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Abstract 

The present thesis constitutes an important contribution to the understanding of a 

partially premixed combustion system associated with the hazardous backdraft 

phenomena. Backdraft may occur when fresh air is suddenly introduced into a 

vitiated environment where fire has already died out due to lack of oxygen but there 

are still unbumt fuel and products of incomplete combustion left. 

In the context of backdraft or deflagration, a complex flame structure is expected. 

Both, non-premixed and diffusion combustion might, in principle, be present. The 

present study focuses on the development of sub-grid scale (SGS) models to facilitate 

the study of such complex flame structure using the large eddy simulation (LES) 

technique. Before applying the model to the backdraft simulation, the individual SGS 

models were firstly validated using simple configurations where detailed 

experimental data is available. 

A flame let-like model for premixed combustion was introduced and thereafter 

coupled with the non-premixed combustion model through a "flame index" 

parameter. This concept makes use of the gradient signs of oxygen and fuel mass 

concentrations to distinguish between premixed and diffusion combustion regimes. In 

the present implementation in LES, an improved version of the flame index concept 

developed by Domingo et al. [67] was adopted. The model takes into account the 

fluctuations of both gradients at sub-grid level, which subsequently, might affect the 

filtered flame index value. 

In order to track the premixed flame front we used an approach which filters the 

progress variable balance equation using a filter larger than the actual LES grid. This 

approach has the advantage that it represents a physical meaningful variable and is 

stable from the numerical point of view because of the smooth gradients of the 

progress variable at the flame front and the species concentrations related to it. 



The flame front tracking technique was tested with an unstrained planar hydrogen 

flame front. Reasonably good results in burning speed and density ratio were 

obtained. 

The non-premixed or diffusion combustion regime was modelled using a flamelet

like model which considers the flame to be located at the stoichiometric value of the 

mixture fraction and it is related to the strain rate imposed by the counter flow of 

oxygen and fuel mass concentration feeding streams. This approach has the 

advantage that it has been tested for different scenarios and it is relatively fast as the 

variables can be pre-stored in a table. 

The flame index approach was tested using a laminar triple flame configuration. It 

was observed that the model could capture the different combustion regimes and 

predicted the lift-off height with reasonable accuracy. The location of the triple point 

was well predicted and the three branches further downstream could also be easily 

discerned from the predictions. 

Subsequently, a partially premixed turbulent lifted flame was simulated. In this case, 

it was necessary to introduce the augment of burning velocity induced by the 

wrinkling of the flame front at sub-grid level. The SOS flame front wrinkling factor is 

defined as the sub-grid scale flame surface divided by its projection in the resolved 

propagating direction. This can be regarded as the ratio of the sub-grid turbulent 

flame speed at grid scale (STLi) and the laminar flame speed (s~). Reasonably good 

agreement was found on the lift-off prediction, the flame structure, and the mixture 

fraction profiles. A stabilization mechanism was discussed based on concepts 

previously exposed where the flame base faces a high velocity flow and a flammable 

mixture. Thereafter, the flame attempts to find its way upstream through low-speed 

flammable sections of the flow. It was found that in this process the stabilization 

point, herein identified as the maximum premixed heat release, plays an important 

role driving the flame base upstream the flow. 



Finally, two real scenarios of backdraft in a full scale fire test were simulated. These 

include the full scale backdraft experiment of Gojkovic [94] and the reduced scale 

experiment of Weng and Fan [254] . Unfortunately, there exist neither extensive nor 

accurate measurements for the former one and hence, the comparison against the 

numerical simulation was largely carried out on qualitative grounds. Five different 

stages were identified: 1) initial phase, 2) spherical propagation, 3) planar 

propagation, 4) flame front stretching and 5) fire ball. Qualitatively, the simulation 

agreed well with the experiment. The ignition delay time (the time from the opening 

of the hatch until the time when the ignition occurs) was well predicted by the 

simulation. It was also observed that the flame structure in the backdraft was 

predominantly premixed. 

More detailed measurements were available in the tests of Weng and Fan [254]. 

These included the upper layer temperatures, mass concentrations and pressures at the 

openings. Different opening geometries were used and the total mass flow rates in 

and out of the container were also measured. Overall, the predictions were in good 

agreement with the measurements and the model predicted the correct trend for 

pressure and mass flow rates in the tests with different openings. Furthermore, the 

predicted occurrence and non-occurrence of backdraft in different geometrical 

configurations was in line with the experimental observations in which backdraft did 

not always happen. 

During the earlier stages of the study, some effort was devoted to improving the SGS 
turbulence models and to implement a CMC type SGS combustion model into the 

code. Unfortunately both models were later found to be unsuitable for the backdraft 

simulation. The first one suffered numerical instabilities caused by the under 

prediction of the Smagorinsky constant when applied to the backdraft case. The 

second one was deemed inappropriate due to its requirement of an homogeneous 

plane of conditional values. Nevertheless, some reasonably good results have been 

obtained with both models during the validation using simple geometrical 

configurations, namely a buoyant plume, a backward facing step and the Sandia-D 



non-premixed turbulent flame. The effort in this direction is therefore still included in 

the thesis as summarised below. 

A Lagrangian SGS turbulence model was implemented. Good results were found for 

classical benchmarking flow configurations such as the buoyant turbulent plume and 

the backward facing step. It was, however, found that the SGS turbulence viscosity 

became negative in a larger percentage than originally stated by Maneveour. Because 

of this, the model is prone to numerical instability. When applied to the backdraft 

simulation, the dynamically calculated Smagorinsky constant using this model was 

found to be consistently lower than the conventional range (0.1-0.23). This caused 

stability problem and made it very difficult to achieve converged solutions. 

The conditional source estimation (CSE) approach, which is a variation of the 

Conditional Moment Closure (CMC) approach, was also implemented. This model 

produced good results for the classical turbulent diffusion flame (SANDIA flame D). 

Even though the present implementation is not capable of predicting extinctionlre

ignition events it was showed that it is very economic from computational point of 

view. However, as explained above, this model was also considered as unsuitable for 

the backdraft simulation. 
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Chapter 1 
Introduction 
Fire development in buildings is an extremely important topic in fire protection 

engineering. Fire spreading rates, combustion gases temperatures and concentration, 

evolution of toxic gases and the available time to evacuate the occupants safely are all 

topics of concern in the fire research community. 

The fast development in construction technology has resulted in an extraordinary 

enlargement of the size of buildings. Public places such as shopping, stadiums, 

skyscrapers, etc. can accommodate hundreds if not thousands of people, highlighting 

fire safety issues. 

Several scientific disciplines such as chemistry, physics, flow dynamics and heat 

transfer are involved and play their part in fires. Technical information about fuels, 

burning rates, fire spread, flashover and backdraft phenomenon is also relevant. 

Experimental studies, fire modelling and fire investigation are also strongly related to 

the fire dynamic discipline. 

Simple empirical relationships have been developed to provide estimates of fire 

growth in general. The advance in computational facilities in the 1980s has led to an 

improvement in fire prediction and allowed the development of more accurate tools 

aiming at solving the basic physics involved in fires. The improvement of fire 

modelling is assisted by experimental studies which help to understand the actual 

behaviour of fires in real-life and in laboratory situations. Some of these studies 

focused on hazardous flashover and backdraft phenomenon, and more importantly 

how these events can be delayed or suppressed. On another front, the understanding 

of the fire dynamic can also assist in the investigation of destructions after the fire is 

extinguished. 
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Chemical reactions are governed by the laws of chemistry and physics, and in 

specific situations one can be more relevant than the other or can control the burning 

process. Combustion is an exothermic reaction (heat released) where fuel and 

oxidizer (usually air) are involved and converted into other components (products of 

combustion) thus, as a consequence, energy in the form of heat is released. 

In general, there are two types of fire scenarios: 1) open or well ventilated fires, 

where the air supply never runs out and the combustion is evenly sustained and 2) 

indoor or enclosure fires, where oxygen is fed through the openings of the enclosure 

and hence the flame behaviour depends on both the geometry and location of the 

openings. Herein, we are concerned mainly with the latter. 
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1.1 Enclosure Fires 

This section provides an overvIew and a qualitative description about fire 

development in enclosures. 

1.1.1 Terminology 

Backdraft: Under certain circumstances, the lack of oxygen supply during an 

enclosure fire can lead to fire extinction and the production of a large amount of hot, 

unbumt gases. If a window or a door is opened, cold fresh air might establish a 

gravity current flowing into the room and mixing between the unbumt fuel and 

oxygen occurs. Any ignition source can trigger the burning of this flammable mixture 

resulting in a rapid deflagration towards the opening. The expansion of gases will 

create an over pressure inside the room and the products will be expelled leading to a 

fire ball outside the enclosure. 

Flashover: The transition from the fire growth period to the fully developed stage in 

an enclosure fire. In flashover, fire is spread throughout almost all the combustible 

items within the room. This term serves to differentiate between two stages of a room 

fire, i.e. pre-flashover and post-flashover. 

Fuel-controlled fire: During the initial phase of a fire oxygen is available. Therefore 

the heat released is fully determined by the burning rate of the specific fuel. 

Fully developed fire: It is the period from the flashover through the decay stage to 

the extinction. In this phase the fire is mostly ventilation controlled. 

Pre-flashover: It is the stage when the fire grows and spreads through the room. 

Usually, the fire is localized but the high risk of spreading makes it potentially 

dangerous for people and it can potentially lead to flashover. 

Ventilation-controlled fire. If the fire becomes large enough to deplete the available 

oxygen in the room and the opening areas are not sufficient to provide the oxygen for 

combustion, the fire will develop into ventilation controlled condition. In such 
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situation, the heat release rate will be determined by the air supply through the 

openings. 

1.1.2 Description of enclosure fire behaviour 

The interaction between the physical and chemical processes in a fire is extremely 

complex. There is a strong coupling and interaction between the flame, the fuel 

(which might be unevenly distributed into the room) and the surroundings. 

A single room fire is considered for the following characterization of fire phases. A 

fire inside a room can evolve in many different ways depending on factors such as 

furniture disposition, enclosure geometry, ventilation, and type of fuels available. 

Commonly, four stages of an enclosure fire are accepted: 

• Ignition 

• Growth 

• Flashover 

• Fully developed fire-decaylbackdraft 

Ignition: It is the process through. which a fire is set off. It can be produced by both 

punctual sources such as sparks, cigarettes, etc. or excess of accumulated heat into a 

combustible element. The ignition mechanism will persist along the fire, setting 

alight other fuel packages such as curtains, carpets, etc. by mean of heat fluxes or fire 

spread. 

Growth: Following ignition the fire may spread within the room. The advance can 

occur in many different ways depending on the interaction of the fire with the 

surroundings. Initially, the localized fire will produce a plume of hot gases rising 

upward to the ceiling. The flowing of products will result in a current of air entraining 

at the base of the fire with a subsequent increase in mass flow rate in the plume. 
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Eventually, if this process continues, the products will accumulate at the top of the 

room forming an upper layer of high temperature whose layer interface will descend 

toward the floor. The smoke-filling process is of extreme importance from the fire 

safety point of view because it imposes the time available for a safe evacuation of the 

building and determines location and technical specifications for smoke detectors. 

During the growing phase, the fire is fuel-controlled because the oxygen is sufficient 

for combustion. During the fire progress, the fuel packages and gases inside the room 

are heated either by direct contact with the flame, flame spread, convection or 

radiation and, if the temperature reached is high enough, secondary items might 

ignite. 

Flashover: flashover is the transition from the growth period to fully developed 

stage. There is not a fixed definition for the flashover event. Nevertheless, while 

some conventions consider temperature as criteria, others take into account the heat 

fluxes inside the room. From a qualitative point of view, it can be said that flashover 

happens when the fire, originally localized in the growing stage, suddenly spreads to 

others fuel packages. 

Fully developed fire and decay/backdraft: after flashover occurs, a fully developed 

fire scenario is reached. At this point, the fire is at its maximum burning rate and is 

often limited by the air supply. Hence, this sort of fire is called ventilation-controlled 

and the oxygen is fed through the openings. Under these circumstances, un-burnt fuel 

is accumulated at the ceiling level and, as these gases leave through the openings, 

they might bum. This situation can last for hours depending on the amount of fuel 

and oxygen available in the room. 

In the event where there are no openings or ventilation is severely restricted, hot 

products and un-burnt fuel will descent towards the floor and, eventually the fire will 

be covered. The atmosphere becomes oxygen starved and the fire will gradually die 

down. Even though they are no flames inside the room, the accumulation of un-burnt 

gases into the enclosure might continue. 

Under these circumstances the fire might mainly evolve in two different ways: 
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Decay: As the fuel is completely consumed, the burning rate is greatly reduced and 

the room is gradually cooled down through the walls and/or openings. 

Backdraft: In the case where a vent is opened either by a fire fighter or window 

fallout, a current of fresh air can mix with the hot un-burnt products or fuel. Any 

ignition source can ignite the flammable mixture and a fast deflagration travelling in 

the direction to the opening air might happen. 

1.1.3 Important aspects affecting an enclosure fire. 

Considering the stages of a fire evolution inside an enclosure, it is important to reach 

an understanding of the factors whose variations and combinations may influence the 

fire behaviour and, as a consequence, might be used to avoid its hazards. 

From the above, it can be inferred that there are many circumstances which can either 

change or affect the fire evolution, briefly: 

1) Room size and geometry. 

2) Openings sizes and locations. 

3) Thermal boundaries of the room. 

4) Type and distribution of the fuel within the room. 

5) Ignition source 

Similar burning load in a room with a higher ceiling will produce lower upper layer 

temperature and hence lower radiation heat back to the fuel package and, 

consequently, a slower growth of the flame. Similarly, different arrangement of 

openings can cause a fire to be under-ventilated under some circumstances and well

ventilated under others. The layout and material properties of the fuel are important 

part of the fire spreading mechanism. A compact outline and highly flammable fuel 

might dramatically accelerate the fire growing. If the air re-entrainment is large the 

-6-



1.2 Computer Fire Modelling 

fire plume might reach the ceiling and the fire will spread horizontally towards the 

wall with big risk of flashover. 

The position of the ignition source plays an important role. A candle located at the 

bottom of a curtain will trigger a rapid spread of the fire upwards, contrarily, if the 

fire is originated on the top of a cupboard the flame may spread downward at a much 

slower rate. Similarly, the heat losses through the wall can play an important role. 

The more the heat lost to the neighbour room the more the flashback is likely to be 

delayed or avoided. 

It is patent that the interconnections among theses factors are numerous and very 

complex. Correspondently, several studies have been dedicated to different stages of 

the under ventilated fire. Both, experimental and theoretical studies are aimed at 

reproducing simplified scenarios in order to come up with simple rules (correlations) 

which are able to extrapolate different set ups and to weight the influence of each 

factor. Equally, the use of Computation Fluid Dynamics (CFD) codes has helped to 

advance further the fire research. 

1.2 Computer Fire Modelling 

The use of computer models for simulating fires has increased dramatically in the last 

decade. This might be attributed to several factors such as the emergence of fire 

regulations, new building designs, better understanding of the fire underlying physics 

and the advancement of computational capabilities. 

The assessment of fire hazards can be carried out using several techniques 

characterized by different degrees of complexity and accuracy. All the techniques 

rely on models that should ideally be able to take into account all the variables 

involved in the problem, to describe the physical phenomena accurately and to deal 

with different situations without special tuning of constants. The numerical methods 

used to implement the model should be accurate allowing a precise description of the 

geometry and not time expensive. But some of the requirements are in contradiction 

with one another, therefore a range of modelling approaches is available, each one 
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with its strengths and weaknesses. They can be broadly classified as: empirical 

models, zone model technique and Computational Fluid Dynamics (CFD) based 

models. 

Empirical models contain correlations obtained from analysis of experimental data 

and contain little or no physics. 

Zone models are simplified physical models, which seek to represent only the 

essential physics. The greatest simplification made is with respect to the modelled 

geometry, usually two zones are considered inside the enclosure with homogeneous 

temperature varying in time. The accuracy of the result depends on the agreement 

between the simplified and actual conditions. The run times for zone models are 

short, of the order of a few seconds. This type of model is well suited to running 

through large numbers of different scenarios and can be used to pick out particular 

situations which can then be investigated using a CFD code to obtain further details. 

Finally, CFD models involve numerical evaluation of the partial differential 

equations governing the fire process and yield a great deal of information about the 

flow field. This approach is also called field model. In theory, CFD solves the physic 

underlying the process but restrictions of time and computational resource result in 

the development of shortcomings in the shape of sub models such as combustion, 

soot, radiation, etc. with each carrying its own degree of assumptions and range of 

applicability. 

1.3 Summary 

In Fire Research, many scientific disciplines come together in order to solve the very 

difficult problem posed by fire. In most combustion contexts the maximum and 

minimum scale either in time or in space are separated by several orders of 

magnitude. For instance, considering that the thickness of a premixed laminar flame 

is in the order of 1 mm or less and that a ordinary room has few meters in size and, on 

the other hand, a typical chemical reaction time is less than 1 msec. and usually a fire 
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may last at least many minutes or hours, it is easy to observe the challenge and the 

difficulty of combustion modelling. 

As a result, two approaches to the fire puzzle have been broadly delineated: 

1) Simplified and controlled experiments where computational simulations are carried 

out using detailed physics and chemistry. 

2) Realistic scenarios, commonly larger domains, where predictions and 

measurements should broadly outline the overall behaviour of fire, smoke and heat 

transport. 

Nonnally, the first group is called basic research and important advances have been 

observed. The experimental and computational modelling are advancing parallel. 

Multiple laser techniques are used for predicting species concentrations while particle 

image velocimeter (Ply) provides accurate measurements of velocity field on planes. 

In the mean time, better and cheaper computational facilities facilitate the 

advancement of increasingly more advanced numerical sub-models such as radiation, 

turbulence, soot transport, combustion, etc. which are coupled with flow dynamic 

solver (DNS, RANS or LES) to provide a more detailed 3-D representation of fire 

processes. 

In the second group, where reallife scenarios are studied, the use of sophisticated 

models is constrained by the running time. Similarly, and because of the dimensional 

scale, the measurements are less detailed and therefore they provide less specific data 

to compare. In industrial design, it is almost always necessary to run many 

simulations in order to obtain a trend of the parameter under study or to achieve the 

design requirement. Under these circumstances, the accuracy of the results (within 

certain range) is relegated to a lower priority by the running time. 
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1.4 Aim of the PhD thesis 

Considering the complexity and the extent of the fire field it is necessary to carefully 

delineate the scope of the present thesis. 

Among the stages of a fire development inside a room, probably the most studied 

cases are the circumstances leading to flashover (pre-flashover) and its consequences 

(post- flashover). The reasons are clear from a fire safety point of view; flashover is 

particularly threatening for human life and structures alike. 

On the other hand, relatively few works have been dedicated to analyse the backdraft 

phenomena, a possible outcome of an enclosure fire in the decay phase. This event, 

probably not the most common in fire scenarios, is particularly dangerous for fire

fighters when they arrive at the scene when the fire is almost extinguished. Un-burnt 

fuel might have been accumulating in the upper section of the tightly sealed building 

and some smouldering combustion might still been taking place. Hence, if a 

ventilation is opened, mixing of fresh air and unbumt fuel can trigger a fast 

deflagration. 

The main goal of this thesis is to investigate the backdraft phenomenon using LES 

based numerical techniques. 

The structure of this thesis IS such that it deals with the development and 

implementation of combustion models, which can handle the backdraft phenomenon. 
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1.5 Thesis layout 

The thesis is organized so that the development, implementation and validation of 

each individual model are described separate chapters. The validated model is then 

finally applied to simulate the backdraft phenomena. 

The thesis is divided into eight chapters. 

Chapter 2 introduces experimental, analytical and computational studies in enclosure 

fires in general. 

