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a b s t r a c t 

Large-eddy simulation with transported probability density function (t-PDF) method for modelling pool 

fires is presented. The PDF method that is used here is based on the Eulerian stochastic fields method 

(SF), and is accelerated with chemistry coordinate mapping (CCM) technique. SF-CCM for large-eddy sim- 

ulation is formulated and applied to simulate methanol pool fires with various pool sizes for the first 

time. The model includes finite rate chemistry effects with detailed chemistry of the methanol combus- 

tion. The simulation results agree well with experiments in terms of the averaged flame height and the 

maximum ceiling temperature. More important is the capability of the current approach in reproducing 

the dynamic characteristics of the fire plume. Especially, the intermittent behaviour of pool fires and its 

response to the effects of the pool size are predicted, accurately. The key factor to success is the ca- 

pability of the method in handling multiple modes of combustion in both premixed and non-premixed 

mixtures. It is shown that a pool fire involves the local and global extinction which is mainly due to 

the large entrainment of the fresh and cold ambient air to the base of fire plume. It is shown that the 

quenching and re-ignition are key processes in the understanding the dynamic behaviour of pool fires. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

From safety perspective, prediction of compartment fires, 

namely the flame height, maximum ceiling temperature and the 

rate and type of toxic emissions are important. In this context, 

pool fires are of great importance, especially in oil and petroleum 

industries, and in the transportation sector; because of the enor- 

mous damages that could be associated with this category of fires. 

On the other hand, from fundamental combustion science point of 

view, pool fire is an interesting phenomenon because it involves 

several key physical processes among them: evaporation and mix- 

ing, pyrolysis and turbulent combustion. 

In a pioneering empirical study by Blinov and Khudiakov [1] , 

three regimes of pool fires were proposed: laminar flow; tran- 

sient flow; and fully turbulent flow regimes. This classification is 

based on Froude number (dimensionless heat release), and still re- 

mains applicable. Regardless of the nature and regime of the flow, 

fires in general and pool fires in particular are classified as dif- 

fusion flames. Therefore, the dynamics of fires is described based 

on the theory of non-premixed flames [2] . The assumption behind 

this classification is that combustion occurs with infinite fast reac- 

tion rates in thin reaction fronts, and the “all mixed are burned”
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rule is valid. Most of the literature modelling studies rely on this 

understanding of the physics of fire. For example the combustion 

sub-model in the widely used Fire Dynamics Simulator (FDS) pack- 

age is based on the eddy dissipation concepts (EDC) [3] . Modified 

version of EDC approach [4] and non-premixed flamelet approach 

have also been used in the past [5] . The latter can be computation- 

ally very efficient if combustion in the problem at hand belongs to 

the non-premixed flamelet regime of combustion. 

However, the validity of the above mentioned assumptions 

has not been thoroughly examined, yet. Indeed, pool fires 

usually involve pyrolysis (fuel dissociation and low-temperature 

chemistry) which can be much slower process than mixing and 

turbulence. The rate of evaporation (the regression rate of the pool) 

is also much smaller than that require of matching the massive 

entrainment which is up to 20 times of the stoichiometric air 

to fuel ratio [6] , and to form a stable non-premixed flame. Such 

entrainment can potentially give rise to the quenching and even- 

tually local/global extinction of the fire plume. Flame height and 

the intermittency of the fire plume also cannot be fully understood 

and predicted by the theory of non-premixed flames. Although the 

dynamics of pool fires may be reproduced, to some extent, by us- 

ing EDC model together with sub-models for the flame extinction 

[7] . However this type of modelling approach requires ad hoc sub- 

model and model constants tuning. It is highly possible that pool 

fires, at least in some flow regimes, involve premixed combustion 
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in a form of ignition and/or premixed flame fronts propagation. 

Under these conditions non-premixed based modelling strategies 

are not physically correct modelling approaches. Perhaps, the so- 

called partially premixed combustion (PPC) better describes the 

nature of pool fires. 

In this study, we revisited the problem of combustion in 

compartment pool fire configurations to examine the structure of 

combustion in more details. We are presenting a new modelling 

approach. The originality of our approach is in the combustion sub- 

model that is used. We used Eulerian stochastic fields (SF) method 

[8] . SF method is an Eulerian formulation of the transported prob- 

ability density function (t-PDF) method. This class of combustion 

sub-models have been designed to handle multiple modes of com- 

bustion from ignition to premixed flames to non-premixed flames 

when they can potentially co-exist in a problem and interact with 

each other [9,10] . In this approach, the chemical source terms in 

the transport equations of the chemical species and the energy 

equation of turbulent reacting flows appear in a closed form. In 

this way, no further assumption on the structure of combustion 

and the reaction fronts is needed to obtain a closed form of the 

conservation equations. 

The drawback with t-PDF is that, this method can become 

computationally very expensive, when applied to simulate realis- 

tic combustion problems in which reasonable details of the kinetic 

mechanism is required to correctly predict the chemistry of com- 

bustion. Modelling of pool fires is of this class of problem in which 

reasonably detailed chemistry has to be adopted for pyrolysis and 

fuel dissociation near the pool surface and the formation of emis- 

sions in the fire plume. Here, this issue is addressed by employ- 

ing chemistry coordinate mapping (CCM) technique [11,12] . In the 

past, we developed and validated this method for both Lagrangian 

[13] and Eulerian based PDF [14] formulations. Those studies are 

based on Reynolds-averaged Navier–Stokes (RANS) approach. Here, 

for the first time, we formulated and applied the SF method with 

CCM for large-eddy simulation (LES). The SF introduced by Valino 

[8] and Sabelnikov [15] . SF method has been used by Jones and co- 

workers for modelling combustion in gas turbines related configu- 

rations [16] , cf. references therein, and also by Jangi et al. [14] for 

modelling diesel spray combustion applications. 

