flux measurements are also available outside the fire
region [13] and over the pool surface [14]. Soot production is negligible in this case and is
not modeled in the current study.

5.3.2 LES setup

The LES solver selected in the current study is FireFOAM, based on the open-source pack-
age OpenFOAM-7 [25]. The sub-grid scale (SGS) turbulence is treated using the constant
Smagorinsky model [59] with the model constants set as Ck = 0.02 and Cϵ = 1.048.
The computational domain is cylindrical in shape with a 2.5 m radius and 4.0 m height,
as shown in Figure 5.14. The fuel pan is set such that the pool surface is 29 cm above the
ground and features a rim height of 1 cm as set in the experiments. The grid cell size is
equal to 1 cm over the pool region in all directions. In the axial direction, this grid size is

88



Figure 5.14: Computational domain sectional view for large scale methanol pool fire case
showing the fuel pan with the burner lip at the center, and the overall domain dimensions
in meters. The fuel inlet is in grey, domain outlet in red, and entrainment boundary in
green.
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kept up to a height of 150 cm from the surface of the pool then increased to 2 cm up to a
height of 250 cm then stretched away in the rest of the domain. The total number of cells
is 1,965,078. For the solution of the RTE, an angular mesh of 128 angles is considered.
This exceeds the recommendation by the MaCFP working group of 100 angles resolution
[177].
For the inlet surfaces, the mass flow rate is set to 12.8 g/s to match the reported experi-
mental value [13] and is released as a vapour at the methanol boiling temperature of 337.8
K. The inlet boundary condition for the scalars accounts for both advection and diffusion
fluxes. At the sides and outlet boundaries, a zero gradient is imposed for all scalars. The
pressure and velocity are determined from the total hydrostatic pressure if the flow leaves
the domain. In case of flow reversal, the pressure is reduced by the dynamic pressure.
The simulations are conducted for a minimum burning time of 40 seconds. To ensure that
the initialization phase does not impact the results, data collection does not begin until
after 15 seconds to avoid any impact caused by the transient phase at the start of the
simulations.
The LES solver uses implicit time integration with a second order backward scheme and
the time step is based on the maximum Courant number which is set to be 0.8. For CSE,
the number of ensembles is equal to 30 dividing the domain as slices in the axial direction
and clustered near the inlet. The ensembles begin at the pool surface and do not extend
to the lower sides of the burner, as no reactions are anticipated in those areas. This is
because the fuel evaporates from the pool surface and combusts further downstream. The
mixture fraction space is discretized in 70 bins clustered around the stoichiometric value
(0.135).

5.3.3 Results

In Figure 5.15, instantaneous snapshots of the experimental and simulated flame surfaces
are presented. The experimental flame snapshots are obtained from a photographic view
of the visible light emission at time instances during the flame cyclic pulsing [13]. The
simulated flame surface is defined by the iso-contour of the volumetric heat release rate of
200 kW/m3. The experimental flame is blue in colour indicating that no soot is produced.
Both the experimental and simulated flames experience strong puffing behavior common
in pool fires. Different stages of the buffing cycle is shown in the images. At the start,
the flame appears confined to the near pool region. Next, both the experimental and
simulated flames appear to develop in the downstream direction with the near pool flame
region becoming necked and the flame getting confined around the center. In the final
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Figure 5.15: Comparison between the experimental flame surface (upper) obtained from
[13] and the simulated flame surface defined as an iso-contour of the volumetric heat release
rate of 200 kW/m3 (lower). For both the experimental and numerical snapshots flames at
different stages are shown.
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stage, the flame becomes so elongated that it extends about two times the pool diameter
in the axial direction.
The puffing frequency is estimated to be 1.26 Hz by applying fast Fourier transform to the
time history of the axial velocity at a height of 0.64 m from the pool surface. The value is
in good agreement with the reported value of 1.37 Hz in the experiments estimated from
the video recording of the fire [13]. It also agrees well with the 1.25 Hz value reported in
the previously published LES study of the same case [34].
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Figure 5.16: Vertical variation of temperature along centerline: left time-averaged values,
right rms values. Experimental values taken from [13]. Error bars represent experimental
uncertainty.

The time averaged centerline temperature profile along the axial direction is presented
in Figure 5.16 as a function of the elevation from the fuel surface (zp). The predicted
temperatures increase from the fuel inlet value to a peak value. Then, farther downstream
the predicted temperature decreases which is typical in the buoyancy driven flames. Ex-
perimental data shows that the time-averaged temperatures rise from the inlet to a peak
value of about 1350 K at 0.31 m above the fuel inlet. Then, the experimental centerline
temperatures gradually decrease. Similarly, the predicted time-averaged temperatures in-
crease to reach a peak of 1372 K which is within the experimental uncertainty. In the
downstream of the peak, the temperature measurements as well as the predictions drop
with same rate up to about 80 cm from pool surface. Farther downstream, the results are
overpredicted as they decrease more slowly than the measurements.
The predicted rms values shown in Figure 5.16 do not agree as well. This can be explained
in part by the higher level of uncertainty in the rms measurements which is estimated in
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the experiments to be about 26%.

Similar observations are found in the radial temperature profiles, as shown in Figure
5.17 at axial locations 20 cm, 60 cm and 100 cm from pool surface as well as in Figure 5.18
at 140 cm and 180 cm from pool surface. In general, the profiles show that the predictions
are in agreement with the measurements. However, there is an overprediction in the time-
averaged temperatures near the centerline in the downstream location as shown previously.
The predictions are more accurate at the sides and show that the width of the flame is well
predicted at different locations. The Trms profiles show that the values are overpredicted
near the centerline but get closer to the measurements at the periphery.

Figure 5.19(a) illustrates the distribution of radiative heat flux from the fire with height
outside the pool at a radial distance of 2.07 meters from the pool center. The data reveals
an initial dip followed by a peak within the first 0.9 meters from the fuel level. This
peak is higher than the experimental measurements. Further downstream, another peak is
observed, though it is of a smaller magnitude compared to the first. The predictions in these
downstream regions show better alignment with the experimental data. In Figure 5.19(b),
the variation in radiative flux in the downward direction radially along a line extending from
the burner rim is depicted and compared to experimental measurements [13]. The results
indicate that the model overpredicts the radiative flux near the burner when compared to
the experimental data. However, as the distance from the burner increases, the predictions
become more accurate, gradually converging with the experimental measurements.
Figure 5.19(c) presents the variation in radiative flux in the downward direction radially
over the pool surface compared to experimental measurements from [14]. The experimental
data shows that the radiative heat feedback is highest at the pool center and decreases as
one moves radially towards the burner wall. This trend is successfully replicated in the
model’s predictions, although there is a slight underprediction of about 9% compared to
the experimental values. This underprediction indicates that while the model captures the
overall trend accurately, it slightly underestimates the radiative heat feedback across the
pool surface.
The predictions of the different heat flux profiles discussed above are similar to those
presented by Nmira et al. [34]. Their results overpredict the flux as well at 2.07 m from
the centerline as in Figure 5.19(a) but to a lower level. The remaining radiative flux
predictions are close to the current presented values.
Similar to the observations from the results of the medium scale case in Section 5.2.2 the
current results reveal that the differences between the predictions and the measurements
are higher outside the flame region, but get closer near the flame. This implies that a finer
angular mesh resolution is required for out of the flame predictions since a fine angular grid
is required for better radiative flux predictions outside of the flame region [190]. The fuel
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Figure 5.17: Radial variation of the time-averaged (left) and rms (right) temperature at
zp=20 cm (upper), zp=60 cm (middle), and zp=100 cm (lower). Experimental values taken
from [13]. Error bars represent experimental uncertainty. Same legend as in Figure 5.16
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Figure 5.18: Radial variation of the time-averaged (left) and rms (right) temperature at
zp=140 cm (upper), and zp=180 cm (lower). Experimental values taken from [13]. Error
bars represent experimental uncertainty. Same legend as in Figure 5.16
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Figure 5.19: Estimated radiative heat flux in comparison to measured values: (a) Vertical
distribution for flux in the radial direction at 2.07 m from the centerline (b) radial distri-
bution for flux in the downward direction outside of the burner (c) radial distribution for
flux in the downward direction over the pool surface. Experimental data taken from [13]
except for (c) taken from [14].
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radiation is not accounted for in the calculation of the absorption coefficient in the current
model which is a possible source of discrepancies shown in the radiative flux results.