Chapter 3 reviews the basic structures of non-premixed and premixed flames and 

presents the background of laminar and turbulent combustion models. An emphasis is 

given to the LES approach. 

Chapter 4 presents the governing equations in FDS, which is used as the basic LES 

code. It then introduces several sub grid turbulence models and describes a 

Lagrangian approach, which is applied to simple isothermal flow configurations for 

benchmarking. 

Chapter 5 lays down the fundamentals of diffusion combustion and describes the 

implementation of the Conditional Source Estimation (CSE) model with its validation 

using the turbulent diffusion Sandia flame D. 

Chapter 6 presents numerical modelling related to premixed and partially premixed 

combustion; implementation of a geometric approach to track the flame front and 

laminar/turbulent burning velocity. It also describes the implementation of the flame 

index approach for LES. 

Chapter 7 presents large eddy simulations of different premixed and partially 

premixed systems such as planar laminar flame propagation, laminar triple flame and 

turbulent lifted flame. 
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Chapter 8 presents previous work related to backdraft and applies the combined 

turbulent combustion model to simulate full-scale backdraft tests. 

Chapter 9 summarizes the main findings of the thesis and their implications and 

presents suggestions for future work. 
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Chapter 2 
Fire in enclosures background 

The basic processes involved in enclosure fires are briefly commented in this chapter. 

Fundamental references are given to important numerical and experimental studies on 

relevant subjects such as fire growth, radiation, soot, combustion, dispersion, 

ventilation, etc. within the frame of under-ventilated fire. This is followed by a brief 

review about numerical fire simulations using the LES approach in general and using 

the code Fire Dynamic Simulator (FDS) in particular. 
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2.1 Numerical and experimental studies on enclosure fires 

The emergence of perfonnance-based fire codes has shifted the emphasis on 

experimental research towards fulfilling the requirements of new design techniques. 

While in the past, most fire safety design systems and specifications were based on 

empirical relationships, there has been an increase in the use of CFD in recent years. 

However, before such numerical models can be applied to realistic scenarios, their 

predictions need to be validated against experiments. Experimental investigation is 

still our main source of infonnation in both designing standard for fire safety and 

benchmarking CFD models. Therefore, there exists a need to provide full-scale 

experimental data. In the following, experimental works and numerical studies are 

briefly reviewed. 

2.1.1 Flashover 

Predominantly, most experimental and numerical works on enclosure fires are 

concerned with pre-flashover scenarios or the conditions leading to flashover. The 

occurrence of flashover within a room is of considerable interest since it is perhaps 

the ultimate signal of untenable conditions and the immediate increase of risk to the 

occupants. Ideally, the use of any tool available for predicting this phenomenon 

should evaluate objectively the appropriate criterion. 

Peacock et a1. [182] reviewed experimental studies of real-scale fires that quantified 

the onset of flashover in terms of measurable physical properties. Albeit with 

considerable scatter, they found definitions, which were consistent with a broad range 

of experimental data. Among them, the upper layer temperature of 600°C and heat 

flux at floor level of 20 KW/m2 [7]. Babrauskas et al. [7] defined the flashover from 

two points of view: 1) as the occurrence of criticality in a thermal sense and 2) 

defined as a fluid-mechanical filling process. 

Graham et al. [97] investigated the impact of the thermal inertia of the wall upon 

flashover development. Using a two zones model, they carried out a dimensionless 

group analysis and inferred that thermal inertia of the walls makes it harder to achieve 
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flashover. 

In the late 90's Luo and Beck [145] carried out a study on flashover in a full-scale 

multi-room building. In their work, a multi storey building configuration, 

temperature, heat flux, gas concentration and mass release rate were measured. The 

experiment was designed to obtain flashover in one of the rooms and a numerical 

simulation was carried out using a relatively coarse mesh (24000 cells) utilizing a 

RANS method (CESARE) with simple flame spread model. They concluded that the 

predicted reasonably well the fire even when using a very simple fire-growth model. 

Luo et al. [146], using the same experimental data but for a single level building, 

applied a similar numeric methodology and arrived at similar conclusion. More 

recently, Yeoh et al. [268] performed another numerical simulation of the Beck's full 

scale experiment using a more refined mesh (135000) and more sophisticated 

combustion, soot and spread models. In particular, they applied the laminar flamelets 

concept (see chapter 3) to model the combustion process and a soot model that 

incorporates physical processes of soot such as nucleation, coagulation, surface 

growth, etc. They found a good agreement with the experiment and concluded that 

soot concentration is of primary importance in large fires. 

2.1.2 Fire growth 

In the process leading to flash-over one of the paramount mechanisms is the fire 

spread or fire growth. An early attempt to model fire growth on walls or floor from 

the basic equations was made by Yan and Holmstedt [265]. They discarded the semi

empirical flame spread model developed to analyse one-dimensional lateral flame 

spread and introduced a more realistic physical sub-model in which three

dimensional transient turbulent gas, combustion, heat transfer, pyrolysis and charring 

solid fuel were considered. They obtained good results but failed in some quantities, 

possibly due to uncertainties in material properties. 

Lattimer et al.[ 131] applied a two zone model for predicting a comer fire. They tested 

three different linen materials and obtained an under-prediction of 25% for the heat 
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release and 30% of error in the flame length estimation. Lennon and Moore [140] 

conducted a series of full-scale tests at Cardington where the influence of the 

compartment linings and fire load types were tested to validate the natural fire safety 

concept. Another full-scale test was carried out by Newman and Xin [178], it 

included two liquid and gaseous pool fires located at the centre of a large enclosure 

(18xI2x6) m heavily instrumented. Their goal was to test scaling techniques, derived 

from similarity relationships of steady ceiling flow, for temperatures and 

concentrations in growing fires. The found that non-dimensional temperatures and 

species concentrations derived from scaling techniques correlates well with the 

experiment. 

2.1.3 Fire behaviour vs. ventilation factors 

Some studies have also been carried out concerning the influence of ventilation 

configurations such as opening areas, vent dispositions and delaying times on fire 

behaviour. 

Klopovic and Turan [126] provided a set of experiments aiming at studying flame 

venting during full-scale flashover fires. They studied the venting plume for two 

ventilation configurations in a multi-room building. They arrived at the conclusion 

that the existing empirical prediction are conservative and that there can be secondary 

fire in the floor above through direct flame contact. On this basis, they suggested that 

flashover produces conditions favourable for external flaming, such as windows 

cracking or failure. Whilst windows act as barriers during the initial stages of the fire 

and may delay the onset of the flashover, their sudden fall out could supply the fire 

with air. 

Along the same line, Delichatsios et al. [63] examined three different geometries, a 

rectangular ventilation controlled (small opening), a rectangular fuel controlled (large 

opening) and a corridor. They performed measurements using methanol, PMMA, 

wood and ethanol as fuels and established steady volumetric conservation equations 

for each geometry. They concluded that small openings increase the excess of 
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pyrolysate and the flame spread through the openings and that increasing the vent the 

fire is reduced until it becomes well-ventilated and free burning fire. 

Sinai [225] studied the role of leakages in an under-ventilated compartment fire. In 

his study, Sinai utilized a RANS approach for a 600 m3 room with a 10MW fire and 

concluded that the locations and proportions of leakages can influence the collapse of 

temperature stratification in the numerical simulation inside the building. 

2.1.4 Radiation and Soot 

It is widely recognized that thermal radiation is an important mechanism of heat 

transfer in large-scale fires since 20-40% of energy released is externally radiated. 

Radiation has an important impact on the chemistry and on the flame structure. It is 

generally accepted that for small flames, lower than 0.2 m, radiation has a negligible 

effect. However, its influence for larger fire is important and needs to be considered. 

Soot produced during high-temperature pyrolysis or combustion of hydrocarbons in 

significant amounts can augment the local and global radiation in enclosures. The 

treatment of radiative heat transfer can be compromised in the absence of a 

satisfactory description of the spatially varying absorption coefficient of which soot is 

a major contributor. 

In enclosure fires, as the combustion becomes more incomplete due to the lack of 

oxygen, the products of incomplete combustion tend to cover the flames. In this 

process, soot plays a fundamental role as it enhances the heat fluxes due to radiation 

to the surroundings. This mechanism is especially critical when there are several fuel 

pockets inside the room, which might ignite. To this purpose, several works have 

been dedicated to analyse and to improve both soot and radiative flux predictions in 

enclosure fires. 

Wen et al. [252] studied the effect of microscopic and global radiative heat exchange 

on compartment fires. They simulated a single room fire of 135 m3 with 
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approximately 110000 cells using the commercial package CFX. In this study, they 

utilized a flamelet combustion model considering radiation losses inside the flamelets 

and found that both microscopic and global radiative heat exchange have significant 

effect on the overall fire development and affect the prediction of soot and OH but 

not CO2, CO and H20. Interestingly, they experienced an over prediction of 50% in 

the soot concentration when the heat losses by radiation were not taken into account. 

Yeoh et al. [267] applied a RANS model to three full scale fire tests: 1) Steckler et 

aI's. [230] single fire compartment which consisted of a square enclosure of (2.8 x 

2.1) m with a circular methane gas burner flushed to the door located at the centre of 

the room, 2) Nielsen and Fleischmann's [179] test which included a burning room 

and an adjacent compartment and 3) Mingchum and Beck's [145] multi-room and 

multi-storey fire. They employed a detailed model for soot, which accounts for soot 

nucleation, coagulation, surface growth and oxidation. They introduced two extra 

transport equations for soot particle number density and soot volume fraction and 

coupled it with the Discrete Ordinates Method (DOM) for radiation heat transfer. The 

eddy break-up mode (EBU) and flamelets were used as combustion models and 

detailed fire growth mechanism was included in the calculation. The simulations were 

carried out using up to 135200 grid nodes. They found that the combustion model 

plays an important role resolving the two layer structure and that radiation and soot 

affect the prediction of the flame tip length. They also commented that Large Eddy 

Simulation (LES) might provide better time-resolved information essential for fire 

chemistry and soot formation. 

2.1.5 Combustion 

Particularly important in the computational simulation of fires is the combustion sub

model. It has been previously noted that the principal goal of pyrolysis models is to 

predict the heat release rate. The combustion of fuel is strongly coupled with the flow 

field (turbulence), temperature (radiation fluxes) and concentration distribution 

(chemistry). Therefore, it is essential to determine the correct amount of energy 

released inside the enclosure if a good field prediction is sought. Generally, the same 
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type of combustion models used for well ventilated or open fires, namely eddy break 

up, pdf, etc (see chapter 3) have been used for poor ventilated cases even though their 

capability to handle such scenarios has not been tested. 

Xue et al. [261] stressed the need for adequate turbulent combustion models in 

enclosure and set about to compare three different combustion models, the volumetric 

heat source (VHS), the eddy break-up (EBU) and the presumed probability density 

function (pre pdf) for three fire scenarios: a tunnel, a single room and a shopping 

mall. They found that, in general, the performance of the pdf model is more 

consistent, although there is not a distinct performance that stands out as most 

suitable for such application. Similarly, Yeoh et al. [267] tested two different 

turbulent combustion models (EBU and flamelets) in a multi-compartment building 

using a RANS approach. Their conclusions were similar to Xue et al. [261]. 

As the present thesis focuses mainly on turbulent combustion models, a more detailed 

account of different combustion models will be given in chapter 3. 

2.2 The application of Large Eddy Simulation (LES) to enclosure fires 

The LES technique was developed in the early 1960's by Smagorinsky and Deardorff 

[227]. It assumes that turbulent motion can be separated into large and small eddies. 

The large eddies (grid scale) motion is directly calculated, and the behaviour of the 

small eddies (sub-grid scale) is modelled. Since LES solves time dependent flow, it 
can provide detailed information on instantaneous field quantities. This technique is 

inherently three-dimensional and requires a reasonable time step to capture most of 

the important turbulent motion. Because of this, LES is computationally more 

expensive than RANS. One example of LES code for fire and smoke simulation is the 

Fire Dynamic Simulator (FDS) developed by the National Institute of Standards and 

Technology (NIST). FDS is by far the most used LES code in the fire research 

community. 

This section is aimed at introducing several fire-related studies using LES (mainly 

- 19-



2.2 The application of Large Eddy Simulation (LES) to enclosure fires 

FDS) while the theoretical background of FDS can be found in [162]. 

A LES approach is especially attractive when accurate time-resolved variables are 

needed. There are many works addressing smoke development in both tunnel and 

plume fires [87, 103, 13 8, 160, 217]. McGrattan et al. [160] performed a numerical 

simulation of smoke plumes from large open oil fires and obtained good results even 

when some of the assumptions made, such as Boussineq approximation and 2-D 

time-dependent, brake down close to the fire. 

FDS has also been applied to predict smoke behaviour in tunnel fires with relative 

success on predicting temperature, flame shape and the smoke movement patterns. 

Gao et al. [87] found that thermal stratification and smoke backflow can be 

successfully predicted by LES. Tunnel geometries have been tested using FDS for 

different aspect ratios, where temperature distribution under the ceiling showed a 

relatively good agreement with experimental results within 10°C and the velocities 

were about 3% higher than the measurements [138]. Hwang and Edwards [103] 

conducted a series of simulations in order to evaluate the grid sensitivity of FDS on 

velocity predictions in small and large tunnel fires. They used a grid size ranging 

from 0.0094 m to 0.23 m for two fires of 10 KW and 16 MW, respectively. This 

study stressed the importance of a good grid resolution inherited in LES. In all of the 

previous cases the heat release rate was specified as an input to the simulation. 

The combustion model in FDS was originally developed for well-ventilated fires but 

it has been also applied to under-ventilated enclosure fires. Ryder et at. [218] utilized 

FDS to predict two fire experiments and fuel dispersion in both a small room fire and 

a large (15 m diameter) pool fire. The results were favourably compared with 

experimental data. 

An interesting numerical simulation of a post-flashover compartment fire was carried 

out by Pope and Bailey [201]. They compared two parametric fire modelling 

techniques (Eurocode 1 and the BFD curve method) and FDS. The experiment 

comprised a multi-compartment building with eight fuel wooden packages. The heat 
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2.2 The application of Large Eddy Simulation (LES) to enclosure fires 

release was calculated from the mass lost measured during the experiment and input 

into the model. Two meshes with grid size of 0.58 m and 0.73 m were used. They 

concluded that the BFD curve predictions are most closely representative of reality 

and that the fine mesh with FDS has comparable results with the BFD method. A 

direct comparison of the maximum gas temperature showed that FDS under predicted 

the maximum temperature by 50%. 

It is worth noting that in this study the grid size might have not been sufficiently fine 

to resolve the flow dynamic and, probably more relevant, the experimental 

uncertainty of the heat release may have been of importance, leading to erroneous 

temperature predictions. 

Chow and Zou [48] attempted to draw correlations of air flow rates through openings 

induced by fire in enclosures. They utilized an 86400 cells mesh in a multi-room 

compartment of 36 m3 and obtained reasonable correlations for ventilation in 

enclosure fires. Zhang et al. [271] used LES to predict turbulence statistics in an iso

room where instead of fire a heated plate was used as a flow-driven force. In their 

work, the turbulence structure and the temperature field were predicted using 

different mesh sizes (0.046/0.02m) and Smagorinsky constants (0.14/0.18). It was 

found that the predictions were in good agreement except near the ceiling and when 

the coarser mesh was used the results were slightly poorer. The use of two 

Smagorinsky constants showed little effect when the buoyancy force was weak but its 

influence was greater when the flow became more turbulent. 

A simulation of a pool fire of a 7.1 em in diameter using a mixture-fraction-based 

combustion model was carried out by Xin et a1.[260]. They captured the qualitative 

and quantitative fire behaviour very well. Ma and Quintiere [147] undertook a 

simulation of a (0.3xO.3) m burner fire with heat release between 7.37 and 737 KW 

and performed a very detailed mesh sensitivity analysis using FDS 2.0 and compared 

their results with empirical correlations. They arrived at the conclusion that the flame 

height prediction fitted well with correlations and that temperature and mixture 

fraction values near the flame tip were very close to empirical findings. Nevertheless, 

the temperature near the burner was over-predicted, while the centreline temperature 
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and velocity in non-combustion region was well predicted. 

FOS has been also used in predicting fire spread through combustible wall. Wang et 

a1. [250] performed a LES of buoyancy-driven fire propagation behind a pyrolysis 

zone along a vertical wall. A relatively good agreement was obtained in the time

averaged flame height, velocity and temperature profiles and the predicted 

entrainment rate closely followed an empirical correlation. The behaviour of the 

large-scale and highly transient structure of the wall were reasonably well 

reproduced. 

2.3 Summary 

For the last ten years the use of LES by the fire community has been constantly 

increasing, mainly because of an easier access to cheaper computational facilities. 

The fire research community has found in LES, and especially in the FOS code, a 

tool that can cope with more realistic fire behaviour and this tendency is consistently 

expanding to the industry as a designing tool. Moreover, the FOS code developed by 

NIST has been used by fire researchers as well as designers. The release of a parallel 

version ofFOS (version 4) has further contributed to this expansion enormously. 

Nevertheless, caution must be drawn when the LES approach is used. As it was seen, 

LES is far more sensible than RANS to external parameters such as grid size, sub

grid turbulence, boundary conditions, etc. Hence, mesh and boundary condition 

sensitivity studies should be carried out when LES is used. 

The author believes that LES can deliver with relative confidence accurate results in 

iso-thermal flows such as gravity current, turbulent jet, etc, even though care should 

be taken regarding the use of SOS turbulence models and boundary conditions. On 

the other hand, combustion models for LES are still subjected to continuous 

improvement. Research in this field is retracing the steps previously covered in the 

RANS context. Some combustion models developed initially for RANS have been 

used into the LES approach. However, theses models have many limitations and have 

not been properly validated in many fire scenarios. For example, the built-in 
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2.3 Summary 

combustion in FDS can not handle the flame structure expected in a turbulent 

deflagration. In the present study, we set about to asses the available models in the 

literature and implement the appropriate turbulence and combustion models to 

facilitate such simulation. 
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Chapter 3 

Flames and combustion modelling 

In this chapter, the very basics of flame structures are firstly introduced. This is 

followed by a brief introduction to turbulent combustion models for premixed and 

non-premixed for RANS. The chapter finishes with a detailed review of combustion 

models used in LES and several cutting edge numerical simulations of practical 

devices. Special emphasis is given to models, which are either most commonly used 

or are used in the following chapters of this thesis. 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

3.1.1 Laminar premixed flames 

Premixed combustion requires that fuel and oxidizer be completely mixed for 

combustion to be allowed. The premixing is only possible at low temperatures. Under 

these conditions the reaction is unable to begin. Once fuel and oxidizer have been 

homogeneously mixed and a heat source is supplied it becomes possible for a flame 

front to propagate through the mixture. Flammable limits range typically from 

¢ = 0.5 to ¢ = 1.5, where ¢ is the fuel-air ratio. 

The structure of the premixed flame is illustrated in Fig 3.1. Fresh gases, fuel and 

oxidiser are previously "pre-mixed" and burnt gases (combustion products) are 

separated by a thin reaction zone (typical thermal flame thickness, 01° , is about 0.1 to 

1 mm). A sharp temperature gradient is observed (typical ratios between burnt and 

fresh gases temperatures are about 5 to 7). Another characteristic of the premixed 

flame is its ability to propagate towards the fresh gases. Because of the thermal 

gradient, fresh gases are preheated and then start to bum. The local imbalance 

between diffusion of heat and chemical consumption leads to the propagation of the 

front. The propagation speed s~ of a laminar flame depends on various parameters 

(fuel and oxidizer compositions, fresh gases temperatures, pressure, etc ... ) and is 

about 0.1 to 1 mlsec 
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Fresh gases 

fuel 

oxidiser 

Burn gases 

U .--

I~ 
Flame front 

Temperature 

Preheat zone Reaction 

Figure 3.1. Structure of a laminar premixed flame. 