In this study, we use (LES) which is desirable because it allows 

us to capture the temporal and spatial evolution of the flow mo- 

tions and combustion processes. In this work, the simulations are 

based on the experiments of Ji and colleagues [17,18] , where they 

studied the maximum ceiling temperature and the flame height of 

methyl alcohol pool fires with various pool sizes in a compartment. 

The detailed kinetic mechanics of methyl alcohol involves relatively 

less number of chemical spices compared with that of larger hy- 

drocarbons. This allows us to use LES with t-PDF approach and 

detailed chemistry, yet reasonable computational costs. The main 

objectives of current study are: to formulate and apply SF-CCM for 

modelling pool fires; to examine the structure and the modes of 

combustion of the modelled pool fires; to understand the role of 

premixed combustion in the dynamics of the modelled fire plume. 

2. Mathematical model: CCM accelerated SF method 

Favre-filtering LES conservation equations for gas phase can be 

written: 

∂ ρ

∂t 
+ 

∂ ρ ˜ u j 

∂x j 
= 0 , (1) 

∂ ρ ˜ u i 

∂t 
+ 

∂ 

∂x j 
[ ρ ˜ u i ̃  u j − τ i j + τ sgs 

i j 
] = 0 , (2) 

the overline denotes the general filtering, e.g., 

u (x, t) = 

∫ 
G (r, x ) u (x − r, t) dr, (3) 

the integration is over the entire field and the filter function G sat- 

isfies the normalization condition ∫ 
G (r, x ) dr = 1 . (4) 

Tilde denotes the Favre filtering 

ρu = ρ ˜ u . (5) 

In Eq. (2) , u is velocity, and τ i j is filtered stress tensor ob- 

tained from resolved strained rate ˜ S i j using τ i j = −p δi j + 2 μ ˜ S i j + 

1 / 3 ̃  S kk δi j . τ
sgs = ρ( ̃  u i u j − ˜ u i ˜ u j ) is the sub-grid scale stress tensor 

which is modelled using the Smagorinsky model. 

2.1. Combustion sub-models 

We use Eulerian stochastic fields (SF) method in which the ex- 

act transport equation of the joint sub-grid scales PDF is solved 

with the Monte Carlo method [8] . In SF method the joint sub- 

grid PDF is estimated by an ensemble of N F stochastic fields. Each 

stochastic fields involves N s + 1 number of scalars accounting for 

N s number of chemical species in addition to the enthalpy vari- 

able. The stochastic equation for the nth stochastic field is: 
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α
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ρC φ(φ(n ) 
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sgs d t + ρ

√ 
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�t 

ρ

∂φ(n ) 
α

∂x i 
d W 

(n ) 
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, (6) 

with 1 � α � Ns + 1 and 1 ≤ n ≤ N F . The above equation im- 

plies invoking the gradient transport hypothesis for approximating 

transport by turbulent velocity fluctuations. Here �t = 

μ
σ + 

μsgs 

σ sgs is 

the total molecular plus sub-grid scale diffusivity, and S r α(φ(n ) ) dt

is increments in φ(n ) 
α due to chemical reactions. 

The term involves C φ , where C φ = 2 , is the micro-mixing mod- 

elled by the Interaction with Exchange to the Mean (IEM) model. 

In this term, ω 

sgs is sub-grid scale turbulent frequency obtained 

from ω 

sgs = 

μ+ μsgs 

ρ�2 , with � being the filter width. 

The d W i 
( n ) represents a vector Wiener process that is spatially 

uniform but different for each field. Here d W i 
( n ) is approximated 

by time-step increment 
√ 

dt η(n ) and η( n ) is a {−1 , 1 } dichotomic 

random vector [8] . 

The mean and moments of each variable α can be approxi- 

mated from the ensemble of N F notional fields, for example the 

mean is: 

˜ φα = 

1 

N F 

N F ∑ 

n =1 

φ(n ) 
α (7) 

An operator splitting strategy is used to isolate the chemical 

source terms. The calculation of those source terms involves eval- 

uating the integral 
∫ t 0 + dt 

t 0 
S α(φ(n ) ) dt . A potentially more efficient 

way to evaluate the chemical source terms would be to first iden- 

tify and cluster all cells in all notional fields that have similar ther- 

modynamic states into phase-space zones, and then perform the 

ODE integration once for all of the particles in the zone. This ap- 

proach is known as clustering [19] , or sometimes is referred to as 

an agglomeration [20] technique. 

In principle, the phase space consists of a subset of the com- 

position space. The mapping of the n th field with composition 

φ(n ) (Y 1 , ..., Y N S , h ) into the discretized phase space can be consid- 

ered as a mapping between the CFD cell index ( i, j, k ) in n th to the 

zone index in discretized phase space. The ( i, j, k ) CFD cell at time 

t in n th field is mapped to the lth zone in direction α of the phase 
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