5.4 Summary

The LES FireFOAM solver coupled with the CSE approach is applied to model medium
and large scale methanol pool fires. For the medium scale scenario, the radiation is treated
first with the optically thin assumption and then compared with results that account for
absorption by solving the RTE using the finite volume discrete ordinate method with coarse
and fine angular resolutions. In all cases, the WSGG model is used to estimate the ab-
sorption coefficients and TRI are accounted for. Among the three investigated cases, the
results are close, but the case that solves the RTE with 128 angles shows closer predictions
to the measurements in general. Flame height and radiative fraction match the experi-
mental values within experimental uncertainty. The predicted puffing frequency is found
to be slightly lower, at 2-2.1 Hz in comparison to 2.6-2.8 Hz in the experiments. The cur-
rent time-averaged temperature predictions are in good agreement with the experimental
measurements, except at the centerline close to the pool surface. This observation is found
in previous simulations as well and may be explained by the fixed prescribed mass flow
rate boundary and modeling the pool to have a flat surface. For the remaining locations,
the predictions are in reasonable agreement with the measurements and reproduce well the
flame width at different axial positions. The centerline species mole fraction distributions
show that there is a general agreement in the trends, but there are some discrepancies in
the downstream region of the fire. Some of these discrepancies may be explained by the
dissimilarity in the fuel evaporation rate between the experimental setup used to measure
the species mole fraction and the base one investigated in the current simulations as well
as experimental uncertainties. The close predictions from the different radiation modeling
approaches indicate that the optically thin approximation is reasonable for the medium
scale fire. For the radiative flux, it is shown that the predictions align better with the
measurements with the finer angular mesh outside of the flame region, while the results
from both angular meshes are in agreement within the flame, meaning that, a coarse an-
gular mesh is adequate to estimate the near flame region radiative fluxes, but a finer one
is required farther away from the pool fire. The current model does not account for the
methanol contribution in the radiation calculation which is a possible source of discrepancy
in the radiative flux results.
For the large scale fire, the results are shown for CSE coupled with the solution of RTE
with an angular mesh of 128 angles. The finite volume discrete ordinate method is used
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for solution of the RTE combined with the weighted sum of grey gases while accounting
for TRI similar to what is employed in the medium scale case. The time-averaged tem-
perature predictions are in good agreement with the experimental measurements, except
on the centerline downstream of the flame region where the results are overpredicted and
show a slower rate of decrease than what is observed in the experiments. The radiative
heat flux results show that, the differences between the predictions and the measurements
are higher outside the flame region, but get closer near the flame. This implies that the
current angular mesh resolution is not fine enough for out of the flame region since a fine
angular grid is required for better radiative flux predictions outside of the flame region.

This first LES-CSE coupling with the solution of the RTE is an important step for
further developments of the CSE framework to study more complex fire cases with detailed
chemistry. Further research will consider pool fire with different fuel such as ethanol with
soot production to examine the expected larger benefits using the sgs combustion and
radiation models implemented in the current work.

98



Chapter 6

Investigation of soot modeling in LES
of a medium-scale ethanol pool flame
coupled with CSE approach

Soot emission plays a crucial role in influencing flame radiation and the concentration of
toxic products in non-premixed flames. This is particularly important in understanding
fire behavior and safety measures. Soot, being a primary component of smoke from fires,
significantly reduces visibility. Consequently, complicating evacuation efforts during fire-
related incidents, making it more challenging for individuals to find safe exits. Moreover,
soot inhalation is a major health concern as it can cause respiratory diseases. The envi-
ronmental impact of soot is also significant, as it contributes to air pollution and can affect
climate patterns by absorbing sunlight and warming the atmosphere. Additionally, in large
hydrocarbon fires, smoke shielding becomes a critical factor. The presence of dense smoke
can block emitted radiation from escaping, which in turn affects the overall fire dynamics.
This interaction between chemical reactions in fires, buoyancy-driven flow of hot gases, and
radiation can lead to more intense and unpredictable fire behavior.
In Chapters 4 and 5, soot modeling was not included in studying the different cases since
the flames were non-sooting. The aim of this chapter is to enhance the comprehensive CSE
framework by integrating it with two widely used laminar smoke point based soot models
in LES of pool fires for the first time. This new approach will be evaluated by simulating
a medium-scale ethanol pool fire. Experimental measurements of different flow quantities
including temperature, species mole fractions and radiative fluxes for this case are avail-
able in [11, 175, 9]. Soot is modeled in two ways based on laminar smoke point concept.
The first model calculates the laminar soot formation and oxidation rates then provides a
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correction to account for turbulent effects. The second one calculates soot reaction rate
in the conditional space based on analytical functions in mixture fraction and conditional
temperature then integrates it with filtered density function to obtain filtered reaction
rate. Predictions of the time-averaged and root mean square temperature, in addition to
species mole fractions and soot mass fraction profiles, are compared with the experimental
measurements.
The current study is the first one that focuses on this pool fire. It is also the first one to
study turbulent buoyant diffusion flames using CSE approach while accounting for soot
modeling. Previous studies investigating soot formation in turbulent buoyant diffusion
flames relied on EDM/EDC models for combustion closure [146, 147, 148].
The numerical predictions are compared with existing experimental measurements of time-
averaged temperature and their root mean square (rms) values. The distributions of species
mole fractions and soot mass fraction in the axial direction as well as radiative heat flux
measurements at different locations are also examined and compared with available exper-
imental data.