The flame can be described using a progress variable c, such as c = 0 in the fresh 

gases and c = 1 in the fully burnt gases. The progress variable may be defined as a 

reduced temperature or a reduced mass fraction: 

T - T" YP - y/o~ 
C == or c == --!.,---!-

T. T Y b _ y u 
b - " P F 

(3.1) 

where T, T" and Tb are the local, unburnt gases and burnt gases temperatures, 

respectively. YF ' Y; and Y: are the local, unburnt and burnt gases fuel mass fraction, 

respectively. Y: is non-zero for rich combustion. 

For unity Lewis number and without heat losses and compressibility affects, the two 

definitions of Eq. 3.1 are similar and the balance equation for c can be written as, 

8(pC) 8(pu] C) 8 ac . 
---'-'-~ + = - (pD - ) + w 

at ax] ax] ax] c 
(3.2) 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

Eq. 3.2 can be written in different ways. Its propagative fonn uses the displacement 

of the iso-c surface. Hence, using the vector nonnal to the iso surface ( n = -VeIlV' cI ), 
the total displacement speed can be divided into three tenns, 1) the nonnal molecular 

diffusion speed, 2) tangential diffusion (due to the curvature of the flame front) and 3) 

due to the reaction rate we. In a first approximation, 1) and 3) can be modelled using 

the laminar flame speed, s? , while the effects of the curvature, 2), can be modelled by 

a wrinkling surface model. This later is analysed in more detail in the next paragraph 

and in chapter 6. 

It is clear that the propagation velocity through the mixture is a very important 

quantity that needs to be known. Combustion models that are unable to predict this 

quantity clearly are incomplete and of little interest for practical purposes. Hence, the 

major concern of the premixed turbulent combustion models is to predict accurately 

this quantity throughout the mixture. 

3.1.2 Premixed combustion regimes 

The present physical analysis is based on the comparison of different time and length 

scales of the interacting turbulent flow and chemical reactions. In this examination, 

time and length scales are inspected to analyze premixed turbulent combustion 

regimes. This evaluation leads to combustion diagrams, which could be used to select 

and develop the relevant combustion model for a given situation [21, 23, 28, 184, 

186,258]. 

The turbulent flow is characterized by a Reynolds number comparing turbulent 

transport to viscous effects, 

Ret=u'Ltlv (3.3) 

where u' is the velocity nns, Lt is the turbulent integral length scale and v is the 

kinematic viscosity of the flow. 

The Damkohler number compares the turbulent (Tt) and the chemical (Tc) time 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

scales: 

(3.4) 

For turbulent premixed flames, the chemical time scale, f'c may be estimated as the 

ratio of the laminar flame thickness, 01° and the laminar flame propagation speed, s? 
Following this, the Da number becomes, 

(3.5) 

In the limit of high Da numbers (Da > > 1), the chemical time is short compared to the 

turbulent one, corresponding to a thin reaction zone distorted and convected by the 

flow. The internal structure is not strongly affected by turbulence and may be 

described as a laminar flame element called "flamelet". The turbulent structures 

wrinkle and strain the flame surface. On the contrary, a low Da number (Da« 1) 

corresponds to a slow chemical reaction. Reactants and products are mixed by 

turbulent structures before reaction. 

In order to identify the transition, another dimensionless number must be introduced. 

The Karlovitz number (Ka), 

(3.6) 

where IA: and uA: are given in [234]. The Karlovitz number is used to define the 

Klimov-Williams criterion, corresponding to Ka = 1, between two combustion 

regimes. In general terms, for Ka > 1 the inner structure of the flame may be affected 

by the turbulent motion of the flow [186]. The next relation is found 
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Figure 3.2. Turbulent premixed combustion diagram 

between Re, Da and Ka numbers, 

(3.7) 

Following this analysis, three different premixed combustion regimes are classified: 

1) Flamelet regime (thin wrinkled flame) for Ka < 1 and Da »1. 

2) Thickened wrinkled flame regime for 1 < Ka < 100. 

3) Thickened flame regime for Ka > 100. 

Fig. 3.2 shows a diagram indicating different combustion regimes for premixed 

flames. Following this classification, most practical applications correspond to the 

flamelet regime, which has significant repercussion on the development of premixed 

combustion models. Nevertheless, this analysis is only representative since the scale 

of the dimensionless quantities may differ up to one or two orders of magnitude. In 

the following chapters, the combustion systems are considered to be in the flamelet 

regime for premixed flames. 
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FLAME 

fuel oxidiser 

Temperature 

Figure 3.3. Structure of a laminar diffusion flame. 

Some practical examples of premixed combustion are: 

• In the spark-ignition engine, fuel and oxidizer are mixed by turbulence for a 

sufficiently long period of time before the electrical spark ignites the mixture. 

• Stationary lean-bum gas turbines, the fuel is pre-vaporized and premixed with 

air before entering into the combustion chamber. 

• Bunsen burners. 

3.1.3 Non-premixed diffusion flames 

Non-premixed combustion is sometimes called "diffusive combustion" or 

"combustion in diffusion flames" since diffusion is the rate-controlling process. The 

time needed for convection and diffusion is responsible for the mixing between fuel 

and oxidizer. 

In laminar diffusion flames, fuel and oxidizer are on both sides of a reaction zone 

where the heat is released. The burning rate is controlled by the molecular diffusion 

of the reactants towards the reaction zone (Fig. 3.3). 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

In a counter-flowing configuration, the amount of heat transported away from the 

reaction zone is exactly balanced by the heat released by combustion (Fig. 3.4). 

I Oxidizer 
Z=O 

Figure 3.4. Counter-flowing fuel and oxidizer diffusion flame. 

A steady planar diffusion flame with determined thickness is observed in the vicinity 

of the stagnation point. Increasing jet velocity will cause the heat fluxes leaving the 

reaction zone to be greater than the chemical heat production, leading to quenching. 

The structure of a steady diffusion flame, therefore, depends on ratios between 

characteristic time representative of molecular diffusion and chemistry [143]. The 

thicknesses of the mixing zone and of the reaction zone vary with these times. 

Diffusion flame does not have self-propagation mechanism and the thickness of the 

diffusion flame is not constant, but depends on local flow properties. 

The internal structure of diffusion flames is usually discussed using the extent of 

mixing between fuel and oxidizer. It is firstly assumed that fuel and oxidizer 

molecular diffusivities are equal. Combining the transport equation for fuel and 

oxygen a conserved scalar, the mixture fraction Z is usually defined as, 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

t/J YF - Yo +1 
y y: 

Z = F,O 0,0 

t/J + 1 
(3.8) 

where YF,o is the fuel mass fraction in the fuel feeding stream. Similarly, Yo,Q is the 

oxidizer mass fraction in the oxidizer stream and t/J is the equivalence ratio defined 

as, 

(3.9) 

wheres = voWo/v FWF • Then, Vi and W; are the stoichiometric molar coefficients 

and species molar weight for the species i, respectively. 

The mixture fraction follows the balance equation: 

(3.10) 

Following William and Bray [32, 257], the mass fractions and temperature balance 

equations may be reorganized into a new frame where Z is one of the coordinates 

(see). A local orthogonal coordinate system attached to the surface of stoichiometric 

mixture is introduced and the derivatives in the stoichiometric plane are denoted by.1 

. For unity Lewis number and using Eq. 3.10, 

o(pYJ o(PtlZ) 0
2 r; 0 ( .n oZ ) .n 0 (1 Inzl) or; . 

--'-~+ =Pz--+- pu- -pu- nv -+w ot ox.1 oZ 2 oX.1 ox.1 ox J. ox J. I 
(3.11) 

where Z is the scalar dissipation rate of the mixture fraction Z: 

(3.12) 
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3.1 Properties of premixed, non-premixed and partially premixed flames 

As %-1 decreases, mass and heat transfers through the stoichiometric surface are 

enhanced. 

When iso-Z surface curvatures are not too strong, the gradient measured along the 

stoichiometric surface is smaller than the gradient in the direction of Z, perpendicular 

to the stoichiometric surface, the balance equation for the mass fraction is reduced to: 

(3.13) 

Neglecting unsteady effects, the time derivative vanishes and for unity Lewis number, 

the flame structure is fully described by: 

(3.14) 

showing that the chemical reaction rate is directly related to the function T(Z,%). 

Under these assumptions the diffusion flame is completely determined as a function 

of the mixture fraction, Z, and the scalar dissipation rate, % . 

Diffusion combustion is limited by two regimes corresponding to pure mixing (no 

combustion) of the reactants and infinitely fast chemistry (the combustion depends 

only on Z, but not on % ). 

The infinitely fast chemistry hypothesis can not be invoked everywhere. This is the 

case in problems of ignition or close to stabilization zones, or more generally, when 

large velocity gradients are expected. This later approach is the flame structure used 

in the mixture fraction combustion model originally implemented in FDS. 

The characterization of diffusion flames from the infinitely fast chemistry to the 

quenching of the flame is of vital importance to realistic combustion regimes. Making 

use of the counter-flow configuration and steadily increasing the velocity of the 

- 33-



3.1 Properties of premixed, non-premixed and partially premixed flames 

feeding system and hence, increasing Z, makes the burning rate greater, until 

chemistry can not keep up with the large fluxes, then it extinguishes. The value of 

Da at extinction is nominated by Daq • The response of the burning rate to variations 

of Da leads to the so-called "S" curve [257]. As shown in Fig. 3.5. 

Heat 
releasee 

----------- .. 
-----------.:------___ Infinitely fast --

Daq 

... '......... chemistry -.. 

Dai 

", .. , 
\ 

\ , , , , 

lenition 

Da 

Figure 3.5. Generic response of the heat released by one-dimensional strained 

diffusion flame versus Da number. The dash line denoted infinitely fast chemistry. 

3.1.4 Non-premixed combustion regimes 

Two numbers have been used to identify premixed combustion regimes. In non

premixed turbulent combustion there is not characteristic speed because the flame 

does not propagate. Additionally, the thickness of the flame depends on the level of 

mixing developed between fuel and oxidizer and no reference length scale can easily 

be found for diffusion flames. This is supported by the various studies dedicated to 

this aim [15, 22, 32,53,57, 139]. 

The three major classifications of non-premixed flame are the following: 

- 34-
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1. The turbulent flow regime is characterized by the Reynolds number and the 

chemical reaction by the Damkohler number [141]. 

2. The mixture fraction fluctuation Z'2 describes the turbulent mixing and the 

Da number characterizes the flame [32]. 

3. The ratio between turbulence intensity and flame speed is used alongside with 

the relation between the turbulent integral scale and flame thickness [22]. 

A laminar diffusion flame is determined withDa = ('Z'c%str1
, where %st = Dlvzl:t 

and a characteristic mixing length of the order of Id = (D/ %st)0.5 • According to 

asymptotic developments the reaction zone thickness is about I r ~ I d (Da) I/(a+l) , 

where a is the order of the global one-step reaction. 

When the velocity field fluctuates, the diffusion flame develops in two different 

ways. Firstly, the mixture fraction, Z, does not respond immediately to the 

fluctuations and a distribution of %st for different rates of strain appears. Secondly, for 

finite chemistry the burning rate does not follow the variations of %st leading to 

unsteadiness and modifying the burning rate. 

Overall, the analysis given in [57] shows that, when Da number is larger than a 

minimum value, the flame front may be viewed as a steady laminar flame element 

and its inner structure is not affected by vortices. In the intermediate Da number 

range, strong unsteadiness effects are observed. Further in this study (chapter 5), the 

consequences of assuming steady flamelets are explained more in detail. 

Fig. 3.6 shows these findings schematically. In practical combustion devices, the 

combustion regime may evolve from one regime to another according to flow 

conditions, velocity and scalar energetic spectrum. In a given burner, it could be 

expected to have three regimes: flamelets, strong unsteadiness and quenching. 
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Da 

Flamelet 

ammar 

Quenching 

Re 

Figure 3.6. Schematic of non-premixed turbulent combustion regimes as a function of 

Da and Re numbers. 

Some practical examples of non-premixed combustion are: 

• Combustion in furnaces is mainly non-premixed for safety reasons. Fuel is 

supplied by jets or gaseous fuel, which entrains enough air from the 

surroundings, so that all the fuel can be burned. 

• In diesel engines, the air is compressed by the piston before a liquid fuel spray 

is injected into the combustion chamber. The hot compressed air is entrained 

into the spray, leading to the liquid fuel break up, evaporation and auto

ignition. 

• In aircraft gas turbine engines, non-premixed combustion occurs in the swirl

stabilized combustion zone downstream of the spray injector. 

• Fire is another example of non-premixed combustion. If the fuel is a solid or a 

liquid, it can be first gasified by radiative flux from the fire, before mixing 

with the surrounding air. The mixing process is often dominated by buoyancy 

- 36-

··-~-KINGSfbNUNIVER§jfY LJBRARY~I 
... - ... _ ......... · .... ,. __ .............. _1.-· .... ""~ 



3.1 Properties of premixed, non-premixed and partially premixed flames 

rather than by forced convection as injets and sprays. 

3.1.5 Partially premixed flames 

In terms of mixing, there are two extremes: premixed combustion, where fuel and 

oxidizer are completely mixed, and non-premixed combustion, where fuel and 

oxidizer are separated and burn when the come into contact. 

In non-premixed combustion, some partial premixing of the reactants may exist 

before the reaction zone develops. Then, the pure diffusive layer, observed in 

diffusion flames, may not be present. Even more, some flames are stabilized by the 

recirculation of burnt gases, leading to stabilization mechanism controlled by the 

mixing between fuel, oxidizer and burnt gases. Sometimes, the mixing of the 

reactants are not pure fuel and oxidizer, but a mixing of these and the combustion 

products. 

There are scenarios where partially premixed combustion is especially important. 

• In combustion chambers, where the mixing is not homogeneous and the 

concentrations of fuel and oxidizer are randomly distributed in the domain, 

and ignition occurs. 

• Occasionally, mixing between reactants can occur at low temperature and 

ignition does not start immediately, but further downstream [150]. 

• After quenching of the reaction zone, the reactants may mix leading to re

ignition and combustion in a partially premixed regime [78]. 

An example of the first group is aircraft gas turbines. Liquid kerosene is fed by an air

blast injector into the gas turbine combustion chamber and when the main injector is 

started, an inhomogeneous ignitable mixture is formed in its inlet. Another example is 

the partially premixed flame propagation in direct injection gasoline engines. 

Another important manifestation of partially premixed combustion is the lifted 
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turbulent jet diffusion flame. In large industrial boilers, the lifted flame has the 

advantage of avoiding thermal contact with the burner to prevent erosion of the 

burner material. The disadvantage of this flame stabilization technique is that lifted 

flames blow off more easily than attached flames. Further discussion on this will be 

presented in chapter 6. 

The typical and probably most studied partially premixed combustion configuration is 

the triple flame. In a laminar shear layer where the mixing between cold fuel and 

oxidizer develops, a diffusion flame may be stabilized at the splitter plate. In this 

case, combustion starts in a region where fuel and oxidizer have been mixed in 

stoichiometric proportion. The resulting premixed kernel tends to propagate towards 

fresh gases and contributes to the stabilization of the trailing diffusion flame. In a 

mixing layer configuration, the stoichiometric mixture evolves to a rich partially 

premixed flame in the direction of the fuel stream, while a lean partially premixed 

flame develops on the air side. See Fig. 3.7. 
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Figure 3.7. Schematic of a freely propagating triple flame 

The two premixed flames are curved because their respective propagation speed 

decreases when moving away from the stoichiometric condition. The overall 

structure, composed by two premixed flames and a diffusion flame, is called "triple 

flame". Further discussion on the triple flame structure and the present LES 

prediction will be given in chapter 7. 

3.2 Combustion Modelling 

Turbulence is undoubtedly one of the most difficult problems of non-linear physics. 

In turbulent combustion, the difficulties are further compounded by the complexities 

of chemical kinetics and the strong non-linear coupling between turbulence and 

chemistry. 

Some fundamental difficulties anse In dealing with the turbulence-chemistry 

interactions. Turbulence mixing is slower than chemical reaction and it involves large 
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spatial and time gradients. As a result, the system becomes very stiff due to the large 

differences between these two time scales. Chemical reactions cannot be evaluated 

from spatial or temporal mean values and are strongly coupled to molecular diffusion 

at the smallest scales of the turbulence. 

If M chemical reactions are to be considered, then the chemical source term for 

species i becomes, 

(3.15) 

where W; is the molecular mass of species i, T is temperature, R is the universal ideal 

gas constant, EK is the activation energy, and BK is the frequency factor. 

Furthermore, the heat release associated with combustion affects the turbulent flow, 

both from variation in the mean density and from the effects of local dilatation. 

The mean heat release rate is one of the main quantities of practical interest that 

should be approximated by turbulent combustion models. The simplest and most 

direct approach is to develop the chemical rate in Taylor series, of Eq. 3.15, as a 

function of species mass fractions and temperature. This analysis is limited by its low 

accuracy and by the rapidly growing complexity of the chemistry. So, it is clear that 

new tools are necessary to approximate the source terms in the energy and species 

transport equation. 

We classify the combustion turbulent models depending on the different approaches 

used, following Veynante and Vervisch [247]: 

• The burning rate may be quantified in terms of turbulent mixing. When the Da 

number is large (general assumption in combustion models) the reaction rate 

is limited by turbulent mixing in terms of the scalar dissipation rate [29]. 

Therefore, Z plays a key role in the process 
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• The geometrical approach. The flame is observed as a thin geometrical 

surface. In this case the flame is treated as a geometrical division between 

fresh and burnt gases (premixed combustion) or fuel and oxidizer (non

premixed combustion) and using C or Z as scalar of reference, respectively. In 

this assumption, the flamelet modelling is generally accepted. 

• In the statistical approach, mean values of scalars are extracted via the 

probability density function (pdf). This approach leads to the pdf modelling. 

Conditional Statistics are also linked to the geometrical analysis and to flame 

surfaces when the conditioning value is c* or Zst. 

Originally, combustion models were developed to work in a RANS context, where 

the time-averaged flow variables are solved. In this chapter, the basic concepts for 

combustion models and their implications will be discussed first. This will be 

followed by a discussion on combustion models within a LES frame. 

3.2.1 Models for turbulent premixed combustion 

Turbulent flame speed 

The most important quantity in premixed combustion is the velocity at which the 

flame front propagates, normal to itself and relative to the flow into the un-burnt 

mixture. 

Turbulent premixed flames may be described in terms of a global turbulent flame 

speed, Sr' From experimental data, the following expression has been proposed [1, 

2]: 

(3.16) 

where 0 and n are two model constants, u'is the RMS velocity and s?is the laminar 
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burning velocity. 

Unfortunately, ST is not a fully well defined quantity [96]. Experiment exhibits a 

large scatter because they depend on various parameters such as chemistry 

characteristics, turbulence scales, flow geometry, etc. This model may suit 

particularly well to the LES approach [105,228]. 

Eddy-Break-Up model 

One of the earliest attempts to close the chemical source is due to Spalding [229]. 

This model is based on a phenomenological analysis of turbulent combustion 

assuming high Re » 1 and Da »1. The reaction zone is considered as a collection 

of fresh and burnt gases pockets, assuming an infinitely thin flame front. 

Accordingly, the mean reaction rate is mainly controlled by the turbulent mixing time 

and fast chemistry is also assumed. For practical simulations the following relation is 

used: 

w = -c - & YF (1- YF ) 
EBUP k yO yO 

F F 

(3.17) 

where Y~ is the initial fuel mass fraction in the reactant, CEBU is a model constant in 

the order of unity, which needs to be "tuned" for specific applications, & and k are 

the kinetic and dissipation turbulence, respectively. 

The EBU model was found attractive because the reaction rate is simply written as a 

function of known variables without any other transport equation and is available in 

most CFD codes. The modelled reaction rate does not depend on chemical 

characteristics and assumes a homogeneous and isotropic turbulence. However, EBU 

tends to over predict the reaction rate, especially in highly strained regions. This 

model was primarily formulated for premixed combustion. 
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Bray-Moss-Libby model 

This model is known as the BML model and it was primarily developed by Moss and 

Bray [173]. It has been the subject of a large amount of work leading to many 

improvements. Combining a statistical approach using probability density function 

and a physical analysis, this model evidenced some special features of turbulent 

premixed combustion (counter-gradient turbulent transport, flame turbulent 

generation, etc.). 

The basic idea of the BML model is to presume the probability density function of 

the progress variable c at a given location as a sum of fresh, fully burnt and burning 

gases contributions. 

P(c· ,x,t) = a(x,t)O"(c·) + P(x,t)O"(I- c·) + y(x,t)J(c· ,x,t) (3.18) 

where a, p and y denote the probability to have at a location (x,t), fresh gases, 

burnt gases and burning gases, respectively, 0" is the Dirac delta and c· is the 

progress variable. 

Considering normalization of the probability density function such as 

rl
- • • Jo P(c ,x,t)dc = 1 leads to the following relation: 

a+p+y=l (3.19) 

rl
• • Jof(c ,x,t)dc = 1 (3.20) 

with J(O) = J(1) = o. 

The balance equation for the progress variable, c, may be written as: 

(3.21) 
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This equation is averaged and the mean reaction rate is: 

I 

We (x,t) = r(x,t)f We (c)!(c,x, t)dc (3.22) 
o 

Using Da and Re numbers two cases arise: 

• Re» 1 and Da »1. The combustion is controlled by turbulent transport and 

the reaction layer is assumed infinitely thin. Accordingly, Y« 1, this 

simplification leads to the well know BML source term formulation. 

• Re» Da or Re > Da »1. Firstly, the thickness of the flame cannot be 

neglected. Secondly, the chemical source term is not fast in comparison with 

the turbulent time scale. 

Herein, we consider the first case. The objective is to find an expression for a. and 

P for a given location through which the flame front passes. Under this assumption, 

a. and p are determined as a function of the Favre average progress variable c : 

1 

pc = pc = J pcP (c)dc = PbP (3.23) 
o 

where Pu is the burnt gases density. 

After some development, 

a = 1-C . P = (l + 1")c 
l+re' l+re 

(3.24) 

where c is the Favre averaged progress variable and r is the reaction heat release 

factor, defined as r = Pu / Ph -1, where Pu is the fresh gases density. 

The probability density function P(c) is determined and depends only on the mean 

progress variable c and r . 
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Starting from the conservative and non-conservative forms of the progress variable 

balance equations and subtracting the balance equation for c2
, leads to the balance 

equation for c(1-c). Accordingly, c(1-c) = 0 resulting, 

(3.25) 

And averaging, 

pDVc· Vc = (2Cm -l)wc (3.26) 

And, it yields to the following expression for W : 

-;- 2 PX w = 
c 2c-1 

m 

(3.27) 

where, 

1 I cWf(e)de 
e =..::.,0 __ _ 

m 1 (3.28) 

I wf(e)de 
o 

where f is the pdf of the burning gases. em is introduced and characterizes the 

chemical reaction. Following from Eq. 3.27 

PZ= PZ = pDVc·Vc (3.29) 

The mean reaction rate is related to the dissipation rate, Z , describing the turbulent 

mixing. 

A transport equation may be proposed for the scalar dissipation rate, Z, or a linear 

relaxation of the fluctuations generated by micromixing. 
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Models based on Geometrical description 

The flame front is described here as a geometrical surface. The analysis is linked to 

the assumption of thin flames, the surface acts as an interface between fresh and burnt 

gases. There are two main approaches: 

1) G-field equation 

2) Coherent flamelet and flame surface density. 

G-field equation 

In this approach, the so-called G-field equation is developed. A fixed value of G=Go 

determines the position of the flame which propagates through the mixing [258]. The 

G-equation may be written as: 

(3.30) 

where W G is the propagation speed of the G-field. 

This description of premixed combustion has some attractive aspects. Firstly, there is 

no need to resolve the internal flame structure: only the G-field, which is generally 

thicker than the flame front, needs to be solved on the computational grid. Secondly, 

this method is attractive for its low computational cost, which can be handled by 

DNS calculations. 

The effect of thermal expansion must be explicitly incorporated into the displacement 

velocity, following this correction, 

(3.31) 

Another important feature is the coupling needed between the burning velocity and 

the source terms of the balance equations for species and temperature. The reactants 

consumption (Sc) and the heat release rate ( w) are related through: 
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(3.32) 
-00 

where dn is the flame front nonnal coordinate. There is a relation between S c and w 0 , 

but it is not a definitive one. These two can be different especially when the premixed 

flame is curved. 

The main disadvantage of this approach is the closure the G propagation velocity, WO' 

which is related with the laminar or turbulent burning velocity. In other words, the 

coupling between the consumption speed and the displacement speed is a very key 

point in G-field modelling. 

Probably, the most used technique is the one used by Piana et al. [190]. In their 

approach, the heat release rate is estimated from the G-field. Eq. 3.33 is the balance 

equation for turbulent flame brush: 

ao ~p I~I -+u·VG=_uS VG at 15 T 
(3.33) 

where the turbulent flame speed, S T' must be modelled. 

The overall turbulent flame is only viewed as a propagating surface without any detail 

about the inner structure of the flame. Nevertheless, a model is needed forST' some 

examples can be found in [32, 186]. 

Coherentflamelet andflame surface density. 

The coherent flame let model is based on the concept that the mean chemical reaction 

rate per unit volume w is the product of two quantities: the reaction rate per unit area 

of the flamelets a/ and the average flamelet area per unit volume 1: • 

(3.34) 
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where OJ is the mean local burning rate per unit of flame area integrated along the 

normal direction to the flame surface and ~ is the surface density function. 

OJ is related to the properties of the local flame front and is estimated from a 

prototype laminar flame, incorporating more or less complexity. For instance, one 

may consider a planar laminar flame, steady or not steady flame, curvature effects, 

etc. 

The main advantage of this formulation is that it decouples the chemical description 

(OJ) from the flame/turbulence interaction (~). The flame surface is convected, 

diffused, curved by the velocity filed. In general, these models assume that the 

chemical reactions occur in very thin layers (Da » 1) and therefore the flamelet 

theory is invoked. 

The flame surface density may be obtained from algebraic relations or from a balance 

equation. This last approach was proposed by Marble and Broadwell [153] for non

premixed turbulent flames. More derivations were obtained from geometrical 

consideration [38, 237] and from an statistical point of view [110, 204, 245]. 

An algebraic expression for ~ has been developed by Bray [30], which depends on 

the progress variable, the chemical reaction and the flame wrinkling. The later needs 

a closure model [8, 9, 130]. 

The local reaction rate per unit flame area o.c from laminar flame speed s7 is 

generally assumed as o.c = Pus?, where Pu is the fresh gases density. 

In premixed combustion, the flame surface density ~ of the iso-c· surface can be 

estimated from the conditional gradient of c: 

(3.35) 
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where o(c-c·)is a local measure of the probability and (IVcllc=c·)is the 

conditional average of IVcl for c = c· and P(c·) is the probability to find c = c· at a 

given location. From this definition and the balance equation for c, an exact equation 

for the flame surface density may be derived. This derivation is similar to the 

derivation of the balance equation for the probability density function (pdf) [245]. 

This surface balance equation L is unclosed and needs models. There are several 

models available in the literature; some of these are the following: 

• The CPB model [39] 

• The coherent flame model (CFM) [153] 

• The MB model (152] 

• The CD model [46] 

• The CH model [47] 

The details are not discussed here, but, all the closures for these models have strong 

similarities. A comparison between them can be found in [71]. 

3.2.2 Models for Non-Premixed Turbulent Combustion 

The modelling of turbulent diffusion flames relies on assumptions made on the 

chemistry and the turbulent field. The most common simplifications are: 

• Infinitely fast chemistry. In this case mixed is burnt or, in other words, the 

reaction rate does not depend on the strain caused by the turbulent flow. The 

species concentration depends only on the mixture fraction 

• Finite rate chemistry assumes a local diffusive-reactive balance. The scalar 

dissipation rate, Z, takes part in the chemistry. Typical example is the 

flamelet assumption. 

• Finite rate chemistry with independent calculation of the conditioned statistic 

variables. The reaction rate is closed separately. For instance, pdf and 

Conditional Moment Closure (CMC). 
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Eddy dissipation model 

The Eddy Dissipation Model (EDC) is a direct extension to non-premixed flame of 

eddy break up (EBU) closure [148]. The burning rate is calculated according to: 

'" 
-.- -. (y'" Yo P Yp ) PWF =apmm F'-' -

s l+s 
(3.36) 

where a and p are adjustable parameters and s is the stoichiometric ratio The 

reaction rate is limited by the minimum concentration species. Yp is introduced to 

account for the contribution of the products to ignite the mixture. 

This model does not respect the response of diffusion combustion in mixture fraction 

space and its use is only justified from a practical point of view. 

Presumed pdf: Infinitely Fast Chemistry Model. 

In this approach, a piecewise description is used, 

YF = yj.FCM (z),Yo = y~FCM (z) ,r = r lFCM (z) (3.37) 

relating the fuel and the oxidiser mass fractions, and the temperature to the mixture 

fraction, mean quantities can be directly obtained with p -pdf assumed distribution. 

The expression for YF reads, 

I 

f}FCM = J yj.FCM (Z*)P(Z· ;x,t)dZ· (3.38) 
o 

and similar for YF and T . 

Infinitely Fast Chemistry Model (IFCM) is a two-equation model for non-premixed 

combustion. It is very popular and is usually coupled with low Match number 

solution. IFCM is an interesting tool to predict a first approximation. The piecewise 

relations only work properly when Da » 1. However, this model is not capable of 

- 50-



3.2 Combustion Modelling 

predicting ignition or quenching events. 

Flamelet modelling 

Experiments in jet flames and direct numerical simulations (DNS) suggest that 

situations exist where the chemistry is fast, but not infinitely fast [11]. In these 

measurements and calculations, the response of the flame in mixture fraction space 

lies in the vicinity of the curves given by Y:'FCM. 

For a given state of mixing in the turbulent flow, thus given Z and X, flamelet 

models are derived assuming that local balance between diffusion and reaction is 

similar to the one found in a laminar flame with the same values of Z and X. 

The two parameters, which control the flamelet models, are the mixture fraction Z 

and the scalar dissipation rate X • 

Following the same concept used by pdf models, the mean quantities are calculated 

by: 

- II SLFM * * * * * * y, = y, (Z,x )P(Z ,x ;x,t)dx dZ (3.39) 

where y;SLFM(Z*,X*) is the local flame structure in Z space and P(Z*,x*;x,t) is the 

statistic of the mixture fraction. As non-time dependence is considered, this model is 

called Steady Laminar Flamelet Model (SLFM). 

The methodology used in SLFM is similar to the one used in IFCM, but with the 

inclusion of Z • This extra dimension supplies the ability to deal with non-infinitely 

fast combustion and thereby to predict extinction and ignition phenomena. The inputs 

of SLFM are Z, Z'2 and X • 

Assuming within the turbulent flow thin quasi-one-dimensional structures convected 

and stretched by fluid motions, and neglecting higher order terms, the equation for the 

species and temperature become: 
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(3.40) 

aT =_±hnwn +z(a
2
T) 

at n=l Cp az 2 
(3.41) 

where Lei is the Lewis number for species i, hn is the specific enthalpy and Cp is the 

specific heat capacity. Considering steady solutions (SLFM) and selecting a given 

value of % ; yields, 

. Z a2~ 
w =----

I Le
j 

az 2 
(3.42) 

The solution ofEqs. 3.40 and 3.41 for given concentration and temperature boundary 

conditions, and various Z provides a Flamelet Library. A variety of techniques are 

available to construct these libraries [215]. 

In SLFM, the characteristic time required to balance diffusion and reaction terms in 

equations 3.40 and 3.41 is considered much smaller than any other time scale in the 

flow. Hence, many aspects can be drawn: 

• Eq. 3.42 has been obtained by neglecting diffusion in the direction tangential 

to the iso-Zst surface, considering that the gradient in the perpendicular 

direction are much larger that those within the iso-Z-surface. 

• There are issues related to the multi-dimensional character of diffusion 

flames. Straining cannot be uniformly distributed along the flame sheet, 

leading to flamelet interactions when the distribution of % is non-uniform in 

iso-Zst [244]. 

• Boundary species may be different from pure air or fuel and, in order to 

tabulate, the flamelet may have to account for partial premixing [79]. 

• Unsteadiness is also an important aspect. Time dependent flame lets have been 

used to include unsteady effects [101, 272]. Unsteady flamelets were used 
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[157] to simulate extinction and re-ignition in a turbulent jet flame; history 

effects were included using a Lagrangian time measured along the 

stoichiometric line. DNS databases to study the reactive/diffusive layer in 

terms of flamelets can be found in [41, 57, 62, 149, 165]. These studies 

demonstrate to which extent the unsteadiness can affect the flamelets. 

The flamelet approach has been taken up widely by modellers because it provides a 

simple and easy-to-implement physical picture of the turbulent flame structure. 

However, strong arguments have been put forward against flamelet models. These 

include the effects of variations in scalar dissipation through flamelets, and the 

influence of the neglected advection terms. It is clear that SLFM cannot remain valid 

close to extinction or re-ignition, where unsteady effects are important. Even more, 

the whole question about the range of applicability is an issue not yet resolved. 

As pointed above, a relevant point in flamelet theory is the response of the turbulent 

flame when quenching zones develop. DNS studies have shown that extinction may 

occur at larger or smaller Da number than Daq (extinction value predicted by flamelet 

theory). The DNS results of Favier and Vervisch [78] have shown that the scalar 

dissipation rate controlling the growth of the flame hole is lower than the one that 

should be applied to first quench the flame. Another of their DNS calculation [76] 

shows that a hole develops at the predicted % , but once the hole is established, % is 

smaller than Z q. This was attributed to some partially premixed combustion at the 

edge of the hole. In order to overcome these difficulties, the SLFM has been modified 

to incorporate unsteady effects on the flamelets, which play an essential role in 

extinction and re-ignition [101, 183]. The modified SLFM has included a Lagrangian 

point of view [157, 187] , associating the strong fluctuation of the scalar dissipation 

rate, and to accommodate the effects of the advection terms parallel to the surface 

mixture fraction. 

MIL model 

MIL ('Modele Intermittent Lagrangien' or Lagrangian Intermittent Model) was 

proposed by Borghi [22]. 
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As in SLFM, MIL incorporates the flame structure in Z space. Arguing that mixing 

occurs without reaction for large values of Z , the flame structure is constructed from 

two possibilities of diffusion combustion: Mixing without reaction (before ignition) 

and infinitely fast chemistry (after ignition). The transition between regimes is 

controlled by a time delay, 'fIg' 'fIg is associated with the scalar dissipation rate Zig 

('fig ~ Zi~I). The main objective of MIL is to account for unsteadiness in the coupling 

between small-scale diffusion and chemistry by means of the spectral distributions of 

micromixing times. For a given mixing time, 'f, smaller than 'fIg' ignition does not 

take place and contributes to pure mixing. On the other hand, for Z(Zlg mixing is 

slower than chemistry and combustion develops. More details and model's 

applications are given in [210]. 

Conditional Moment Closure (CMC) 

IFCM, SLFM and MIL suggest that non-premixed turbulent flames may be 

conveniently studied using conditional averaging in the mixture fraction space, Z. 

Conditional Moment Closure (CMC) approach proposes to solve the balance 

equations for obtaining Qi [16, 123, 125]. CMC is a joint approach of two techniques, 

a probabilistic description of the turbulent flow, as it is the pdf, and mixture fraction

based models (fast chemistry and flamelets). 

The balance equation reads, 

• oQ. I • oQ. • a2
QI' • (pIZ=Z )-' =-(pu1 Z=Z )-' +(pzIZ=Z )-.-2 +(w,IZ=Z )(3.43) at aX j oZ 

where Q/ can be either temperature or species mass fraction, (p I Z = Z·) is the 

conditional tenn representing the value of p when Z = Z· . In Eq. 3.43, three tenns 

of the RHS need closure. 

In the simplest version of CMC, the fluctuation of chemical source are neglected 

leading to a first order approximation of the source tenn, 
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(3.44) 

The second term of RHS, the conditional scalar dissipation rate, (Eq. 3.43) also needs 

closure. This conditional mean is an important ingredient of the pdf transport 

equation and micromixing models are available. Similarly, when the pdf is known via 

its presumed p-shape, the conditional value Z may be approximated by .F(Z")to 

obtain(pz I Z = Z") [92]. 

The first RHS term can be easily modelled by a first order approximation and it is not 

very important in the general balance. 

CMC has same attractive points: 

• The approximation of the source term by Eq 3.44 approximates much better 

the heat release rate than unconditional averages. Similarly, it can be 

improved to take into account the concentration and temperature fluctuations 

in the burning rate by using a second order CMC. 

• It has been measured in jet pilot flames that the conditional quantities do not 

depend strongly on the radio. Thus, two dimensions can be avoided in the 

conditional dimension space and computation is much less complicated. 

• Theoretically, it can deal with events such as extinction, ignition and soot 

fonnation. 

The CMC methodology is as follow: 

The CMC equations are solved in parallel with a computational fluid dynamic (CFD) 

solver for the averaged velocity and mean, Z and Z'2. The CFD code delivers to the 

CMC solver the velocity field and Z, then pi,i Z = Z and (PZ I Z = Z") are 

evaluated by the CMC solver and the conditional variables are calculated. Then, 

CMC returns the conditional average density to the CFD code where it is used to 

calculate the unconditional average density, p : 
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I 

P = J (p I Z = Z*)P(Z*)dZ* (3.45) 
o 

Accordingly, for the species mass concentrations, 

I 

~ = J (~ I Z = Z*)P(Z*)dZ* (3.46) 
o 

On the other hand, the disadvantage of the CMC approach lays in its computational 

cost. The solution of the set of conditional equations present a stiff system and the 

coupling with the CFD solver can considerably increase the running time. This 

problem is accentuated if other dimensions such as time and 3D are added to the 

conditional system. Even more, the conditional dissipation rate (Pz I Z = Z*) might 

not be easy to close. 

In flames with significant local extinction and re-ignition it was found that the first

order closure is not sufficiently accurate. Therefore, second-order closure is necessary 

to incorporate the effects of conditional variances and co-variances in the conditional 

reaction rates. This may be computationally expensive, since a set of new equations 

are required. 

An alternative to the second order closure is to use double conditioning on both 

mixture fraction and sensible enthalpy. 

CMC is showing some success in predicting lifted diffusion flames [65, 118], the 

classical model problem of partially premixed combustion. 

Pdf modelling 

In premixed turbulent combustion modelling, BML assumes closures a bimodal 

probability density function of the progress variable. In non-premixed flames, using 

infinitely fast chemistry, steady laminar flamelet or conditional moment closure, the 

pdf of the mixture fraction is assigned a beta-distribution shape. The goal of the pdf 

modelling is to relax the pdf distribution regarding its shape. 

- 56-



3.2 Combustion Modelling 

The pdf transport equation predicts the probability to find certain values of reactive 

scalars such as temperature and the mass fractions between a limited ranges. In this 

approach, the probability vector is considered and a transport equation is derived for 

the probability density [144, 206]. 

We do not aim to study extensively the pdf transport equation, but it can be said that 

there are terms, which contain gradients of quantities conditioned on the values of 

velocity and composition, that need to be closed. 

The predictive capability of pdf methods for turbulent combustion depends on the 

quality of the models that can be constructed for the unclosed terms. Good results 

have been obtained for slow chemistry [102]. 

In pdf methods, the turbulent combustion closure is modelled considering all the 

values taken by species and temperature in mixture fraction space. The chemical 

source term can be treated exactly for arbitrarily complex chemical kinetics and this 

is, probably, the best feature of the pdf approach. 