6.1 Soot modeling

Soot is modelled using two approaches based on the LSP concept. In both approaches, a
transport equation for soot mass fraction is solved as

∂(ρỸs)

∂t
+
∂(ρũiỸs)

∂xi
=

∂

∂xi

(
ρ (Ds +Dt)

∂Ỹs
∂xi

)
+ ω̇s, (6.1)

where Ỹs is the filtered soot mass fraction, ω̇s the filtered soot source term, Ds the laminar
soot diffusivity taken as 1% of the gas diffusivity following previous studies [191, 146].
This lower value compared to the gaseous species can be explained by the soot particles
being much heavier and larger than gas molecules. The soot source term is estimated by
modelling both soot formation and oxidation process separately then finding the resultant
as

ω̇s = ω̇s,f − ω̇s,o, (6.2)

In both models, soot formation and oxidation rates are determined directly from flow
variables, rather than being linked to precursor species. The models are generalized for
various fuels by correlating the peak soot formation rate with the fuel LSP height, which is
0.225 m for ethanol [141] in the present work. Further, both approaches assume that, when
normalized by the stoichiometric mixture fraction, the regions in mixture fraction space
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where soot formation and oxidation occur are the same for all fuels. The dependence on
specific soot surface area is also neglected in both the formation and oxidation source terms.
The two models differ primarily in how they describe the dependence of soot formation
and oxidation on flow variables, and the LES extension of the initial laminar formulation
to account for turbulence soot interactions is also treated differently.

• First soot model

The first approach used for modelling ω̇s in the current study is based on the model
developed by Beji et al. [49] for laminar non-premixed flames and extended for turbulent
LES fire simulations by Chen et al. [146]. In this model, the laminar soot formation is
estimated as

ω̇s,f =
4.4E − 6

Lsp

ρ2YfT
2.25e−2000/T , Zst ≤ Z ≤ 2.5Zst, (6.3)

where Lsp is the laminar smoke point height [141], Yf the fuel mass fraction, Z is the
mixture fraction and Zst the stoichiometric mixture fraction. To account for the turbulence
effects on soot formation, the partially stirred reactor concept is applied [192, 146]. A given
computational cell is assumed to be composed of reacting and non-reacting zones and the
filtered soot formation rate can be estimated by providing a correction to the laminar soot
formation calculated from the filtered flow variables as

ω̇s,f = mrω̇s,f (ρ, Ỹf , T̃ ), (6.4)

where mr is the mass fraction of the reacting zone in a given computational cell and can
be expressed as

mr =
τc,s

τc,s + τmix

, (6.5)

where τc,s is the chemical time scale and τmix is the turbulent mixing time scale. The
chemical time scale is assumed to be proportional to the laminar smoke point height

τc,s = CspLsp, (6.6)

where Csp is a constant derived based on the characteristic soot production time scale
for an ethylene flame [193] and is equal to 0.364 s/m. The mixing time scale, τmix, is
approximated to be the geometric mean of the largest and smallest flow time scales as

τmix =

√
ν1/2k

ϵ2
, (6.7)
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where k and ϵ are the total turbulent kinetic energy and its dissipation rate [146], respec-
tively.
The soot oxidation rate is modelled such that it takes place in a region that has sufficient
oxygen and close to the flame surface [146, 49] as

ω̇s,o = ρỸsṁ
∗ (L∗/L

′
)0.2(Z̃/Zst)

1− (L∗/L′)0.2(Z̃/Zst)
, 0 ≤ Z̃ ≤ Zst and T̃ ≥ 1300K, (6.8)

where L
′
is the characteristic fire plume length scale [194], ṁ∗ is the mass transfer rate

between the fine structures where soot oxidation takes place and the surrounding fluid
defined as

ṁ∗ =

(
3

CD2

)1/2 ( ϵ
ν

)1/2
, (6.9)

and L∗ is the characteristic length of the finest turbulent structures defined as

L∗ =
2

3

(
3C3

D2

C2
D1

)1/4(
ν3

ϵ

)1/4

, (6.10)

where CD1 and CD2 are constants equal to 0.5 and 0.75, respectively.

• Second soot model

In the second approach, the laminar soot model proposed by Lautenberger et al. [15] is
implemented. The turbulence interactions are accounted for in the soot source term by
first estimating the soot production source term in conditional space then integrating with
the FDF to obtain the filtered quantity required in Eqs. 6.1 and 6.2.
The conditional soot formation and oxidation rates are estimated as the product of ana-
lytical functions of mixture fraction and temperature

⟨ω̇s,f |η⟩ = fs,f (η)gs,f (⟨T |η⟩), (6.11)

⟨ω̇s,o|η⟩ = fs,o(η)gs,o(⟨T |η⟩), (6.12)

where ⟨ω̇s|η⟩ is the soot reaction rate, fs(η) the mixture fraction analytical function,
gs(⟨T |η⟩) the temperature analytical function, the subscript f denotes formation and o
corresponds to oxidation. The function shapes are based on soot formation rate map ob-
tained from experimental measurements of non-premixed ethylene flame [136]. The map
shows that formation rate trends are approximately parabolic functions in each of mixture
fraction and temperature. Thus, the mixture fraction soot formation function is assumed
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to be a third order polynomial. The function coefficients are determined by specifying the
start point of function, ηL, the end point, ηH , the location of the peak, ηP , and its value,
fs,f (ηP ). The temperature soot formation function is obtained through the same approach
normalized between zero and unity. The same is also true for the mixture fraction soot
oxidation function. However, the soot temperature oxidation function, gs,o, is assumed to
be linearly proportional to temperature starting from a critical value for simplicity.
Each mixture fraction function start, end and peak points are parameterized by the stoi-
chiometric mixture fraction, ηst, as

ηi = ψiηst, i = L,H, P (6.13)

where ψi is a constant, L denotes start point, H denotes end point and P denotes peak
point. The different parameters that define the four functions are listed in Table 6.1. The

Table 6.1: Soot formation and oxidation function parameters for the second soot model
from [15]

.

Parameter Soot formation Soot oxidation
ψL 1.05 0.56
ψP 1.77 0.84
ψH 2.15 1.05

f(ZP ) 1.1(0.106/Lsp) kg/m
3s -0.85 kg/m3s

TL 1375 K 1375 K
TP 1625 K -
TH 1825 K -

dgs,o/dT - 0.006 K−1

parameters were initially optimized for an ethylene flame. However, soot peak formation is
parameterized by the fuel LSP height to accommodate different fuels other than ethylene
[15]. The final functions for the current case are shown in Fig. 6.1.

6.2 Radiation modeling

Radiation is treated by assuming the medium to be non-scattering. The total absorption
coefficient is calculated as the summation of the gas and soot absorption coefficients. The
radiation absorption is accounted for by solving the RTE for an absorbing-emitting medium
following what was done in Chapter 5. The weighted sum of grey gases (WSGG) model
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Figure 6.1: (a) Mixture fraction functions Eq. 6.11 and Eq. 6.12 and (b) Temperature
functions for Eq. 6.11 and Eq. 6.12. In both, solid line is for soot formation and dashed
line is for oxidation.