From a numerical point of view, the most apparent property of the pdf transport 

equation is its high dimensionality. This makes this method intractable for ordinary 

finite differences or finite volumes. Consequently, almost all the numerical 

implementations of pdf for reacting flows are based on the Monte-Carlo 

techniques.[202, 203]. 

One of the major issues in the pdf approach is capturing correctly the micro-mixing 

and viscous effects. In this regard, many models are available such as IEM, LMSE, 

GIEM, etc. For more detail see [70, 82, 238]. 

pdf methods have also been applied to the challenging bluff-body stabilised jet flames 

[59] and to the swirling bluff-body flames [155]. 
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pdf methods have reached the level of maturity that they are available in commercial 

CFD codes for use both in research and in industry. 

3.2.3 Large Eddy Simulation and combustion models 

Reynolds Averaged Navier-Stokes (RANS) equations employ turbulent transport 

approximations with an effective turbulent viscosity that is much larger than the 

molecular viscosity. This tends to suppress instabilities and makes the time-averaged 

flow very 'smooth'. These instabilities can be important and affect the flow behaviour 

at larger scales, particularly in reacting flows. 

Large eddy simulation (LES) does not intend to resolve all turbulent length scales, 

but a fraction of the larger energy scales within the inertial range. Modelling is then 

applied to represent the smaller unresolved scales, which contain only a small fraction 

of the turbulent kinetic energy. The model for the smaller scales is called sub-grid 

model. In deriving the basic equations, the Navier Stokes equations are spatially 

filtered with a filter of size /)., which is of the size of the grid (or a multiple) in order 

to remove the effect of the small-scale fluctuations. As a result, unresolved turbulent 

fluxes appear at the sub-grid scale, which need to be closed by models. A summary of 

sub-grid turbulence models is presented in chapter 4. 

The main challenge faced in modelling combustion with LES, as similar to RANS, is 

that chemical reaction rates are usually highly non-linear functions of temperature, 

density and species mass fractions. In this regard, LES meets the same difficulties as 

RANS because the coupled process of chemistry-turbulence occurs at the smallest

unresolved scale and must be modelled. Probably, the challenge on the models is 

reduced, as the amplitudes of the sub-grid fluctuation are less than those presented by 

RANS. 

Nevertheless, the intrinsically unsteady nature of LES seems to be particularly 

beneficial for the bluff-body and swirling flames, in which such large-scale unsteady 

motions are evident. 
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Substituting the LES-filtered temperature, density, and mass fraction into the original 

Arrhenius equation, yields: 

(3.47) 

where X is the Favre-filtered quantity. 

Such simplified expression assumes a perfect mixing at sub-grid scale level and 

implicitly suppose that turbulent time scales are shorter than the chemical time scales. 

This assumption is not valid for most combustion applications and generally provides 

a very poor estimate for filtered reaction rates. 

Another idea, not widely used, is to extent the RANS model, EBU, originally 

intended for premixed combustion, to LES for non-premixed combustion. The sub

grid scale Eddy-Break-Up model is written as [85, 86]: 

(3.48) 

where -r:GS is a sub-grid turbulent time scale. 

Nevertheless, this model suffers from the same drawbacks as its RANS version. 

Firstly, the reaction rate is independent of chemical reaction and overestimates the 

reaction rate and secondly, the determination of C EBU is not straightforward. 

Because of the substantial computational requirements of LES, there has been a 

tendency to use quiet simple turbulent-combustion sub-models, but we are beginning 

to see combinations ofLES with more complex models such as EDM [90], pdf [224] 

and CMC [34]. These models were originally developed for RANS but their 

application to LES seems to be encouraging. 
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Non-premixed combustion in LES 

Linear eddy Model 

The Linear eddy Model (LEM) was firstly developed by Kerstein [114-116]. It is 

based on one dimensional stochastic description of turbulent stirring processes. In a 

LES framework, this analysis is used to describe the sub-grid process. 

This sub-grid phenomenon is modelled by a 1-D scalar field and it may be interpreted 

as the effect of a single turbulent structure of size I located at Xo. A turbulent mixing 

is then simulated using a vortex of size 1 (smaller than the LES grid size) and at a 

frequency specified for a given spectra. 

This approach provides a direct estimation of filtered mass fraction and temperature 

without solving the balance equations. Nevertheless, the mass fraction and the 

temperature transport through the cells' faces must be calculated. The LEM can be 

very time consuming because one-dimensional DNS calculations are required in each 

computational cell. 

This approach appears to be well suited for non-premixed combustion, especially 

when the combustion is mixing controlled [37, 156, 164, 167]. 

Sankaran and Menon [221] recently applied a LEM combustion model within aLES 

framework to simulate a 3-D premixed flame in the thin-reaction-zone regime. A 

finite-rate, one-step methane-air chemistry with non-unity Lewis number was used. 

They also captured the thin reaction zone even when the preheated zone is broadened 

by small eddies. 

Probability density function 
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Pope [205] introduced the concept of "filtered density function" (FDF) which is 

essentially the pdf of sas scalar variables. Colucci et al. [51] developed a systematic 

approach for the FDF balance equation and compared results with DNS calculations. 

This approach takes advantage of the closure proposed for RANS. Cook and Riley 

[52, 54] proposed a presumed shape beta function pdf formulation, avoiding both the 

pdf and FDF balance equations, and called it Large Eddy Probability Density 

Function (LEPDF). It uses the filtered mean and the sub-grid variance of the mixture 

fraction to achieve closure for non-premixed combustion in the following fonn: 

1 

~ = IYf(Z)p(Z)dZ (3.49) 
o 

where P(Z) is the sub-grid probability density function. 

It was found that a P function, based on the filtered mixture fraction, Z and the its 

sub-grid fluctuations Z'2, predicts very accurately P(Z). 

A model to describe the variance Z'2 without adding a balance equation is proposed 

as: 

(3.50) 

where Q is a similarity filter and Cz is a model constant. 

Alternatively, there are available dynamic procedures for estimating Cz [212-214]. It 

is generally accepted that a good prediction of the mixture fraction variance is 

obtained using this approach and avoiding an extra balance equation. 

Optionally, a transport equation for the sub-grid scale pdf may be derived, but this 

was not extensively tested. 
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In an early version ofLEPDF, Yt(Z) in Eq. 3.48, followed the equilibrium model. In 

later stages, the conditional values of the reactive scalars were taken from steady state 

flamelet theory, including the effect of turbulent in the combustion through the scalar 

dissipation rate, Z .This model rendered reasonable results [54]. 

De Bruyn Kops et al. [60] performed a full LES calculation using the balance 

equations of the filtered and variance of the mixture fraction. Presumed beta-shape 

pdf distribution was used for the sub-grid scale mixture fraction fluctuations. The 

model correctly reproduces the filtered species concentrations obtained from DNS 

data. 

More recently, Raman and Pitsch [208] performed a LES-FDF of a bluff-body

stabilized non-premixed flame. They developed a methodology called recursive filter

refinement in order to find out the optimal LES mesh size. They found a good 

correlation with experimental evidence. A new hybrid large-eddy simulation and 

Lagrangian FDF approach was developed by Raman and Pitsch [209] using finite

rate-chemistry-based modelling. They showed that FDF scalars at select location are 

well approximated by the presumed beta function used in typical combustion LES. 

A turbulent opposed-jet flame simulation was carried out by Geyer et al. [89] using a 

pre-calculated table or a look up table based on flamelets. They arrived at the 

conclusion that LES predicts a good overall agreement, although some discrepancy 

was found on the scalar dissipation rate. 

Similarly, a pdf Eulerian Monte Carlo field method was successfully applied to 

simulate the turbulent piloted methane/air diffusion flame (Sandia D) [175]. 

Pitsch and Steiner [199] introduced a model called Lagrangian Flamelet Model in 

which the solution of the flamelets equation was coupled with LES. They resolved 

the filtered balance equations of energy and mixture fraction and obtained the burning 

rate from the flamelet equations. They used the probability density function concept, 

Eq. 3.49, to change from mixture fraction to physical space. 
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Similarly, Pitsch et at. [198] developed a stochastic, interacting flamelet model, 

which extends to unsteady flamelet model to account for re-ignition effects due to 

interactions of different flamelets. 

Pierce and Moin [192] proposed a model based on the steady flamelet approach and 

applied LES to a turbulent combustion in a confined combustor. Their 

flameletlprogress variable approach (FPV A) introduces a new flamelet parameter, 

which is based on a reactive scalar and identifies uniquely each single state along the 

S-shape curve including the unstable branch. This allows, in principle, the prediction 

of extinction and re-ignition. Along the same line, Ihme et at. [104] showed that the 

steady flamelet assumption in the FPV A context leads to good predictions even for 

high levels of local extinction. 

It can be noted that the different combustion modelling concepts tend to converge 

rather than diverge. Many hybrids and developments have been recently appearing of 

existing models using tools and concepts from other models. Especially in LES, the 

probability density function approach has been successfully used and modified in 

different combustion models. The author of this thesis believes that, to a large extent, 

this is due to the time accuracy capability of LES, which enables to obtain a correct 

description of the turbulence. 

Following this, the LEPDF model is used for the non-premixed regime for the triple 

flame, turbulent lifted flame and backdraft simulations in chapter 8 and 9. 

Conditional Moment Closure 

Bushe and Steiner [34] introduced the CMC concept into the LES frame. CMC solves 

the conditional equations and feeds back to the LES flow-solver with the 

unconditional density. Bushe and Steiner applied this approach to simulation of 

nonpremixed turbulent reaction flow and obtained very encouraging results. This is 

somehow not surprising, since CMC is a good tool to approach the burning rate 

trough conditional quantities and LES resolves the turbulence-field with good 
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accuracy. 

However, the CMC approach is computationally expensive to be used in the LES 

context. Hence, shortcomings have been developed to avoid solving the set of 

conditional equations needed in CMC. Bushe and Steiner [34] proposed to find out 

the conditional quantities through an inversion of an expression similar to Eq. 3.48. 

This method is called the Conditional Source Estimation (CSE) and will be further 

developed in chapter 5. 

Other non-premixed turbulent combustion models used in LES, such as the Scale 

Similarity Filtered Reactive Rate Model (SSFRRM) or the Conserved Scalar 

Equilibrium Model (CSEM) can be found in [64]. 

Premixed combustion in LES 

LES appears to be especially promising for the simulation of premixed combustion as 

it solves the large scale flow motions known to be significant when the reactants are 

mixed. Even more, premixed flame are sensitive to the burner geometry and to large 

scale, unsteady phenomenon such as the anchoring point, the passage of vortices, 

flame-wall interactions and the merging of adjacent flame brush regions. These 

factors are important because they control the large-scale wrinkling of the reaction 

surface. 

LES faces the same difficulties as RANS in premixed turbulent combustion. The 

flame thickness is in the order of 0.1 to 1 mm and is much thinner than the LES grid 

size. Generally, the progress variable is a very stiff variable and the flame front can 

not be resolved in the computational domain. 

To overcome this problem, three main concepts have been used: 

1) An artificially thickened flame front model, 

2) G-field equation or level set approach 
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3) Filtering the progress variable equation. 

This classification is not unique and some authors have used different categorization. 

Artificially thickened flames 

This approach was first developed by Butler and O'Rourke [36] for the computation 

of laminar flames in complex geometries. Thibaut and Candel [235] have used TFM 

to a flashback simulation using a = 32. 

The principle behind the artificially thickened flame (TFM) is to consider a flame 

thicker than the actual one, but having the same laminar flame speed s? [36]. The 

flame speed s? and the flame thickness o?may be expressed as: 

(3.51) 

where a is the thermal diffusivity and w the mean reaction rate. 

Then, an increase of the flame thickness 81° by a factor a with a constant speed is 

easily achieved by replacing the thermal diffusivity a by aa and the reaction rate 

w by w / a. If a is sufficiently large (typically from 5 to 20), the thickened flame 

front may then be resolved on the LES mesh without sub-grid modelling. The 

reaction rate is expressed using an Arrhenius law, as in DNS. 

This approach posses some attractive features: 

• There is no need of sub-grid turbulence modelling. 

• The reaction rate is predicted using an Arrhenius law, hence events such as re

ignition, flam stabilization and flame/wall interaction can be taken into 

account without sub-models. 

• In principle, this approach may be extended to complex chemistry. 
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As the thickness of the flame is enlarged, the interaction between turbulence and 

chemistry is modified. The Da number is divided bya. This has been investigated 

using DNS [5] and an efficiency function E was drawn depending on both velocity, 

u' / s~ and the length scale, /1/ a% to counteract this effect. Accordingly, the scaling 

of diffusivity and reaction rate for turbulent premixed combustion stands as follow: 

a ~ Eaa ; W ~ Ew / a (3.52) 

This approach has not been extensively studied in LES, but seems to be promising 

[235, 246]. Selle et a1. [223] carried out a LES of an industrial gas turbine burner 

using TFM with two-step mechanism for methane-air and about 2 million nodes. 

Partial-premixing is expected in this burner. Reasonably accurate predictions were 

obtained for the mean quantities such as temperature, velocity, etc. 

G-field equation 

This approach is similar to the one used in RANS framework. The key idea is to track 

the flame position at a given value of G = G· . At G· , a geometrical surface is posed 

which divided the fresh and burnt gases. This approach is in many ways similar to the 

flame surface density fonnulation. Furthennore, in both cases, the reaction zone is 

considered to have negligible thickness and the chemical closure is replaced by the 

need to specify the propagation speed of this reacting surface. 

The balance equation for G is as follow: 

(3.53) 

where Wa is the local displacement speed of the iso-surface. 

The G field does not follow the stiff progress variable, but it can be smoother and 

resolved on the LES mesh. 
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The application of a LES filter to Eq. 3.53 leads to: 

aG - - - II -+u·VG =-(u.VG-u.VG)+wG VG at (3.54) 

where there are two unclosed terms, the unresolved turbulent transport (first term of 

the RHS) and the flame front displacement (second term of the RHS). Usually, these 

two terms are merged into one introducing the turbulent flame speed, S r : 

aG - --I 1 -+u·VG=Sr VG at (3.55) 

where Sr needs to be modelled. This closure is based on: 

(3.56) 

where a and n have to be closed. 

In this analysis, the turbulent flame speed is not a very well defined quantity and 

caution should be exerted when using it, as it is not a universal constant. Furthermore, 

there are some numerical problems associated with the appearance of cusps as the 

front propagates. Cups are natural consequence of constant-speed propagating fronts. 

They are related with the discontinuity in the derivative of the solution and render the 

numerical treatment very difficult. To overcome this, various types of diffusive terms 

have been proposed. 1m et al. [105] investigated the influence of different diffusion 

terms on the burning velocity and found that the propagation speed decreases sharply 

with the diffusiveness of the equation. They also proposed a dynamic model for the 

turbulent flame speed for LES which depends on u '/s/o and the LES filter. 

More recently, Pitsch [196] developed a consistent formulation of the G-equation. He 

stated that the unfiltered equation is valid only at instantaneous flame locations. 

Hence, if a proper LES filtered balance equation is required, the G-equation should be 

- 67-



3.2 Combustion Modelling 

filtered by a kemellocated instantaneously along the surface. This formulation leads 

to an equation with two unclosed terms involving a flame front conditional flow 

velocity and a filtered propagation term. 

Despite these setbacks, the G-equation approach has been used with reasonably 

success [26]. A similar approach was used by Molkov et al. [172] to simulate an 

actual deflagration in a vented enclosure-atmosphere system. 

Filtering the progress variable equation 

As in the G-equation approach, the flame front is too thin to be resolved by the 

computational grid. To overcome this, Boger et al. [20] proposed to filter the progress 

variable equation, c, using a LES filter bigger than the actual LES grid. 

As described previously, the progress variable equation for c can be written as: 

(3.57) 

Applying the LES filter, the previous equation becomes: 

~ 0(- -) o(pDOC! ) 
a(pc) Pu jC a (_(- _) / aXI -;---+ +- P uc-uc = +w at ax] ax, ax] c 

(3.58) 

= PWolVcl (3.59) 

where the three LHS terms of Eq. 3.58 correspond respectively to unsteady effects, 

resolved convective fluxes and unresolved transport. The two RHS terms of Eq. 3.58 

denote respectively filtered molecular diffusion and filtered reaction rate. The RHS 

term in Eq. 3.59 correspond to the flame front displacement. 

When the balance equation for c is filtered using a LES filter size ( Il.c ) larger than the 

mesh grid size Il., the flame front is resolved with about 2 Il.c / Il. grid points. The c 
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equation is similar to G-equation but the progress variable has the advantage that it is 

related to quantities such as ~.~·.(pwG)s which are physically defined and may be 

extracted from DNS or experimental measurements. 

Boger et al. [20] closed the RHS term ofEq. 3.58 as follows: 

(3.60) 

where 3: is the flame front wrinkling factor. It compares the sub-grid scale flame 

surface to its projection in the propagation direction. (PWG) s is the surface-averaged 

mass-weighted displacement speed and ~ is the sub-grid surface density (i.e. the sub

grid surface per unit volume). 

These quantities, 3: or ~ and (pw G) s need to be closured. The surface-averaged mass

weighted displacement speed may be estimated from laminar flame speed s~ and the 

fresh gas density Pu as: 

(3.61) 

In the same way as in RANS, the flame surface density ~ and the wrinkling factor 

3: may be expressed in an algebraic form or through a balance equation [100]. 

Several algebraic models are available for predicting the flame wrinkling factor. This 

depends on local quantities and can be dynamically calculated. In general, it follows a 

functional form which depends on [50] : 

(3.62) 

where /). is in the order of the flame front and u'is the velocity fluctuation at the 

same scale, and Ret is the Reynolds number at grid level. 
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Alternatively, a balance equation for l: can be obtained. In fact, the balance equation 

is fonnally identical to the balance equation for flame surface density widely used in 

RANS context. Similarly, this equation is necessary to close some tenns [245]. 

Fureby [84] recently used the flame surface density balance equation together with a 

newly proposed fractal model for the wrinkling factor. He perfonned a LES of a 

premixed flame in an isotropic homogeneous turbulence and achieved good 

agreement with experiments. 

A novel sub-grid scale closure for LES premixed combustion was developed by 

Domingo et al. [68] using DNS. They combined the flame surface density approach 

with a presumed probability density function of the progress variable that is used in 

FPI chemistry tabulation. The flame surface density is used to introduce in the pdf the 

influence of the filtered thin reaction zone within the sub-grid. The predictions were 

in good agreement with the experiment of a premixed turbulent V flame and a ducted 

flame. 

The G-field equation and the filtered progress variable approaches are similar in their 

simplest fonn, but the later can take advantages of the tools developed for RANS. 

Furthennore, it has a clear physical interpretation and it does not suffer from the 

numerical instabilities inherent to the G-equation. This is probably because in the 

later the flame front is resolved using more points and the derivate is not very sharp. 

3.3 Summary and conclusions 

LES is recognised as a suitable tool for modelling the combustion processes. The 

increase of computational power and the development of more sophisticated sub

models are enabling LES to reveal an insight of the underlying physic, which was 

difficult to obtain with RANS. In this process, DNS is playing a major role by either 

providing direct simulation of small scale combustion processes or through assisting 

the development of SGS models for LES. However, the main constraint of DNS is its 

limitation of the Reynolds number. This means that SGS model can not be validated, 
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through this method, for high velocities in turbulent flows. 

Even though the combustion models were originally developed under a RANS 

framework, their extension to the LES paradigm has been quite satisfactory. This is 

supported by good predictions obtained using LES in the early stages. More advanced 

SOS turbulent and combustion models for LES are being continuously developed. 

The filtered G-equation and the filtered density function for premixed combustion is 

an example. In these approaches, a consistent formulation of the SGS models for the 

LES context (Pitsch, [196]) was formulated later than the practical applications of 

those models. This is not the case of the Thickened Flame approach, which its 

extension into a LES context seems straightforward. Conversely, the approach of 

filtering the progress variable was especially developed for the LES framework. 