[116] is used to estimate the gas absorption coefficient. The WSGG parameters for mixtures
of CO2 and H2O were originally based on experimental data but derived here from recent
correlations based on HITEMP [195].
The soot absorption coefficient is calculated following the approach in [196] as

κsoot = ρYsoot(1232.4 + 0.59155(T − 2000.0)) (6.14)

where κsoot is the soot absorption coefficient and Ys is the soot mass fraction. The soot
contribution is then included by adding the soot absorption coefficient to that of the gas
to obtain the total absorption coefficient, κT = κ+ κsoot.
The TRI effects are considered by first calculating the total absorption coefficient and the
emission term in conditional space and then integrating them with the FDF as

κT = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨κT |η⟩(η, t)P̃ (η, xj, t)dη, (6.15)

κT Ib = ρ

∫ 1

0

1

⟨ρ|η⟩
⟨κT Ib|η⟩(η, t)P̃ (η, xj, t)dη. (6.16)

In the current study, the finite-volume discrete ordinates method is selected as well for the
solution of the RTE where the intensity is assumed to be constant over discrete parts of
the total solid angle 4π.
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6.3 Computational details

6.3.1 Experimental setup

The current study investigates the medium scale ethanol pool fire, as reported in [9, 11].
This pool fire is one of the target experiments in the MaCFP working group under the NIST
pool fires subgroup. The pool diameter is 30 cm elevated above the ground such that the
fuel surface is 29 cm from the floor. A 1 cm lip height is maintained during the experiments.
The ethanol mass burning flux is reported to be 13.9± 0.8 g/m2/s which corresponds to a
heat release rate of 26.3± 1.5 kW. The time-averaged and rms values of temperature are
measured in the flame at several locations along the centerline. In addition, the species
mole fraction and soot mass fraction centerline measurements are provided for the same
case as well as radiative heat flux measurements at different locations [9, 11].

6.3.2 LES setup

Following what is employed in Chapters 4 and 5, the LES calculations are carried out
using a customized version of the FireFOAM solver [25]. This solver is built upon the
open-source CFD package OpenFOAM. FireFOAM employs a finite volume approach and
incorporates a variable density LES formulation, offering various modeling choices for han-
dling turbulence, combustion, and radiation.
The computational domain takes the form of a cylindrical shape with a diameter of 1.5 m
and a height of 1.75 m along the z-direction, as shown in Figure 6.2. Positioned 0.29 meters
(approximately one pool diameter) above the ground, the fuel inlet placement is equivalent
to that in the experiments. Additionally, the burner features a 1 cm lip height, replicating
the experimental setup described in [9, 11]. Maintaining the observed rim height during
experiments in pool fire simulations is crucial for achieving accurate results, as illustrated
previously [43].
In the pool region, the grid cell size is 5 mm up to a height of 62 cm from the pool sur-
face. Beyond that height, the grid is stretched across the rest of the domain. This mesh
resolution adheres to the MaCFP recommendation [177] for this scenario and aligns with
previously published LES studies on similar pool fires [180, 179, 42, 178]. The mesh con-
sists of 755,202 cells. For this study, the Smagorinsky model [59] is employed to handle
subgrid-scale (SGS) turbulence, with model constants Ck = 0.02 and Cϵ = 1.048. Implicit
time integration using a second-order accurate backward scheme is applied in the LES
solver. Spatial discretization of convective terms utilizes the Total Variation Diminishing
(TVD) scheme called limitedLinear, while a second-order central difference scheme is used
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Figure 6.2: Sectional view of computational domain with fuel pan at the center and
dimensions in meter. The fuel inlet is in grey, domain outlet in red, entrainment boundary
in green, fuel pan side wall in blue and ground in yellow.
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for diffusion terms. In all cases, simulations are conducted with a minimum burning time
of 35 seconds. To ensure that the initialization phase does not affect the results, data
collection begins only after the first 10 seconds. The simulation time step is approximately
0.5 milliseconds, controlled by the Courant number set to 0.8.
The mass flow rate is set at the inlet surface to match what is reported experimentally. For
the scalars inlet boundary conditions, both advection and diffusion fluxes are accounted
for. At the lateral and outlet boundaries, scalar gradients are set to zero. When flow exits
the domain, the total hydrostatic pressure governs both pressure and velocity. In the event
of flow reversal, the pressure is adjusted by the dynamic pressure. This adjustment helps
mitigate potential instability arising from sudden velocity increases, as the driving pressure
gradient is also decreased [25].
To solve the RTE, an angular mesh with 128 angles is set, satisfying the MaCFP working
group’s recommended resolution of 100 angles for this scenario [177]. Further, prior sim-
ulations of pool fires at a similar scale utilized angular meshes with 64 [20], 72 [178], and
128 angles [181].

6.3.3 CSE details

For the CSE calculations, the LES domain is divided into ensembles of computational
cells in the form of axial slices split into two halves. The ensembles are 15 cm in height,
equivalent to half of the pool diameter, in the first 90 cm from the pool surface. For the
remaining part of the domain, the ensemble height is 27.5 cm. The ensembles do not
extend below the pool surface on the sides of the burner. No reactions are expected in
this region of space since the fuel evaporates from the pool surface and combustion starts
farther downstream.
The effect of heat losses in the flame on the tabulated conditional reaction rates and mass
fractions is included by incorporating non-adiabatic tables. Different sets of tables with
different levels of enthalpy loss are generated starting from the adiabatic conditions. The
tables are labeled by the absolute enthalpy defined as the sum of species formation enthalpy
and the sensible enthalpy. The tables are generated at different levels by multiplying the
adiabatic enthalpy, which has a negative value, by a coefficient starting from 1.1 up to 6.0.
To determine the enthalpy level during the simulations, an additional transport equation is
solved for the adiabatic enthalpy (h̃ad) similar to Eq. 2.20, but without the radiation loss
term. Then, the filtered enthalpy loss is calculated as the difference between the sensible
enthalpy and the adiabatic one h̃loss = h̃ad − h̃. The conditional enthalpy loss (⟨hloss|η⟩)
is then obtained from the filtered values through integral inversion and used as one of the
parameters in the chemistry tables. The resulting TGLDM tables are four dimensional,
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mixture fraction, enthalpy loss and mass fractions of CO2 and H2O.
The mixture fraction space is discretized in 50 bins clustered around the stoichiometric
value (0.1). To determine ⟨YCO2|η⟩, ⟨YH2O|η⟩ and ⟨hloss|η⟩, three inversions are performed
in each ensemble for each variable and two additional inversions are performed for ⟨T |η⟩
and ⟨Ys|η⟩ needed for radiation modelling. Conditional reactions rates of major species
(ethanol (C2H5OH), oxygen (O2), CO2 and H2O) are retrieved from the TGLDM tables
as well as mass fractions of minor species (carbon monoxide (CO), hydrogen (H2) and
hydroxide (OH)). Eq. 3.25 is applied to calculate the unconditional values by integrating
the conditional values with the FDF over η space.
The numerical predictions from three cases are presented next. For comparison, one LES
calculation does not include any soot modelling (first case), but is otherwise configured the
same as the two cases with soot models included. The other two set of simulations include
soot models using the two approaches discussed in section 6.1.

6.4 Results

6.4.1 Flame structure

Instantaneous snapshots of both experimental and simulated flame surfaces are shown in
Figure 6.3. The experimental flame snapshots are captured through visible light emission
photography at two distinct time instances during the flame cyclic pulsing [9]. The flame
surface obtained from the first case of the simulations is defined as an iso-contour of the vol-
umetric heat release rate (200 kW/m3). These snapshots reveal interesting flame dynamics.
Initially, both experimental and simulated flames appear confined in a region close to the
pool surface. However, in the subsequent view, they exhibit an attached base near the
pool surface followed by formation of an elongated tube-like flame structure. Downstream,
larger flame puffing structures emerge due to buoyancy-driven motions. In addition, small
flame pockets appear detached from the main combustion zone in both the experimental
and simulated flames.
The flame height is estimated to be 62 cm based on the axial point at which the time-
averaged temperature exceeds that of the ambient by 550 K beyond the maximum tem-
perature point [124]. The prediction is within the reported value of 61.1± 28.2 cm in the
experiments, for which, the measured value is based on processing video recorded frames
of the experiments [11]. Further, the pulsation frequency is determined in the simulations
by performing a Fourier transform on the time history of vertical velocity at a distance of
0.36 meters from the pool surface along the centerline. The estimated value is 2.48 Hz.
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Figure 6.3: Comparison between flame shapes. The left side shows the experimental flame
surface, taken from reference [9]. The right side shows the simulated flame surface defined
as an iso-contour of the volumetric heat release rate of 200 kW/m3. Snapshots display
high and low flames at different time instants.

There is no direct measurement of the pulsation frequency for the current case. However,
the estimated value closely aligns with findings from experiments involving pool fire at the
same scale, but fueled by methanol. The pulsation frequency is estimated from the video
analysis of those experiments to be 2.8± 0.3 Hz in [12] and 2.65± 0.08 Hz in [188]
The radiative fraction is estimated from the simulations by evaluating the equation χrad =∫
Q̇raddV/

∫
Q̇reactdV . In the case with no soot modelling, the radiative fraction is approx-

imately 0.28, while it is estimated to be slightly higher with values of 0.35 with the first
soot model and 0.32 with the second soot modelling approach. These values are in good
agreement with the experimentally measured value of 0.26± 25% [9].

6.4.2 Temperature

Figure 6.4 shows the centerline variation of the temperature with height above the pool
surface. Both the time-averaged and the root mean square (rms) variations are presented.
Simulation results are shown for a case without any soot modelling as well as with soot
accounted for using the two models discussed before in comparison to measurements from
experiments [11]. In both figures, zp is the axial height measured from the pool surface (29
cm from the ground). In the experiments, the measured time-averaged temperature rises
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Figure 6.4: Centerline variation of the time averaged (left) and rms (right) temperature
along the domain centerline. Solid lines case without soot modelling, dashed-dotted lines
solution with the first soot model, and dashed lines solution with the second soot model.
Experimental data taken from [11].

from the inlet until reaching a peak of 1268 K at 15 cm from the pool surface then starts
decreasing. For the case without soot modelling, the results show that the time-averaged
temperatures are slightly underpredicted near the inlet close to the pool surface until
reaching the peak temperature point where it is close to the measured value. Downstream
from the peak, in the plume region, temperatures decrease at a slower rate than that of the
experiments and there is an overprediction of nearly 28% at 46 cm from the fuel surface
compared to the measured value. With the inclusion of soot, the variation in the time
averaged temperature is small. However, the case with the first soot model shows improved
temperature predictions compared to the other two cases: the temperature peak agrees well
with the experimental value and the downstream profile is also closer to the experimental
measurements. The predicted rms values do not align with experimental values as well.
This discrepancy can be attributed, in part, to the anticipated higher uncertainty associated
with rms measurements. Previous experiments estimated this uncertainty to exceed 25%
[189].

6.4.3 Species mole fractions

The time-averaged centerline species mole fractions of C2H5OH, O2, CO2, H2O, CO and
H2 species are shown in Figure 6.5 and compared with the experimental values [11]. The
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predictions show general agreement with the trends of the experimental measurements. The
three simulated cases present only slight variations in the species mole fraction predictions.
The predicted fuel concentration rapidly decreases from the inlet and is almost totally
consumed within 30 cm from the pool surface. However, the rate of fuel consumption
is lower than that observed from the measurements and the simulations overpredict the
centerline fuel variation. Still, the predictions in the two cases including soot are closer to
the measurements than the case without soot. Due to chemical reactions, O2 is consumed in
the flame region and the O2 mole fraction increases with downstream distance approaching
the value in ambient as more air is entrained into the fire plume. The mole fractions of
CO2 and H2O increase in the flame region, as expected, and then decay in the plume region
as they mix with the entrained air. The predicted peak of CO2 matches the experimental
value. The predicted peak of H2O mole fraction also agrees with the measurements if
the experimental uncertainty is considered. In the downstream region of the peak, the
predicted rate of decay of both of CO2 and H2O concentrations is lower than that seen in
the measurements. The CO and H2 profiles show rapid rise near the inlet where the mixture
is fuel rich, following the experimental trend. Farther downstream, they are depleted as
the mixture gets leaner and reactions with the excess O2 take place. In comparison to the
reported experimental values, the CO mole fraction peak is within the reported uncertainty,
while that of H2 is overpredicted compared to the measurements taking into consideration
the experimental uncertainty. No radial profiles of chemical species are available in the
experimental investigations.
The variation between the measurements and the simulation results may be explained in
part by the uncertainties in the measurements which, for example, can reach about 70%
for the values of oxygen mole fractions as well as the minor species [175].

6.4.4 Soot mass fraction

The time-averaged centerline soot mass fraction distribution is shown in Figure 6.6 with
the experimental measurements [11]. The peak soot mass fraction obtained from the first
soot model is close to that in the measurements, albeit with an underprediction of ap-
proximately 29%. However, this discrepancy remains reasonable for soot predictions and
considering the reported experimental uncertainty of 11%. With the second soot model,
the results do not agree as well and there is a significant underprediction in the soot peak
value. The peak soot location is measured at 14 cm from pool surface in the experiments,
while it is predicted at 12 cm with the first soot model and only 9 cm with the second
soot modelling approach. Farther downstream, the predictions from the first soot model
become much larger than the experimental data and show a lower rate of decay compared
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Figure 6.5: Centerline variation of the time averaged species mole fractions of (a) C2H5OH,
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to the experiments. In contrast, the low values from the second soot model are close to
the measurements. The overall soot predictions obtained by model 1 are in closer agree-
ment with experiments for the shape and magnitude of the centerline soot mass fraction
in comparison to those from model 2.
One possible source of discrepancy, found in both models, is the lack of soot formation
dependence on surface area that is likely more important in lightly sooting flames as with
the case under consideration with ethanol as a fuel [15]. The two selected soot models
do not account for such effect and consider only homogeneous soot formation. For this,
solution of an additional transport equation for soot number density would be required
or the different constants and functions used in the current approaches would need to be
modified.
The variation in the soot predictions between the two models can be related to the model
formulation. There are constants in both models that were originally calibrated for other
fuels. The LSP height is introduced to account for the expected variation of the sooting
level with changing of fuels. However, as can be noted in Table 6.1, the controlling param-
eters of soot oxidation rate in the second soot model are not parameterized by the LSP
height. Although this is also true for the first soot model, the oxidation rate in this case
shown in Eq. 6.8 is a function of the soot mass fraction providing a dependence on the
sooting level of the case under consideration which may help adjust the oxidation level.
Further, the turbulence soot interactions treatment is different, one governed by an EDC-
PaSR formulation in model 1 and the other using the FDF and convolution over mixture
fraction space. Considering the present results, the combined uncertainties found in model
2 have resulted in predicted soot mass fractions much lower than the experimental data in
the region of high soot level for this fire.
Higher soot levels lead to higher radiation losses, consequently, lower temperature predic-
tions. Therefore, the predictions of soot mass fractions are reflected in the temperature
predictions previously discussed. For example, 46 cm above the fuel surface, the centerline
temperature is lowered by 80 K with the first soot model and 42 K with the second model
making it closer to the measured value. Still, the current effect of soot on temperature
predictions is limited with inclusion of soot, even with the first model, since ethanol is a
lightly sooting fuel. For example, the experimentally measured soot mass fraction in an
acetone pool fire of the same scale is approximately five times that of the ethanol [11].