However, in this approach the size of the filter for the C balance equation is different 

from the one used in the other equations (momentum, energy, etc). This could lead to 

errors that need to be quantified. Little or nothing at all has been carried out yet in 

this direction. 

Presently, there are several outstanding LES of practical devices such as swirl gas 

combustor [98], gas turbine combustor [154], etc. Similarly, new hybrid models 

which combine second order moment RANS (RANS-SOM) and Unsteady RANS 

(URANS) with LES [219] have recently been introduced. Alternatively, a 

combination of LES and RANS was implemented into the commercial package CFX 

9.0 where large eddies are solved in the interior of the domain while RANS is used 

close to the walls where LES would require much more mesh refinement. All this 

indicates that the modelling development is far from over and plenty of research is 

still going on in the field. 

- 71 -



Chapter 4 

Sub-grid scale (SOS) turbulent model 

In this chapter, the original set of Navier Stokes equations are presented and filtered 

using a LES filter. In this procedure, an unclosed term appears in the momentum 

equation, the so-called sub-grid scale (SOS) turbulent flux. This term accounts for the 

turbulent transport at sub-grid level. At this scale, LES is not able to calculate and, 

therefore, it is necessary to make an approximation. 

A brief recount of the development of different turbulent closure models is given. 

Their application and limitations are discussed. This is followed by the description of 

the lagrangian dynamic approach proposed by Meneveau [166] and its 

implementation into the FDS v3 code. 

Finally, the lagrangian model is tested on two isothermal turbulent flow 

configurations in order to test its performance. Case 1 is a backward facing step of Re 

= 5540 based on the step height and upstream centerline velocity and expansion ratio 

of 1.5. Case 2 a turbulent plume ofFr = 7.8. These configurations have very different 

stress tensor conditions, which make them particularly suitable for the evaluation of 

the model. 
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4.1 The governing equations in FDS 

The Fire Dynamics Simulator (FDS), an LES code developed by the National 

Institute of Standards and Technology in the USA (NIST) [159] is used as the basic 

numerical tool. FDS solves the Navier-Stokes equations for low Mach number flows. 

Such approximation involves the filtering out of acoustic waves while allowing for 

large variations in temperature and density. It gives the equations an elliptic 

character, consistent with low speed, thermal convective processes. All the spatial 

derivatives are approximated by second order central differences and the flow 

variables are updated in time using an explicit second order predictor-corrector 

scheme. With these assumptions, the pressure-related terms in the ideal gas law and 

the energy equation are only functions of time. Although, in the momentum equation, 

the perturbation pressure is solved using a Poisson equation. 

Basic equation for the flow field 

The original filtered Navier Stokes equations as resolved by FDS are presented here. 

The filtered equations can be written as: 

(4.1) 

(4.2) 

(4.3) 

(4.4) 
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where p is the filtered density, k is the thennal conductivity, C p is the specific heat, 

D/ is the material diffusivity, 'iiI' Y; and Ii are the Favre filtered velocity, mass 

species concentration and total enthalpy, q r is the radiative heat flux, DP / Dtis the 

material derivative and ~I is the Favre filtered species source tenn. A Favre-filtered 

quantity denoted by a tilde is defined by 'i = pt/J/p. 

The first tenn of the RHS of Eq. 4.3 is generally closed assuming a gradient-transport 

concept: 

(4.5) 

where VI is the Smagorinsky turbulent eddy-diffusivity and SCI is the turbulent 

Schmidt number. 

In FDS, the viscous stress tensor T /j = -(PI + PI fS/j is the sub-grid-scale stress and it 

needs to be closed. By default, FDS follows Smagorinsky [227] to close the viscosity 

tenn as 

(4.6) 

where A is the filter width (which is proportional to the grid size), Cs is a model 

constant the so-called Smagorinsky constant which needs to be chosen and 
- - - 112 -

! S !=(SijSij) is the magnitude of the large-scale strain-rate tensor, S/j reads, 

(4.7) 

and 'ii is the large-scale or filtered velocity. 

The Smagorinsky approach is known to have setbacks regarding the value of its 

constant, Cs ' It has been found, in several studies, that Cs depends on many factors 
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such as turbulence intensity, grid size, geometrical configuration, etc. and it does not 

remain constant throughout the turbulent field. Accordingly, the general trend of the 

development of sub-grid turbulent models in LES is towards constant independent 

models, where Cs is dynamically calculated depending on local flow conditions. 

4.2 SGS background 

Most sub-grid scale stress models (SOS) are based on an eddy viscosity assumption, 

originally developed by Smagorinsky [227]. In this model, the turbulent eddy 

viscosity (Ilt), is obtained by assuming that the small scales eddies are in equilibrium, 

therefore, the energy production and dissipation are in balance. 

Smagorinsky [227] used Cs = 0.020 for a numerical atmospheric circulation 

experiment using the primitive equation of motion. Von Neumann and Richtmyer 

[177] reported that the equivalent of Cs = 0.25 yielded good results for one

dimensional shocks. On the other hand, Charney and Phillips found that the 

coefficient Cs = 0.016 gave reasonable results in quasi-geostrophic integrations. 

Lilly [142] used a Smagorinsky constant of Cs == 0.17 in a homogeneous isotropic 

turbulence with cut-off in the inertial sub-range. Deardorff [61] found that the 

presence of a large shear would require a smaller value for Cs and that Lilly's value 

might cause excessive damping of large-scale fluctuations. Deardorff used Cs == 0.094 

for his calculation. McMillan et a1. [158], also found that Cs should be lowered in the 

presence of strain as in the case of a flow near a wall. 

As a conclusion, the SOS stress tends to decrease towards the wall and is zero at the 

wall. Very close to the wall a laminar flow regime is expected. Therefore, the length 

scale needs to be modified accordingly. 

Following this concept Moin at al. [171] modified the length scale proportionally to 

the distance from the wall. On the other hand, Moin and Kim [169] used damping 
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functions of the Van Driest type. In both cases, the results agreed well with the 

experimental data and the SGS stress profile close to the wall is well predicted. 

Yakhot et at. [262] used a sub-grid scale model based on the Renormalization Group 

theory (RNG) of Yakhot and Orszag [263] in the LES of a channel flow. The SGS 

stress predicted by this model tends to zero at the wall without any extra wall 

function. However, the model has problems solving very high Reynolds number, and 

as a consequence, a very fine mesh is necessary to obtain the correct solution. 

The dynamic model introduced by Germano et al. [88] evaluates the sub-grid scales 

viscosity directly from the information contained in the filtered large scale eddies. 

This model uses neither intermittency nor wall functions and it exhibits a proper 

behaviour near solid boundaries and in the transition regime. In principle, this model 

is also capable of predicting backscatter. Germano's model shows very good 

agreement with experimental data for a transitional and turbulent channel flow. 

Nevertheless, to avoid numeric destabilisation, due to negative viscosity values, a 

turbulent homogenous plane must be chosen in order to average the model 

coefficients. 

Meneveau [166]developed a SGS model which dynamically predicts the sub-grid 

scale stresses as in the Germano's model but without the restriction of the turbulent 

homogenous plane. Both models are based on the same principle but instead of 

averaging in a plane, Meneveau's model averages over particle trajectories. In this 

way, the model does not need a homogeneous turbulent plane for averaging. 

Consequently, the model is to use in flows such as plumes where there are no 

surfaces of homogeneous turbulence. For this reason, it was decided to implement the 

model into the FDS code. 
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4.3 The Lagrangian sub-grid scale turbulence model 

Meneveau suggested an alternative method of averaging along flow particle 

trajectories to overcome the restriction of averaging in planes of homogeneous 

turbulence. 

The Lagrangian model is derived by minimising the error incurred by inserting the 

Smagorinsky model in the Germano identity along a fluid-particle trajectory. 

The error to be minimised is: 

where, 

Mij =2d[1 S 1 Sij -41 S 1 ~j] 

Si} and ~J are the filtered strain tensor at scale /1 and 2/1, respectively. 

This leads to, 

c,,2(x,t) = fLM 
fMM 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

where Cs is the Smagorinsky constant, f LM and fMM are the values of Li} and Mi} 

integrated over the particle trajectory. 

Choosing an appropriate weighting function, the following transport equations are 

obtained, 

DfLM = OhM -nl' - ..!..(L M _ I' ) 
- +u,vJLM - i} i} JLM' 

Dt at T 
(4.12) 
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DfMM _ afMM - 'I" _ 1 (M M 1") 
--=--+U·'VJMM -- /j /j- JMM , 

Dt at T 
(4.13) 

The time scale T controls the 'memory' of the average. Meneveau proposed 

T = BL1[fLMfMM rYs • A constant of proportionality is needed. The model was applied 

to a case of homogeneous turbulence and e = 1.5 was obtained. Meneveau stated that 

it is not necessary to solve these equations very accurately. Hence, a simple and fast 

numeric scheme can be used. 

4.4. Numerical scheme of the Lagrangian model 

The transport equations of the sub-grid-scale viscosity are solved using the following 

numeric scheme: 

(4.14) 

(4.15) 

where 

(4.16) 

where the H{x} is the ramp function (H{x} = x ifx~O, and zero otherwise), L\t is the 

time step and e is a model constant . The ramp function is introduced to clip the 

solution to zero in case of negative values of fLM' This is done in order to ensure the 

stability of the numerical scheme. 

It is clear in Eqs. 4.14 and 4.15 that only two time steps are needed for the backwards 

time integration along the path lines. The tensors Mij and Lij are computed by solving 

EqsA.9 and 4.10. The filtered stress and velocity at mesh grid level (L\) are obtained 

from the LES calculation. The double filtered quantities at 2L\ are averaged on six 
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cells around the central one. The velocities are interpolated from the face to the centre 

of the cell. 

Two additional arrays are created in order to store hM and fMM • These are calculated 

on each iteration. Using Eqs.4.14 and 4.15, it is possible to obtain Cs from Eq.4.11. 

Due to the explicit numerical scheme used, the time step is short enough to avoid that 

a particle goes further than a cell distance. Therefore, the triple lineal interpolation 

used in calculating f LM and fMM at the previous time step is not further than a 

neighbour cell. 

4.5 Test case characteristics 

In this section, we describe the two cases on which the Lagrangian dynamic model is 

tested. These involve two types of flows, which have very different flow structures. 

The turbulent plume case poses a difficult problem for the Germano's model. In this 

case, there is no plane of homogeneous turbulence in order to avoid negative values 

of turbulent viscosity. 

The backward facing step presents high stress tensor near the walls and, 

consequently, requires a proper estimation of the Smagorinsky constant close to the 

walls. It is known that the Germano's model has been successfully applied to this 

case. The homogenous plane can be established equidistant to the walls. In spite of 

this, we consider the backward facing step a useful configuration to evaluate 

Meneveau's model and especially how it handles the high stresses close to the wall. 

Even more, the turbulence developed further downstream from the step creates a 

detached flow, which poses a new challenge to the Lagrangian model. 

4.5.1 Buoyant Turbulent Plume 

The structure of round buoyant turbulent plumes in still and unstratified environments 

is an important problem that has attracted significant attention since Rouse et al 
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[216]. However, a recent study has highlighted the need for more information about 

buoyant turbulent plumes in order to address the effects of turbulence and to help 

benchmark models in turbulent flows. 

The source Froude number (Fr) is a measure of dominance of buoyancy at the source, 

e.g., Fro = 0 for purely buoyant and Fro = 00 for purely non-buoyant Gets) sources, 

respectively. There is abundant information for pure jet plumes [241, 270]. Vortex 

dynamics is expected to be of major importance not only in the development and 

instabilities of the plume but also in the transition from laminar to turbulent regimes. 

It is important to highlight that the vortex stretching is vital in maintaining high levels 

of fluctuating vorticity [234]. 

Several authors have previously studied such turbulent plumes [44, 181]. These 

studies emphasised the relationships among the flow properties in the developed 

(self-preserving) flow. Nevertheless, there were discrepancies in the centreline values 

among these authors. They attributed these discrepancies mainly to the problem of 

fully reaching the self-preserving conditions. Dai et al. [58] explained the relations of 

non-dimensional values. There exist different opinions regarding the conditions that a 

plume should fulfil to be considered in a self-preserving regime. 

Zhou [273] calculated a buoyant turbulent plume with Fr = 1.54 and presented the 

mean velocity radial distributions on planes much nearer to the nozzle than the 

present study (x / D ~ 10). 

The self-preserving region of a buoyant plume of Fr = 7.8 at the source is studied in 

the present case using LES along with the Lagrangian approach for the sub-grid-scale 

turbulence model. The results are compared with the experiments of Dai et al. [58]. 

4.5.2 Backward facing step 

Flow separation and reattachment are of great importance in many practical 

applications of aeronautical, mechanical and civil engineering. Hence, any 
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computational fluid dynamics code should be tested against a problem of separation 

and reattachment. It is of particular interest to test the accuracy of the turbulence 

models in these situations. Among all the flows with separations and reattachment, 

the flow over a backward facing step is one of very simple geometry, yet it offers 

highly desirable flow characteristics such as separation, reversal and recovery in the 

presence of a strong adverse pressure gradient, mixing, reattachment, and 

redeveloping velocity. Among the flow geometries used for the studies of separated 

flows, the most frequently selected is the backward-facing step. 

The effects of the expansion ratio on the reattachment length were studied by Kuehn, 

Durst and Ra, among others [73, 129, 180, 207]. They concluded that the 

reattachment length increased with the expansion ratio. Effects of the Reynolds 

number on the reattachment length were numerically studied by Armaly et a1. [6] and 

experimentally tested by Durst and Sinha [73, 226]. There exist other investigations 

addressing the influence of parameters such as upstream boundary layer profile [3], 

inlet turbulent intensity [106] and downstream duct angle on the reattachment length 

[234], etc. 

Several numerical simulations of the backward-facing step flow were also conducted 

either in two dimensions [6, 72, 109] or in three dimensions [83] using LES. 

Simulations for isothermal turbulent flow for this geometry can be found in [4, 176]. 

In the present study, the Lagrangian sub-grid-scale turbulence model developed by 

Meneveau is used to simulate a backward facing step with Reynolds number of 5540 

based on the upstream centre line and the step height. The results are compared with 

the experiments of Kasagi and Matsunaga [112]. 
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4.6 SGS boundary and initial conditions 

Additional boundary and initial conditions are needed for fLM and fMM • 

As the flow at the inlet of the plume is laminar, the fLM boundary condition is 

fLM =0. In the open boundaries, the same condition is used, as large fluctuations are 

not expected there. 

For the backward facing step case, the development length considered is long enough 

to allow the velocity profile to develop from the inlet to the step shoulder. Therefore, 

it is expected that fLM and fMM will develop accordingly through the channel. 

Considering this, fLM =0 was set up at the inlet. At the wall fLM =0 is considered too, 

since the flow is laminar there. 

The main focus of this study is the quasi-steady state,. Hence, the flow is initialised as 

Meneveau recommended: fMM (x, t = 0) = Mij Mij(X, t = 0) and fLM (x, t = 0)= C; (t = 

0) Mij Mij(x, t = 0) [166]. 

Consequently, at the beginning of the simulation the standard value of the 

Smagorinsky constant is applied throughout the domain, but this situation soon 

evolves as the stress tensor builds up. 
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Figure 4.1. Backward-facing step geometry. 

4.7 Simulation details and results for the backward facing step 

4.7.1 Simulation details 

The geometry of the backward facing step is shown in Fig. 4.1. The fluid under 

consideration is air. The step height (h) is 0.041 m and the upstream section has a 

height of 0.082 m (2h), resulting in an expansion ratio of 1.5. The total length of the 

geometry is 1.5 m and the development length before the step is 0.35 m. The 

Reynolds number based on the step height and upstream centreline velocity (Uc) is 

5540. The reference values are: Uc = 2.063 mis, L = h = 0.041 m, p = 1.194 kg m-3
, v 

= 15.27 X 10-6 m2s-1
• The conditions are the same as those used by Kasagi and 

Matsunaga [112]. 

Non-slip boundary conditions are used at the top and bottom walls. Periodicity is 

assumed in the span wise direction. The N avier Stokes characteristic boundary 

conditions are employed at the inflow and outflow boundaries. At the inflow as 
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standard random perturbation of 7% is used. At the outflow, it is assumed that the 

total pressure is constant along the path lines. 

The grid resolution used for the simulation is (100 x 72 x 48) in the streamwise, wall

normal and spanwise, respectively. The grid is shrunk on both streamwise and wall

normal directions at the step region using a parabolic function for the grid 

distdbution. The selected gdd resolution is chosen following careful study of the 

resulting flow field pattern in the expedments. 
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Figure 4.2a. Mean stream wise velocities at different locations downstream the step. 
- (line) measurements, • (circle) Lagrangian model, _ (square) Smagorinsky model. 

4.7.2 Results of the backward facing step 

Reattachment length 
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There are many definitions of the mean reattachment length ( X,) in the literature: (a) 

by the location at which the mean velocity U = 0 at the first grid point away from the 

wall; (b) by the location of the zero wall-shear stress ('tw = 0); (c) by the location of 

the mean dividing stream line ('V = 0); and (d) by a p.d.f. method in which the mean 

reattachment point is indicated by the location of 50% forward flow fraction. Le et al. 

[133] observed that the actual difference among the first three are only of 0.1% and 

the last one about 2%. In the present work the first definition is adopted. 

The predicted mean reattachment length is 5.75h. This value is 11% smaller than the 

value obtained by Kasagi and Matsunaga of6.51h [112]. 

Ravikanth et al. [211] solved the same configuration using the Garimaji's model [93] 

for homogeneous turbulence plane and obtained a reattachment length of 6.0h. 

Le et al. [133] carried out a Direct Numerical Simulation (DNS) calculation of the 

backward facing step and obtained 6.28h for a Reynolds number of 5100 and 

expansion ration of 1.2. In a previous calculation they predicted a reattachment length 

of 6.0h -[132]. 

It is interesting to highlight that in the Le et al.' s DNS simulation, the inlet 

conditions, upstream of the step, do not totally match the condition for a fully 

turbulent channel used by Kasagi and Matsunaga [112]. Nevertheless, they obtained a 

good reattachment length prediction. Considering that in the present simulation, as it 

is shown in the good prediction ofLe et al. [133], the channel is not fully turbulent at 

the step shoulder, the inlet condition should not be considered as the cause of the 

under prediction in the reattachment length. 
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Figure 4.2b. Mean wall normal velocities at different locations downstream the step. 
- (line) measurements, . (circle) Lagrangian model. 

Mean velocity distributions 

The mean velocity profiles in the wall nOlmal (y) direction at various downstream 

sections are shown in Figs. 4.2a and 4.2b. In general, there is good agreement 

between experimental and simulated values in both directions. 

In Fig 4.2a from the x / h = 2 to 5, the streamwise velocity has a negative component 

indicating the recirculating region. Fig. 4.2a also shows that the simulated velocity is 

flatter than the measurement in the bulk of the channel at x / h = O. Consequently, the 

profile at the upper wall is steeper than the experiment. This could be attributed to the 

fact that in the present simulation not all the channel cross section is turbulent at the 

step shoulder as it will be shown later. 

As the recirculating region is reached, the velocity on the upper wall agrees well with 

the experiment. On the other hand, the inverse situation is encountered on the lower 

wall, where at x / h = 9 a much steeper profile is predicted. 
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4.7 Simulation details and results for the backward facing step 

The velocity prediction using the Smagorinsky SGS turbulence model, Cs=0.2, 

(square symbols) is shown in Fig. 4.2a. It can be noted that the prediction fails to 

capture the correct velocity profile near the wall. This is most notorious on the upper 

wall where the model predicts a recirculating region at x / h = 7, which is not present 

in the measurements. Evidently, the Smagorinsky SGS turbulence can not predict the 

right behaviour near the wall without the help of wall-function or an ad-doc 

modification. 