6.4.5 Radiative heat flux

Figure 6.7(a) shows the distribution of radiative heat flux from the fire with height outside
of the pool at radial position 0.6 m from the pool center. The results from the three cases
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Figure 6.6: Centerline variation of the time averaged soot mass fraction. Experimental
data taken from [11]. Same legend as in Figure 6.4.

and experimental measurements [9] are included. The predictions show a dip followed by
a peak in the predictions in the first 0.2 m above the fuel followed by a smoother curve in
the downstream. The peak is larger than the experimental value, but agreement improves
in the downstream regions. The predictions are higher with the first soot model results
than the other two cases which can be explained by the larger soot mass fraction predicted
in this case. Moving downstream, this variation is less evident as the soot gets depleted.
In Figure 6.7(b), the radial variation in radiative flux in the downward direction along a
line extending from the burner rim is shown in comparison to experimental measurements
[9]. The radiative flux is overpredicted near the burner in comparison to the measurements,
but the results get closer moving away from the burner.
Figure 6.7(c) shows the radial variation in total heat feedback in the downward direction
over the pool surface in comparison to the experimental measurements [9]. The measured
values show that the heat feedback is highest at the pool center and decreases moving
radially to the burner wall. This behaviour is also replicated in the simulations, but with
an overprediction near the center in comparison to the measurements. Moving away from
the center the predictions get closer to the measurements.
The behaviour of the different heat flux profiles discussed above is similar to that of a pre-
vious study [43] simulating methanol pool fire of the same scale. Their results overpredict
the flux as well at 0.6m from the centerline, but instead of the localized peak shown in
Figure 6.7(a), their results show a lower degree of overprediction that is extended over a
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Figure 6.7: Estimated radiative heat flux in comparison to measured values: (a) Vertical
distribution for flux in the radial direction at 0.6 m from the centerline (b) radial distri-
bution for flux in the downward direction outside of the burner (c) radial distribution for
total heat feedback over the pool surface. Experimental data taken from [9]. Same legend
as in Figure 6.4.

115



wide distance up to zp = 0.5 m. The rest of the radiative flux profiles are close to the
current predictions.
The current model does not account for fuel radiation in the calculation of the absorption
coefficient which is a possible contributing factor for the discrepancies shown. The use of
a finer angular grid may lead to better radiative flux predictions but only outside of the
flame region, as suggested previously [190].

6.5 Summary

The LES FireFOAM solver coupled with the CSE approach and soot modelling is applied
to simulate a medium scale ethanol pool fire. Detailed chemical kinetics are accounted for
through TGLDM tables with the inclusion of the effect of radiation heat loss. The radia-
tion treatment accounts for absorption by solving the RTE using the finite volume discrete
ordinate method and the WSGG model for estimating the gas absorption coefficients. Soot
is modeled in two ways based on the LSP concept. The first model calculates the laminar
soot formation and oxidation rates then provides a correction for turbulent effects. The
second calculates soot reaction rates in conditional space based on the analytical functions
and conditional temperature then integrates the conditional profiles with the FDF to obtain
filtered rates. Three cases are investigated. The first case does not include soot modelling,
while the other two account for soot through the two described soot models. The predicted
flame height and radiative fractions are in agreement with what is reported experimentally.
The time-averaged temperature predictions agree with the experiments as well. There is
an overprediction in the plume region, away from the peak temperature that is smaller
when the first soot model is applied. Species mole fractions are in general agreement with
the measurements with some discrepancies observed in the products downstream of the
peak which can be explained in part by the uncertainty in the measurements. The soot
mass fraction peak is underpredicted by 29% using the first soot model. However, with
the second soot model the values are notably underpredicted and the peak soot location
is closer to the fire base in comparison to what is seen in the experiments. Although soot
model 1 heavily relies on many empirical constants and relations, and includes simplified
expressions based on EDC/partially stirred reactor concept, the current soot predictions
are reasonable in the context of soot/fire simulations where large experimental uncertain-
ties are found. In contrast, soot model 2 has not performed as well as soot model 1 for the
present case. Soot model 2 includes a mixture fraction dependence for soot formation and
oxidation through presumed functions making it more suitable for CSE formulation and
explicit inclusion of turbulence soot interactions. As pointed out by Lautenberger et al.
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[15], the larger discrepancies in soot mass fraction predicted by model 2 may be due to the
lack of soot formation dependence on surface area, important in lightly sooting fuels such
as ethanol, and the functions probably need more adjustment. This is difficult to conduct
without additional experimental data.
The simulations overpredict the peak radiative flux away from the pool in the radial di-
rection. However, the results become closer to the measurements moving downstream.
The radiative flux in the downward direction is overpredicted as well near the burner wall
and becomes in agreement with the measurements moving radially. The behaviour of the
different heat flux profiles is similar to that of a previous study [43] simulating methanol
pool fires of the same scale. The current model does not account for fuel radiation in
the calculation of the absorption coefficient which is a possible contributing factor for the
discrepancies shown.
The present work with simple soot models as part of a larger LES framework including
detailed turbulent combustion and radiation models is a very first step towards incorpo-
rating more detailed soot models for pool fires exhibiting higher soot levels. Additional
experimental fire data need to be examined for further validation.
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Chapter 7

Conclusions

7.1 Summary of main findings

In Chapter 4, the LES FireFOAM solver coupled with the CSE approach is applied to the
UMD buoyant turbulent flame including tabulated detailed chemistry and different ap-
proaches for radiation modeling. The current time averaged temperature predictions are
in good agreement with the experimental measurements, except very close to the fuel inlet.
The predicted temperatures increase more slowly compared to the experimental data in the
first 0.09 m above the burner exit. The temperature rms is in reasonable agreement with
experimental data with the peak rms being overpredicted by approximately 17%. Further,
flame shape, unconditional and conditional quantities, axial velocity and mixture fraction
are also examined for qualitative analysis and found to correspond to expected trends.
The current LES-CSE predicted temperature and rms compare well with previously pub-
lished numerical results for the same flame. The present LES-CSE formulation does not
incorporate any conditional space submodels that were problematic in previous LES-CMC.
The effect of the calculation of the radiation term in the conditional domain to account
for TRI is found to have an influence on the predicted maximum temperature: the peak
is reduced by approximately 7% moving the predictions closer to the experimental data.
However, the use of the non-adiabatic tables is found to show only slight effect on the pre-
dictions for the current case. The predicted flame height closely matches the experimental
value. The calculated radiative fraction is found to be in agreement with the reported value
in the experiments. However, the HRR is found to be larger than the experimental value
of 50 kW. In the current work, the radiation modeling formulation relies on the optically
thin assumption along with the Planck mean absorption coefficients calculated using RAD-
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CAL. This is found to be reasonable for the selected case. This first LES-CSE provides a
good foundation for further developments for more complex fire cases. The study can be
extended to include more detailed models that account for absorption such as the finite
volume discrete ordinate method combined with the weighted sum of grey gases. For this,
the RTE will need to be solved, the conditional absorption coefficient may be calculated
in conditional space as a function of conditional temperature and species concentrations
like CO2 and H2O, the mean absorption may be determined by integrating the product of
conditional absorption and FDF over mixture fraction space, similar to what is reported
in [7] and the absorption TRI would be neglected, shown to be a reasonable assumption
[161].

In Chapter 5, the LES FireFOAM solver coupled with the CSE approach and RTE
solver is applied to model medium and large scale methanol pool fires. For the medium
scale scenario, the radiation is treated first with the optically thin assumption and then
compared with results that account for absorption by solving the RTE using the finite
volume discrete ordinate method with coarse and fine angular resolutions. In all cases, the
WSGG model is used to estimate the absorption coefficients and TRI are accounted for.
Among the three investigated cases, the results are close, but the case that solves the RTE
with 128 angles shows closer predictions to the measurements in general. Flame height
and radiative fraction match the experimental values within experimental uncertainty. The
predicted puffing frequency is found to be slightly lower, at 2-2.1 Hz in comparison to 2.6-
2.8 Hz in the experiments. The current time-averaged temperature predictions are in good
agreement with the experimental measurements, except at the centerline close to the pool
surface. This observation is found in previous simulations as well and may be explained by
the fixed prescribed mass flow rate boundary and modeling the pool to have a flat surface.
For the remaining locations, the predictions are in reasonable agreement with the mea-
surements and reproduce well the flame width at different axial positions. The centerline
species mole fraction distributions show that there is a general agreement in the trends,
but there are some discrepancies in the downstream region of the fire. Some of these dis-
crepancies may be explained by the dissimilarity in the fuel evaporation rate between the
experimental setup used to measure the species mole fraction and the base one investigated
in the current simulations as well as experimental uncertainties in species concentrations.
The close predictions from the different radiation modeling approaches indicate that the
optically thin approximation is reasonable for the medium scale fire. For the radiative flux,
it is shown that the predictions align better with the measurements with the finer angular
mesh outside of the flame region, while the results from both angular meshes are in agree-
ment within the flame, meaning that, a coarse angular mesh is adequate to estimate the
near flame region radiative fluxes, but a finer one is required farther away from the pool
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fire. The current model does not account for the methanol contribution in the radiation
calculation which is a possible source of discrepancy in the radiative flux results.
For the large scale fire, the results are shown for CSE coupled with the solution of RTE
with an angular mesh of 128 angles. The finite volume discrete ordinate method is used
for solution of the RTE combined with the weighted sum of grey gases while accounting
for TRI similar to what is employed in the medium scale case. The time-averaged tem-
perature predictions are in good agreement with the experimental measurements, except
on the centerline downstream of the flame region where the results are overpredicted and
show a slower rate of decrease than what is observed in the experiments. The radiative
heat flux results show that the differences between the predictions and the measurements
are higher outside the flame region but get closer near the flame. This implies that the
current angular mesh resolution is not fine enough for out of the flame region since a fine
angular grid is required for better radiative flux predictions away from the flame.
This first LES-CSE coupling with the solution of the RTE is an important step for further
developments of the CSE framework to study more complex fire cases with detailed chem-
istry. Further research will consider pool fire with different fuels such as ethanol with soot
production to examine the expected larger benefits using the sgs combustion and radiation
models implemented in the current work.

In Chapter 6, the LES-CSE framework coupled with soot modeling is applied to simu-
late a medium scale ethanol pool fire. Detailed chemical kinetics are accounted for through
TGLDM tables with the inclusion of the effect of radiation heat loss. The radiation treat-
ment accounts for absorption by solving the RTE using the finite volume discrete ordinate
method and the WSGG model for estimating the gas absorption coefficients. Soot is mod-
eled in two ways based on the LSP concept. The first model calculates the laminar soot
formation and oxidation rates then provides a correction for turbulent effects. The second
calculates soot reaction rates in conditional space based on the analytical functions and
conditional temperature then integrates the conditional profiles with the FDF to obtain
filtered rates. Three cases are investigated. The first case does not include soot modelling,
while the other two account for soot through the two described soot models. The predicted
flame height and radiative fractions are in agreement with what is reported experimentally.
The time-averaged temperature predictions agree with the experiments as well. There is
an overprediction in the plume region, away from the peak temperature that is smaller
when the first soot model is applied. Species mole fractions are in general agreement with
the measurements with some discrepancies observed in the products downstream of the
peak which can be explained in part by the uncertainty in the measurements. The soot
mass fraction peak is underpredicted by 29% using the first soot model. However, with
the second soot model the values are notably underpredicted and the peak soot location
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is closer to the fire base in comparison to what is seen in the experiments. Although soot
model 1 heavily relies on many empirical constants and relations, and includes simplified
expressions based on EDC/partially stirred reactor concept, the current soot predictions
are reasonable in the context of soot/fire simulations where large experimental uncertain-
ties are found. In contrast, soot model 2 has not performed as well as soot model 1 for the
present case. Soot model 2 includes a mixture fraction dependence for soot formation and
oxidation through presumed functions making it more suitable for CSE formulation and
explicit inclusion of turbulence soot interactions. As pointed out by Lautenberger et al.
[15], the larger discrepancies in soot mass fraction predicted by model 2 may be due to the
lack of soot formation dependence on surface area, important in lightly sooting fuels such
as ethanol, and the functions probably need more adjustment. This is difficult to conduct
without additional experimental data
The simulations overpredict the peak radiative flux away from the pool in the radial di-
rection. However, the results become closer to the measurements moving downstream.
The radiative flux in the downward direction is overpredicted as well near the burner wall
and becomes in agreement with the measurements moving radially. The behaviour of the
different heat flux profiles is similar to that of a previous study [43] simulating methanol
pool fires of the same scale. The current model does not account for fuel radiation in
the calculation of the absorption coefficient which is a possible contributing factor for the
discrepancies shown.
The present work with simple soot models as part of a larger LES framework including
detailed turbulent combustion and radiation models is a very first step towards incorpo-
rating more detailed soot models for pool fires exhibiting higher soot levels. Additional
experimental fire data need to be examined for further validation.

7.2 Summary of accomplishments

The main outcomes of the current dissertation can be summarized as

• Previously, CSE approach has been considered in modeling jet flames at different
situations. However, the current study extends CSE approach to investigations of
turbulent buoyant diffusion flames such as fires for the first time.

• Coupling of CSE approach for the first time with the LES FireFOAM solver. As a
first step, the UMD methane line fire is tested with different radiation implementa-
tions all with the optically thin approximation. The results are in good agreement
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with experimental measurements and are improved with the inclusion of TRI in the
calculations.

• Inclusion of radiation absorption with CSE for the first time. All of the previous
CSE simulations have relied on the optically thin approximation and the RADCAL
approach for estimating coefficients. In the current study, radiation absorption is
accounted for by solving the RTE along with applying WSGG for calculation of the
absorption coefficients. The TRI are included as well by calculating the absorption
coefficients and the emission term in conditional space then integrating them with
the FDF.