Fig. 4.2b shows the y direction velocities. They prove to be in very good agreement 

with the measurements. It shows positive and negative values, especially at x / h = 1 

and at x / h = 4, respectively. This evidences the presence of the principal eddy. 

Toward the reattachment point and starting at x / h = 4, the velocity becomes negative 

and it remains negative in the recovering region further downstream up to x / h = 10. 

The mean streamlines are shown in Fig. 4.3. They are the contour lines of a stream 

function 'l' calculated by integrating the mean velocity components. It is seen that the 

centre of the principal recirculating region is located at x / h = 2.29 and y / h = 0.58. 

Kasagi and Matsunaga [112] measured this point at x / h = 3.0 and y / h = 0.6. The 

under prediction of the stream wise centre location of the principal eddy centre (about 

23%) was somehow expected due to the under prediction of the reattachment length. 

Nevertheless, the LES calculations carried out by Ravikanth et a1. [211] predicted this 

position at x / h ~ 2.3 for the main eddy centre and x / h = 6.1 for the reattachment 

length. These were closer to the values obtained in this study. 
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Figure 4.3. Mean streamlines. 

Fig. 4.3. The secondary eddy prediction at x / h = 0.47., while Kasagi and Matsunaga 

[112] located it at x / h = 1.7. 

Velocity fluctuations and turbulent kinetic energy 

The root mean square (rms) velocity fluctuation predictions and measurements are 

shown in Fig. 4.4a. The fluctuation of the stream wise velocity shows, in general, a 

reasonable agreement with the measurements. 

The Unns profile at the separation point has a peak of 0.15 Uc at x / h = 0, y / h = 1. 

This peak increases slightly downstream and has a maximum of 0.2 Uc at x / h = 1. 

Thereafter, it exhibits a considerable diminishing along the step side together with a 

shift toward the wall. Simultaneously, as the peak moves downstream, a diffusive 

effect can be noticed after x / h ~ 1 and further into the principal eddy region where 

the peak is softened forming a much softer profile at x / h ~ 4. 
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Figure 4.4a. Root-mean-square turbulent velocity fluctuations. Stream wise 
component. - (line) measurements, • (circle) Lagrangian model. 

The main differences between predictions and experiments is at x / h = I and along 

the upper wall. At x / h = I , a weaker fluctuations profile is predicted and on the 

upper wall the measurements are more turbulent than in the simulation. This can be 

attribute to the effect of the flow conditions upstream of the step. As it was mentioned 

earlier, in this study not all the channel cross section is turbulent (note the low 

turbulence prediction in the bulk of the channel). As shown in Fig. 4.4a. 
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4.7 Simulation details and results for the backward facing step 

Figure 4.4b. Root-mean-square turbulent velocity fluctuations. Stream wall normal 
component. - (line) measurements, • (circle) Lagrangian model. 

Figure 4.4c. Root-mean-square turbulent velocity fluctuations. Span wise 
component. - (line) measurements, • (circle) Lagrangian model. 

In Fig. 4.4b, the wall-normal component v' shows a distribution qualitatively similar 

to u'. Its maximum is located downstream of the separation wall, but, its magnitude is 

smaller than u' as expected. The predictions show a similar behaviour for u'. A 

weaker profile and an under prediction of the magnitude at x / h = 1. Again, there is 

an under prediction in the bulk region of the channel, although less pronounced than 

in the stream-wise case. The agreement is very good for x / h > 3. 

Fig. 4.4c shows the span-wise component of the fluctuation w. The qualitative 

behaviour is the same as the other two components. The predicted magnitude is 

greater than v' but smaller than u'. As the recirculating region is reached w' becomes 

the biggest component near the wall as identified by See Itoh and Kasagi [107]. The 

prediction in the recirculating region and close to the lower wall is in good agreement 

with the measurements. 
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Fig. 4.5 shows the mean turbulent kinetic energy (k). It presents a behaviour 

qualitatively similar to the measurements. There arc two maximums in the 

measurements; one at x / h = 2 and another at x / h = 4.5. In the simulation, these two 

maximums are located at x / h = 1.48 and x / h = 3.2. Nevertheless, in the simulation 

there is an extra maximum in the separation point. The main difference between the 

simulation and the measurements, regarding the kinetic energy, is that in the 

measurements the biggest maximum is at x / h = 4.5 while in the simulation it is 

around x / h = 1. 
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Figure 4.5. Contour lines of normalised turbulent kinetic energy. 

-UVIU/ 
00 0.02 

3 • (a) I • 
~ • 

\ 
• • • • 

:t • · : .. " I If_.~. .~ -'. 
I " -. ,. . 
I .. ., .. .-. 
I '".. ••• . I t 
I • •• · . .- : 

0 
I : : .,. .-
0 2 ., 0 

, 
i I 

i I 
I 

I 
I 
I 
L 

8 10 

t/H 

- 91 -



4.7 Simulation details and results for the backward facing step 

Figure 4.6. Reynolds shears stress cross-stream distribution. - (line) measurements, 
• (circle) Lagrangian model. 

Kasagi and Matsunaga [112] found that their results were in excellent agreement with 

those of the DNS ofLe at al.[133] even though there was a considerable difference in 

the inflow conditions. In the simulation carried out by Le et al., the inflow conditions 

were not of a full-developed turbulent channel but of a partially turbulent inflow as 

we used in this study. 

Reynolds shear stress 

The profile of the Reynolds shear stress (uv) is depicted in Fig. 4.6. It is, in general, 

very similar to the distribution of the turbulent kinetic energy. Particularly, in the 

separating shear layer. The measurements exhibit a small peak at y / h = 1 that 

diffuses toward the channel centre and the lower wall. It reaches its maximum of 

0.013 at x / h ~ 4. The simulation predicts good agreement downstream of x / h = 4, 

although near the step, the simulation over predicts the shear stress. This might be 

associated with the over prediction of both v' at x /h = 1 and u' at x / h = 1. 

Subgrid-scale turbulence model 

Fig. 4.7 shows the contour profile of the mean value of C; . There are two main 

issues to address. Firstly, the mean overall Smagorinsky constant is lower than the 

commonly assumed value of C; = 0.04; confirming that this value might produce 

excessive dissipation in a LES of a backward facing step. In consequence, the new 

SGS model dissipates less energy and, thus, more turbulence is expected. Secondly, 

C; becomes zero near the wall without the necessity of wall function or artificial 

treatment. 

In the mid-high channel, at the shoulder of the step (x / h = 0), it can be seen that 

C; is very low (~ 3.0 10--4), indicating that the flow in this region is laminar as it was 

previously commented. As the separation point is reached at x / h = 0 this value 

becomes larger. 
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Figure 4.7. Contour profile of C: . 

In the zone downstream the step, two regions can be recognized; one in the upper 

section of the channel and another underneath it. The region above has small values 

of Cs and the lower area has larger values. This is in accordance with the level of 

turbulence in the channel. 

It can be observed from Eqs. 4.12 and 4.13 that Cs
2 is a transported scalar quantity 

and that a source term can be expected in high strained regions of the flow. 

Consequently, large values of C: are seen close to the point where the two eddies 

(primary and secondary) met at the bottom wall, at the reattachment point and at the 

separation point. All these are regions of high stress. From each of these points, Cs
2 is 

transported along the path lines either inside or outside the principal eddy. From this 

point of view C; can be thought to have a similar behaviour to the dynamic one

equation sub-grid model. 
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The fMM profile is depicted in Fig. 4.8. fMM depends on the fOUl1h order of strain 

tensor (Sij). The peak located at x / h =: 0 and y / h =: 1 is transported both downstream 

- 94-



4.7 Simulation details and results for the backward facing step 

and toward the lower wall. Close to the step bottom, from x / h > 0 to x / h < 1 there 

is a region of low mean strain and therefore C; is small. 

The f LM profile is depicted in Fig. 4.9. The qualitative behaviour is similar to fMM , 

with an important exception, the boundary condition of fLM was set to zero to satisfy 

the condition Cs = 0 at the non-slippery walls. The f LM profile resembles to the 

Reynolds shear stress (- u 'v' ) profile. There is a region on the step wall and for x / h = 
o to x / h < 2.5 where the f LM is low. 

In order to asses for the model performance, the number of 'clipping' in Eq. 4.14 has 

been counted. This gives an idea of how many times the viscosity has been set to zero 

in the simulation. Fig. 4.10 shows the percentage of 'clipping' respecting the total 

iterations in a plane. It is seen that in the bulk of the channel the percentage is low, 

about 1.6 %, but in the recirculation zone it is about 16 %. There is a zone near the 

bottom of the step where the percentage is very low (2%). This point coincides with 

the second reattachment point. 

In EqA.16 there is a constant that Meneveau chose to be () = 1.5. This value was 

obtained from an isotropic turbulence case. Hence, herein two more tests are carried 

out in order to evaluate the effect of this constant. The cases are performed with 

B = 0.5 and () = 3.0 and no substantial differences have been found. 

Mesh sensitivity analysis 

It is important to analyse the influence of the mesh refinement on the results. For this, 

a systematic refinement of the mesh is carried out. Considering the initial mesh of 

100 x 72 x 48 (mesh 1), it is increased to 120 x 90 x 48 (mesh 2) and 120 x 120 x 48 

(mesh 3). 
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Figure 4.11. Mesh sensitivity. a) Meneveau and b) Smagorinsky. Symbols: square 

(mesh 1), deltas (mesh 2) and gradients (mesh 3) 

- 96 -



4.8 Simulation details and results for the turbulent plume 

Fig. 4.11 shows the velocity profiles for both turbulence models. The Lagrangian 

approach does not produce large variation in velocity. For the Smagorinsky model the 

predictions of the different meshes are more obvious, especially at x I h = 6 and x I h 

= 8. It is also seen that the counter flow eddy on the upper wall predicted by the 

Smagorinsky model does not improve with the refinement of the mesh. 

It is found that the other quantities are not greatly improved using a finer mesh. It is 

therefore concluded that the solution is converged with mesh 1. 

4.8 Simulation details and results for the turbulent plume 

4.8.1 Simulation details 

The dimension of the numeric domain is (1.2 x 1.2 x 2.2) m in x, y and z direction, 

respectively. The fluid under consideration is CO2, with the following properties: p = 
1.75 kglml, v = 8.5 mm2/s. 

The nozzle diameter is 9.7 mm and the inlet velocity is 1.74 mls. The Reynolds and 

the Froude number at the inflow are 2000 and 7.8, respectively. The flow is directed 

vertically downward in still air with ambient pressure, temperature, density and 

kinematic viscosity of 99± 0.5 KPa, 297 ± 0.5 K, 1.16 kglm3 and 14.8 mm2/s. These 

data are based on the experimental conditions of Dai et al. [58]. 

In the inlet, no perturbation is introduced as the flow is laminar at the nozzle and 

turbulence develops downstream in the plume. The open pressure boundary condition 

is used on the side and top plane. A non-slip wall condition is imposed at the bottom 

surface. 

The numeric grid is (128 x 128 x 100) in x, yand z direction, respectively. This mesh 

is found to provide to be fine enough to achieve grid independent results according to 

preliminary tests carried out with different grid resolutions. 
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The self-preserving round buoyant turbulent plume conditions are considered to be 

reached when streamwise distances from the plume source are large in comparison 

with two characteristic length scales: (1) the source diameter, as a measure of 

conditions when the effects of the source disturbances have been lost and (2) the 

Morton length scale, as a measure of conditions where the buoyant features of the 

flow are dominant. For general buoyant jet sources, the Morton length scale is 

defined as follows: 

(4.17) 

For round plumes with uniform properties defined at the source, the source specific 

momentum flux, M 0' and the source buoyancy, Bo' are defined as follows: 

(4.18) 

(4.19) 

where d is the jet diameter, Uo is inlet velocity, g is the gravity vector, po is the flow 

density at the jet nozzle and poo is the ambient density. 

Substituting Eqs.4.18 and 4.19 into Eq. 4.17 yields the following expression for 

1M for round plumes that have uniform properties at the source: 

(4.20) 

The radio, 1M / d , is proportional to the source Froude number, defined as follows, 

(4.21) 

- 98-



4.8 Simulation details and results for the turbulent plume 

The measurements of Dai et al. [58] covered a region of (x - xo)/d ~ 87, where the 

self-conserving conditions are observed, where Xo is the origin. In this study, the 

plane corresponding to (x - xo) I d = 100 is considered with Xo = 0.0. 

In order to compare the performance of the Lagrangian model, the same case is 

carried out using the traditional Smagorinsky sub-grid scale model with Cs = 0.2 and 

SCt = 0.5. The Schmidt turbulent number is kept constant in both set of calculations. 

4.8.2 Results of the Buoyant Turbulent Plume 

Mean velocity distributions 

The evolution of mean and mixture fraction fluctuation from the source to the self

preserving conditions has been considered. Using Eqs.4.l7-4.19 as parameters to 

scale the self-preserving magnitudes yields as follows: 

li(r I(x - xo)) = li(O) exp[ -k; (r I(x - XO))2] (4.22) 

where k; = (x - xo) lIu ) and l)s a characteristic plume radius li / lie = exp( -1) . 

The best fit of the data obtained by Dai et al. is li(O) = 4.3 and k; = 93, with 

lu I(x-xo) = 0.10. 

Fig. 4.12 shows both the measured and predicted stream-wise velocity on the plane 

(x-xo) I d = 100. The Lagrangian model predicts reasonably well the measurements of 

both the plume width and maximum stream-wise velocity but the Smagorinsky model 

over predicts the plume width. 
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Figure 4.12. Turbulent plume mean streamwise velocity profile at (x-xo) / d = 100. 
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Figure 4.13. Turbulent plume mean radial velocity profile at (x-xo) / d = 100. 
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The radial velocity profile is illustrated in Fig. 4.13. Scaling parameters have been 

used to provide a universal plot of the radial velocity. Even when both models predict 

adequately the radial velocity, the Smagorinsky model over predicts the entrainment 

velocity at r / (x-xo) = 0.2. This is a relevant point because the over prediction of the 

entrainment velocity could lead to an over prediction in the plume width. This might 

also be the cause for the over prediction obtained with the Smagorinsky model in Fig. 

4.12 

Dai et al. [58] calculated the entrainment behaviour as: - (rY).., /«x - xo)ue ) = 0.009; 

where v is the radial velocity, ue is the plume mean centre velocity, x is the stream

wise co-ordinate and r is the radius. 

Velocity Fluctuations 

Fig. 4.14 shows the stream-wise velocity fluctuation prediction. Overall, they are in 

good agreement with the measured data. The Lagrangian model predicts correctly the 

radial spread. On the other hand, the Smagorinsky model over predicts the peak at the 

centre axis, while the Lagrangian model does it well. The Smagorinsky model over 

predicts the profile width in 0.25 > r / (x -xo) > 0.1, as it does in the mean velocity 

predictions. 

Dai et al. [58] observed that the centre value of (u' / uJ = 0.22 generally is lower than 

values in the range of 0.25-0.32 observed in previous transitional plumes. 
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Figure 4.14. Turbulent plume mean streamwise velocity fluctuations profile at (x-xo) / 
d= 100. 

The presence of the dip in the stream-wise velocity fluctuation measurements near the 

axis for the self-preserving region is also observed in non-buoyant jets. See 

Papanicolaou and List [181] and references cited therein. Dai et al. [58] also stated 

that this dip is expected as turbulence production is reduced near the axis due to 

symmetry. Nevertheless, this behaviour was not encountered in the mixture fraction 

measurements of Dai at al. [58]. They attributed it to buoyancy/turbulent iterations 

because such dips are observed in non-buoyant turbulent jets [14]. It is encouraging 

to note that the Lagrangian model captures the dip at the centre of the plume while 

the Smagorinsky model does not. 

Sub-grid-scale turbulence model 

- 102-



4.8 Simulation details and results for the turbulent plume 

Fig. 4.15 illustrates the contour of C; at (x - xo) / d = 100. It is noted that at the 

centre of the plume the Smagorinsky constant is approximately C; ~ 0.1 for 

turbulent plume used by Zhou [273] is obtained. 

For ratios greater than r / (x - xo) = 0.2 the values of C; are transported by the 

entrainment velocity from the open boundaries to the plume centre. In this region, the 

velocity fluctuations are negligible and the flow remains laminar, thus, it is of no 
-- --

significance for neither the transport of fMM nor tLM . 

In the outermost zone of the plume, at r / (x - xo) = 0.25, C; is about ~ 0.004 and 

increases to a value of 0.0096 as the centreline is reached, where more turbulence is 

expected. 

The total percentage of iterations necessary to clip to zero the solution in order to 

avoid negative viscosity is about 12%, which is in the same order of the backward 

faced case. Although, some peaks of 20% around r / (x - xo) = 0.2 are found. These 

results are of special interest regarding the performance of the Lagrangian model with 

respect to the complex solution of Eq. 4.12. It is interesting that for these two flows 

with very different characteristics, both percentages are in the same order. This 

indicates a certain independence of the model on the flow type. 

The t LM is shown in Fig. 4.16. High values of tLM are observed near the plume 

centre. This is expected since the turbulence enhances at the centre. Relatively low 

values of JLM and JMM were predicted in contrast with the backward faced step. 

This is also expected as the shear stress tensor in the latter case is bigger due not only 

to the walls but also to the separation point. 
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Figure 4.17. Profile of the relation SGS viscosity / molecular viscosity. 

Finally, to quantify the performance of the Lagrangian SGS model, Fig. 4.17 

illustrates the ratio SGS viscosity/molecular viscosity. As it was underlined above, 

the role of the sub-grid-scale turbulence model is not as important as in the backward 

face step. At the plume centre, the turbulence viscosity equals the molecular viscosity 

and the relation diminishes toward the outer region of the plume. 
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4.9 Summary and conclusions 

Backward facing step 

• From the study of the backward-facing step simulation, it was found that the 

performance of the Lagrangian model in shear walled flows was as good as 

the Germano et a1. model [88]. But with the advantage of not being necessary 

to select any plane of homogenous turbulence, the new method develops 

correctly the profile of the Smagorinsky constant at the wall without using any 

wall function or similar. Moreover, it is not greatly affected by the selection of 

the constant e. 

• It is shown that the lagrangian model represents adequately the physical 

behaviour of the flow when it remains laminar. The predicted C; in those 

regions of low turbulence is also small. Hence, it duly diminishes the 

turbulent dissipation in the outer region of the plume and at the step shoulder. 

• Even though the model predicts well the mean velocity in the backward facing 

step, it fails to predict the velocity fluctuations around x / h = 1. In particular, 

the model tends to over predict u', v' and w' and thereafter, to over estimate 

the Reynolds stresses in this region. It is interesting to underline the good 

agreement with the measurements at x / h = 0 near the step shoulder; this 

illustrates the good agreement in the upstream flow conditions immediately 

above the step. Near x / h = 1, the simulation deteriorates and produces an 

over prediction of the fluctuations. This issue should be addressed in future 

works. 

• The model predicts a maximum turbulence energy (k) near the step shoulder 

(x/h = 1.48 and y/h = 1) but the measurements locate it at x / h = 2 and y / h 

=1. The centre of the principal eddy is predicted at x / h = 2.29, while Kasagi 

and Matsunaga [112] measured it at x / h = 3.0. The same pattern is found for 

the principal and secondary reattachment point locations, where the model 
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under predicts both values. It is thought that these under predictions might be 

related to the over predictions of the fluctuations described in the previous 

paragraph. 

• The percentage of "clipping" due to negative values of the viscosity is about 

12%, which is slightly larger than the value obtained by Meneveau. If this 

condition remains for a long period of time it may easily destabilize the 

numerical scheme. Additionally, it is noted that the model predicts low values 

for C: in the present configurations. 