• The new framework is used to investigate medium and large scale methanol pool
fires to be the first CSE study on pool fires. The temperature results are improved
with including RTE solution. A fine angular mesh is shown to be important away
from the pool fire, while a coarse one is adequate to estimate the near flame region
radiative fluxes.

• Coupling CSE for the first time with two of the most commonly used soot models
in fire simulations that are based on the LSP concept. The approach is used for the
investigation of the medium scale ethanol pool fire which has not been investigated
previously.

7.3 Future work

In the current study, methane, methanol and ethanol fires are considered. However, more
complex fuels, that are found in engineering applications and subject to fire incidents such
as kerosene and jet A, are important to study as well. For this, the current tabulation
technique may not be adequate, and other tabulation techniques may be implemented
along with CSE to simulate such complex fuels. The performance of chemistry tabulations
would be enhanced by inclusion of the recent advances in machine learning and neural
networks.

Some numerical parameters have been selected based on choices from previously pub-
lished studies. The effects associated with varying those parameters on the results have
not been investigated or at least are not studied well enough. It is worth considering the
effect of variation of those parameters in the future. These parameters include the Courant
number, the use of dynamic Smagorinsky sgs turbulence model, the ensembles shape as
well as distribution and the outer geometric dimensions of the computational domains.
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Throughout the current study, the implemented form of CSE relies on a single condi-
tioning variable. With high levels of extinction, double conditioning variables or DCSE will
need to be examined, and in particular the joint PDF closure will have to be investigated
in the context of turbulent buoyant flames.

The effects of water suppression in fires can be included through inclusion of spray
modeling in the current framework. This is an important step in modeling real world fire
incidents.

Other radiation modeling approaches will be considered, including more detailed de-
scription of the absorption coefficient and falling under the class of narrow band and wide
band models.

In regard to soot modeling, more detailed models that account for soot formation
dependence on surface area as well as the inclusion of PAH-based soot inception will be
required for more accurate predictions. This is important in cases of fuels with high levels
of soot production such as acetone and heptane.

Introducing pyrolysis and flame spread modeling to the current framework to extend the
applications from pool fires to other situations involving complex combusting materials.
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J. Luche, A. Trouvé, et al., Simulations of a turbulent line fire with a steady flamelet
combustion model coupled with models for non-local and local gas radiation effects,
Fire Saf. J. 106 (2019) 105–113.

[7] R. Xu, A. Marchand, S. Verma, T. Rogaume, F. Richard, J. Luche, A. Trouvé, et al.,
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[153] J. White, E. Link, A. Trouvé, P. Sunderland, A. Marshall, A general calorimetry
framework for measurement of combustion efficiency in a suppressed turbulent line
fire, Fire Saf. J. 92 (2017) 164–176.

[154] J. White, S. Vilfayeau, A. Marshall, A. Trouve, R. McDermott, Modeling flame
extinction and reignition in large eddy simulations with fast chemistry, Fire Saf. J.
90 (2017) 72–85.

[155] L. Ma, F. Nmira, J.-L. Consalvi, Modelling extinction/re-ignition processes in fire
plumes under oxygen-diluted conditions using flamelet tabulation approaches, Com-
bust. Theor. Model. 26 (2022) 613–636.

[156] C. Greenshields, OpenFOAM v8 User Guide: 5.2 Boundaries (Jul 2020).
URL https://cfd.direct/openfoam/user-guide/v8-boundaries/

#x25-1770005.2

[157] P. J. Coelho, Numerical simulation of the interaction between turbulence and radia-
tion in reactive flows, Prog. Energy Combust. Sci. 33 (4) (2007) 311–383.

140

https://cfd.direct/openfoam/user-guide/v8-boundaries/#x25-1770005.2
https://cfd.direct/openfoam/user-guide/v8-boundaries/#x25-1770005.2
https://cfd.direct/openfoam/user-guide/v8-boundaries/#x25-1770005.2


[158] A. Hamins, A. Lock, The Structure of a Moderate-Scale Methanol Pool Fire, TN-
1928, NIST, 2016.

[159] W. Bushe, Spatial gradients of conditional averages in turbulent flames, Combust.
Flame 192 (2018) 314–339.

[160] B. Merci, J. Li, G. Maragkos, On the importance of the heat release rate in numerical
simulations of fires in mechanically ventilated air-tight enclosures, Proc. Combust.
Inst. 39 (3) (2023) 3647–3672.

[161] J. Consalvi, F. Nmira, Absorption turbulence-radiation interactions in sooting tur-
bulent jet flames, J. Quant. Spectrosc. Radiat. Transf. 201 (2017) 1–9.

[162] Y. Chen, J. Fang, X. Zhang, Y. Miao, Y. Lin, R. Tu, L. Hu, Pool fire dynam-
ics: Principles, models and recent advances, Prog. Energy Combust. Sci. 95 (2023)
101070.

[163] G. Maragkos, P. Rauwoens, Y. Wang, B. Merci, Large eddy simulations of the flow
in the near-field region of a turbulent buoyant helium plume, Flow Turbul. Combust.
90 (2013) 511–543.

[164] B. F. Magnussen, B. H. Hjertager, On mathematical modeling of turbulent com-
bustion with special emphasis on soot formation and combustion, in: Int. Symp.
Combust., Vol. 16, Elsevier, 1977, pp. 719–729.

[165] G. Maragkos, B. Merci, Influence of radiation modelling in under-resolved fds free-
burn simulations, Int. J. Heat Fluid Flow (2024) 109437.

[166] S. B. Pope, Pdf methods for turbulent reactive flows, Prog. Energy Combust. Sci.
11 (2) (1985) 119–192.

[167] M. Jangi, B. Z. Dlugogorski, On wall fire interaction in a small pool fire: A large-eddy
simulation study, Fire Saf. J. 92 (2017) 199–209.

[168] N. Peters, Laminar diffusion flamelet models in non-premixed turbulent combustion,
Prog. Energy Combust. Sci. 10 (3) (1984) 319–339.

[169] W. Han, J. Lin, G. H. Yeoh, E. R. Hawkes, Les/pdf modelling of a one-meter diameter
methane fire plume, Proc. Combust. Inst. 38 (3) (2021) 4943–4951.

[170] M. Cleary, J. Kent, Modelling of species in hood fires by conditional moment closure,
Combust. Flame 143 (4) (2005) 357–368.

141



[171] W. K. Bushe, H. Steiner, Laminar flamelet decomposition for conditional source-term
estimation, Phys. Fluids 15 (2003) 1564–1575.

[172] J.-L. Consalvi, F. Nmira, W. Kong, On the modeling of the filtered radiative transfer
equation in large eddy simulations of lab-scale sooting turbulent diffusion flames, J.
Quant. Spectrosc. Radiat. Transf. 221 (2018) 51–60.

[173] A. Gupta, D. Haworth, M. Modest, Turbulence-radiation interactions in large-eddy
simulations of luminous and nonluminous nonpremixed flames, Proc. Combust. Inst.
34 (1) (2013) 1281–1288.
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