Buoyant plume 

From the results obtained in the buoyant turbulent plume, it can be drawn that the 

Lagrangian model does slightly better than the classical Smagorinsky model. 

Specifically, the Smagorinsky model estimates wider profiles for stream-wise 

velocity, radial velocity and velocity fluctuations. 

It is interesting to note that in the turbulent plume the Smagorinsky constant, 

predicted by the Lagrangian model, is very close to the best value for this type of 

flow C; = 0.1. 

It should also be pointed out that the lagrangian approach requires approximately 

20% or more processing time than its Smagorinsky counterpart. This time is mostly 

consumed in calculating the stress tensor at the 21l grid. 
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Chapter 5 

Conditional Source Estimation (CSE) 

In this chapter a variation of the original Laminar Flamelet Decomposition (LFD) for 

Conditional Source Estimation (CSE) model, developed by Bushe and Steiner [35], is 

introduced and used to simulate the turbulent non-premixed piloted SANDIA Flame 

D. 

The CSE model is originally based on the Conditional Moment Closure (CMC) 

concept, which was introduced in chapter 3. Briefly, it calculates the conditional 

source term as function of conditional species and temperature. In order to obtain the 

conditional variables, a set of equations must be solved in the conditional space. 

These equations are very stiff and models are necessary for closing unclosed terms. 

Bushe and Steiner [35] proposed the CSE as an alternative. This method closes the 

conditional source term from filtered variables without solving the set of conditional 

equations. 
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5.1 Conditional Moment Closure (CMC) background 

The pdf method was proposed by Pope [203] and was used extensively in many 

studies. The CMC, originally developed by Bilger and co-workers [17], is based on a 

pdf transport equation for the velocity and the reactive scalars. Within this 

framework, they represent a very general statistical description of turbulent reacting 

flows, applicable to premixed, non-premixed and partially premixed flows. The pdf 

has been extended to LES using filtered density function at sub-grid level [51]. The 

concept of sub-grid scale pdfs has been adopted in conserved scalar methods as the 

Laminar Flamelet Model (LFM). 

Presuming the sub-grid scale pdf of the mixture fraction P(Z), the filtered species 

mass fractions r; in each computational cell can be evaluated by 

I 

Y; (x, t) = Jr;(Z,t)i8Z,z',x,t)dZ (5.1) 
o 

Provided the functional dependence r;(Z,t) is known. Here, the tilde denotes 

density-weighted spatial filtering. For clarity, the pdf will be referred to as P(Z) and 

the conditional quantity as Yj(Z). 

The pre-assumed pdf approach, P(Z) , usually follows a Beta distribution 

parameterised with two moments: the filtered mixture fraction and its variance. 

Usually, the first moment is determined by solving the transport equation for a 

conserved scalar. The variance, or second moment, can be either calculated by a sub

grid model or solved through a transport equation. The validity of the assumption of 

the beta function distribution at sub-grid scale for the mixture fraction has been 

successful by validated for LES applications. 

Different approaches have been used to specify the function ¥;(Z,t) in Eq. 5.1. 

Broadly speaking, these are: the infinitely fast chemistry, the equilibrium assumption 

[52], the steady or unsteady Laminar Flamelet Model (LFM) [54, 55, 195, 199,249] 
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and the Conditional Moment Closure (CMC) model [75, 120]. 

In the Laminar Flamelet Model (LFM), the turbulent diffusion flame is viewed as 

consisting of an ensemble of stretched laminar flamelets attached to a conserved 

scalar, usually the mixture fraction (Z). The flamelet equations depend on both the 

mixture fraction, Z, and the scalar dissipation rate, z. In this approach, the flamelets 

are viewed as thin reactive-diffusive layers embedded within the turbulent flow field 

at the stoichiometric value. Therein, the scalar dissipation rate is responsible for the 

chemistry-turbulence interaction. Cook et a1. have introduced LFM into LES using 

look-up tables for the reaction rate for different turbulence-combustion conditions 

[52,55]. 

The steady flamelets are not capable of predicting unsteady effects like ignition and 

extinction. A lagrangian flamelet model was proposed for LES in different studies 

[194, 195, 197]. This model solves the unsteady laminar flamelet equation, which can 

be seen as the residence time of the flamelet in the flow field. Even tough this 

approach does not require any steady-state assumption for the flamelet equations, it 

considers that individual flamelets do not change with time in the flow. 

The concept of Conditional Moment Closure (CMC) was developed simultaneously 

by Klimenko and Bilger [16, 124]. The essence is that, rather than considering 

conventional averages, one should condition the reactive scalars on the mixture 

fraction space. Bilger based his derivation on the observation that most fluctuations 

of the reactive scalars can be associated with fluctuation of the mixture fraction. This 

concept was originally developed for non-premixed combustion, but conditioning on 

the progress variable for premixed combustion has been also developed [17]. CMC 

has been applied to turbulent jet diffusion flames [128], turbulent lifted flames [65], 

predictions of NO formation in hydrogen jet [13] and non-premixed methanol bluff

body flames [119]. This approach has been successfully compared against DNS 

calculations in non-premixed hydrocarbon flames [233] and further development 

allowed to include differential diffusion [127]. On conditioning the source term with 

the mixture fraction, a first order approximation is considered for all known CMC 
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applications. Consequently, the source term can be well predicted, when calculated 

through the conditioned quantities. 

Nevertheless, CMC needs to solve an extra dimension system, so it would be 

necessary to solve a four dimension equation. Moreover, in CMC equations there are 

unclosed terms that need to be model such as the conditional dissipation rate and the 

conditional velocity. Additional transport equations for each new species are 

necessary if complex chemistry is required. In order to account for extinction-ignition 

process, some researchers introduced a second order approach to the conditional 

source term [120]. 

Bushe and Steiner [34] made use of the CMC source term closure hypothesis and 

attempted to work out the conditional values needed for calculating the conditional 

source inverting Eq. 5.1. This approximation of the source term is called Conditional 

Source-Term Estimation (CSE). In principle, this method does not need any steady 

state assumption, either in Z or in the physical space. 

5.2 The Conditional Source Estimator model (CSE) 

The CSE methodology was firstly proposed by Bushe [34].There are many 

approaches to establish the function of the species mass concentrations and 

temperature in the mixture fraction space. Originally, CSE follows the Conditional 

Moment Closure (CMC) concept developed by Bilger [16]. In the CMC approach, the 

energy source term is considered as follow: 

w(Z) = F«l'; (Z), T(Z» (5.2) 

where F is usually the Arrenius expression, and l'; (Z) and T(Z) are the conditional 

mass concentrations and temperature, respectively. 

The advantage of this approach is that the conditional source term, w(Z), becomes 

more stable when expressed in term of the conditional quantities. This is so even if 
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the first order approach is used. In CMC, a set of separated equations are solved to 

compute 1';(Z) and T(Z). 

In the Unsteady Laminar Flamelet Model (ULMF) the unsteady flamelet equations 

are coupled with the flow solver to obtain the conditional quantities [199]. 

Alternatively, the CSE approach proposes to estimate the conditional variables 

performing the inversion ofEq. 5.1 to obtain 1'; (Z) and T(Z). 

Eq. 5.1 is called Fredhold equation of the first class. The inversion attempts to 

calculate the source function (1';(Z) or T(Z» through the 'measurements' of the 

unconditional variables, (T(x) or Y(x» and the kernel of the inversion, P(Z). In its 

simplest form the inversion is reduced to the least square method. 

This method was applied with relative success to a diffusion flame D [231]. It was 

found feasible to approach the conditional values using an inversion of the filtered 

values. However, it suffers from some setbacks: 

• It needs one equation for each specie to account for detailed chemistry. 

• The inversion was proved to be ill-conditioned (a key issue in CSE). 

• It was necessary to introduce a second conditional variable to obtain 

predictions of local extinction phenomena, making the model far too 

computationally far too expensive. 

The inversion performed by simple methods was found to be very unstable and its 

results physically meaningless. This instability is inherent to the inversion process 

itself. Out of the many inversion techniques existing in the literature, some are 

detailed in [56, 239]. 

The decomposition technique was proposed in order to overcome some of these 

difficulties [35]. In this approach, a set of basis functions is chosen into which 

1'; (Z) and T(Z) are projected. An obvious choice is the laminar flamelet functions. 

These have the advantage of being actual realisations of the flame in the flow. Thus, 
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n 

T(Z) = La/Jx) (Z) (5.3) 
j=1 

n 

Y;(Z) = La/}~/Z) (5.4) 
j=1 

where a J are the coefficients of the decomposition. (} Xi and (}~ are the flamelets 

solutions of temperature and species, respectively. % J denotes the dissipation rate 

which is related to t function, n is the total number of functions considered in the 

basis. 

One of the main difficulties that a simple inversion technique faced was the sharp 

gradients of the conditional quantities, resulting in either over-diffusive or highly 

oscillatory solutions. Certainly, using the decomposition technique reduces 

significantly this problem. 

Therefore, Eq. 5.1, can be re-written, for temperature, as: 

1 n 

T(x) = fp(Z)" a.f) (Z)dZ L.J ) x) (5.5) 
o ;=1 

where the functional to be minimised takes the form: 

(5.6) 
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which has the least-squares solution of: 

(5.7) 

where K is the kernel of the inversion, I is the identity matrix, A. is the regularization 

parameter, [a] is the unknown coefficient vector and [b ] is the filtered unconditional 

variable. 

Note that if A. = 0, we have an inversion in a least square sense. The coefficients of 

the vector [a] are calculated by solving Eq 5.7. 

In the decomposition method the coefficients of the vector [a] might be used to 

perform the linear combination of each of the ~ species in Z space. Eventually, it 

should be possible to perform only one inversion in order to obtain the coefficients 

and use them to calculate the other species and the heat release. This methodology 

was originally proposed by Bushe [35]. 

Nevertheless, the inversion process presents some issues, which are necessary to 

address. From the mathematical point of view, the basis chosen should be as 

orthogonal as possible in order to pose correctly the inversion problem and thus 

avoiding instabilities [239]. However, in practical terms Eq. 5.7 usually presents a 

difficult problem. In general, the ranks of the flamelet functions (i.e. temperature) are 

not large (the singular values drops to zero quickly for high frequencies) and the basis 

is not very orthogonal. Consequently, the inversion is negatively affected and the 

computation of the conditional quantities from the temperature field produces an ill

posed inversion system. 

To overcome this, it was proposed to consider another scalar quantity to perform the 

inversion, i.e. C02. Through this procedure, the stability is improved but the 

computational cost is enhanced. Some researchers used an inversion technique called 

restrained method, which takes the previous time step solution as departing point for 

the new solution. The value of A. in the inversion of Eq. 5.7 adds enough a-priori 
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information to stabilize the solution. In the literature, an initial value for A. = 
Tr{K)lTr(I) is suggested [259]. In our case, this value was seen to smooth out too 

much the solution and was reduced by a factor of 10-3
• 

In the present study, we follow the initial approach of Bushe [35] and we calculate 

the coefficients [a] using only the temperature field inversion. We believe that CSE 

should remain a low computational cost closure method. However, we realise that the 

inversion process, using the decomposition method, is not capable of clearly project 

the physical vector onto the 'far-from-orthogonal' flamelet temperature basis. In other 

words, given too many basis functions will destabilize the solution. 

In the light of this, we seek for a method to reduce the number of basis functions in 

order to avoid the instability in the inversion process. 

In order to reduce the basis, some approaches are possible. One option is to reduce 

the number of temperature basis functions through the application of Singular Value 

Decomposition (SVD), selecting those vectors whose singular values are larger than a 

minimum. This improves considerably the inversion convergence. Nevertheless, it 

has the disadvantage that the functions used for the inversion will remain unchanged 

throughout the flow. Another possible option, which is adopted here, is to take the 

dissipation rate as external parameter to select the basis functions for the inversion. 

As the inversion will find the best possible solution using the basis provided, there is 

no need to incorporate a detailed calculation of the dissipation rate and its evolution 

in time. We use as the central flamelet in our basis the average of X in locations where 

Z is slightly on the lean side of the stoichiometric mixture (X). Thereafter, the basis 

is extended to flamelets above and below the mean value. In the present case, ~X = 

8. Thus, the basis considered is BxtAX ' 

When the coefficients of [a] are found, the average conditional w(Z) is obtained for 

each plane and projected into the physical space using: 
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w (x) = p (x) J w (Z) P (Z ) dZ 
o p(Z) 

(5.8) 

In order to solve the flamelets, a set of equation must be solved, the so-called 

unsteady flamelet equations must be solved. This system was first proposed by Peter 

[183]. And it reads: 

(5.9) 

where h j and Wi are specific enthalpy and the chemical production rate per unit 

volume of the species i, respectively, Z is the mixture fraction, Yi is the species mass 

concentrations, Cp is the constant pressure specific heat capacity, t is the time, X is the 

dissipation rate and H accounts for the enthalpy flux by mass diffusion. 

In Eqs. 5.9 and 5.10, the Lewis number is assumed to be unity. These equations are 

solved in a co-ordinate perpendicular to the flame sheet assuming counter flow 

conditions [183] using the Flame Master code [193]. The adopted chemical scheme 

involves 28 species and 72 reactions [185]. Optically thin gases are assumed in 

calculating the radiation loses (C02 and H20). The steady flamelet are solved for 30 
dissipation rates ranging from X = 1.5 sec' I to 220 sec· l

• The species boundary 

conditions at z=o and Z=1 are those of the flame D. 

The dissipation rate is introduced as follows: 

Z=2DzVZ.VZ (5.11) 

where Dz is the diffusion coefficient of the mixture fraction. For the calculation of 

the dissipation rate we follow [93]. Many sub-grid models for the variance of the 
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mixture fraction can be used. The scale similarity model proposed by Cook and Riley 

[52] or the small-scale equilibrium assumption by Pierce [191]. The later is chosen 

for the present study. 

5.3 SANDIA flame D configuration 

The configuration used for the validation of the proposed models is a piloted 

methane/air jet diffusion flame. (SANDIA Flame D). The fuel is a 25/75% 

methane/air mixture. The fuel has been premixed with air in order to minimise the 

formation of polycyclic aromatic hydrocarbons and soot. The fuel nozzle has a 

diameter of D=7.2mm and is enclosed by a broad pilot nozzle with a diameter of 

Dp=18.34 mm. In the experiment, the pilot composition and temperature have been 

adjusted, so that the pilot stream has the same equilibrium composition as a mixture 

fraction of Z=0.27 at the co-pilot and Z=l at the fuel nozzle. The stoichiometric 

mixture fraction is Z=0.35. The fuel bulk velocity is 49 mis, equivalent to Reynolds 

number of 22400 based on the nozzle diameter. The inlet parabolic velocity profile 

has a maximum velocity at the centre of the fuel nozzle ofVmax = 62 mls. 

The flame has been experimentally investigated by Barlow [10, 12] who measured 

average and variance value for temperature and species. 

5.4 Numerical scheme and implementation 

The balance equations are solved by an explicit second order method in both time and 
space. A central difference predictor-corrector scheme is used. The equations are 

fully compressive and the advection term is treated in its rotation form, so this 

method conserves both kinetic energy and momentum. A direct Poisson solver is 

used for solving the mass conservation equation. The radiation losses are not 

considered here as this flame is not sooty. The set of basic equations can be found in 

chapter 4. 

In the present simulation, the Smagorinsky constant is set to 0.1. Prt = 0.7 and SCt = 

0.5 are used as a first approach. 
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Eqs. 5.9 and 5.10 are solved for 30 different values of dissipation rates. The minimum 

value being 1.5 sec-I and the maximum 220 sec-I. The species boundary conditions 

are YCH4 = 0.15, Y02 = 0.2 and T = 300 K for Z = 1 and YCH4 = 0., Y02 = 0.23 and T 

= 300 K for Z = O. The segmentation used in the mixture fraction space is 63 nodes, 

equally distributed. 

The heat release, temperature and species flame lets are stored in a look-up table. The 

flamelet at a dissipation rate of 100 sec-I is used to relate thermo-chemical variables 

to the mixture fraction. This value is consistent with those used in previous pdf 

predictions of the Sandia flames series [224]. 

The assumption of statistical homogeneity for the conditional variables is essential to 

the CSE method. If the mean conditional is not homogenous, the solution of Eq. 5.1 

does not represent adequately all point of the ensemble. It is generally accepted that 

conditional quantities do not depend on the radius for jet flames. In other words, 

¥; (Z) is function only of the coordinate equidistant to the nozzle (x). Therefore, the 

conditional variables become ¥;(Z,x). This was confirmed by experiments [10] for jet 

piloted flames. 

Moreover, the experimental data of the piloted flame show that the conditional 

averages do not change very rapidly downstream from the axis of the jet. This rather 

slow downstream variation makes it possible to calculate the conditional averages on 

a coarser mesh [194, 231]. Thus, rather than using LES points located on every single 

plane, all the LES points on a layer of several neighbouring planes can be taken as 

statistical samples to establish the linear system. In the present case, the conditional 

variables are solved on a mesh fivefold coarser and, following Steiner [231], we use a 

single LES plane for each conditional cell. 

As no steady-state condition for the flame is assumed, the linear system has to be 

inverted at every time step to obtain the conditional averages evolving in time. This 

can be relaxed at some point, when the flame reaches the steady state and the mean 

conditional variable do not change significantly in time. Thus, in our calculation the 
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conditional time step is 5~t. It is, however, noted that the CSE method does not 

require any steady-state assumption for the conditional filtered averages. 

Mesh sensitivity 

Two simulations are carried out using two mesh sizes. In mesh 1, the size of a cell in 

the near field of the flame is (1.97 x 1.97 x 2.8) mm. The physical domain is (0.16 x 

0.16 x 0.6) m in X, Y and Z direction respectively and the circular nozzle is 

approximated using 13 cells across its diameter (D). In mesh 2, the mesh size is (1.25 

x 1.25 x 2.8) mm in X, Y and Z directions, respectively in the near field. The results 

are shown in Fig 5.1 for Z and in Fig 5.2 for temperature. The prediction of the 

mixture fraction and temperature are very close to the coarse mesh. Although, there is 

some difference around ZlD 60 for the mixture fraction RMS which may be due to 

the smaller domain used in mesh 2. Therefore, mesh 1 is used in the present study. 
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Figure 5.1. Mean and RMS central line mixture fraction. Symbols: experiment, line: 
simulation with coarse mesh, dashed line: simulation with fine mesh. 
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Figure 5.2. Mean and RMS central line temperature. Symbols: experiment, line: 
simulation with coarse mesh, dashed line: simulation with fine mesh. 
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5.5 Results 

The mean mixture fraction along the centreline is shown in Fig. 5.1. In general terms, 

the mixture fraction is reasonably well predicted. Nevertheless, a region can be seen, 

from ZID = 20 to ZID = 40, where the mixture fraction is clearly under predicted. It is 

important to note that this diffusion flame is known to present some extinction from 

ZID = 10 to 25 and, eventually, re-ignition from ZID =25 to 50. Therefore, the under

prediction here may imply that the use of SLFM (Steady Laminar Flamelets Model) 

as basis functions can not capture extinction and re-ignition. As a result, the fuel and 

oxygen consumptions are over predicted. This behaviour can be observed in most of 

the average species concentrations as in CSE there is a strong relation between 

species and mixture fraction as indicated by Eqs.5.3 and 5.4. 

Also in Fig. 5.1, the Z fluctuation is observed to follow reasonably well the 

measurements, despite some underprediction close to the nozzle. This may be 

attributed to some error in the measurements, since the RMS has to go to zero close 

to the nozzle. Because of the aforementioned strong link between the two, the 

relatively good prediction of RMS of the mixture fraction also implies good 

predictions in the RMS of specie concentrations 

Fig. 5.2 shows the mean temperature along the centre line. It can be seen that the 

location of the maximum temperature is reasonably well predicted, even though the 

maximum value is slightly over predicted. In general, the simulation is in line with 

the experiments. It is somehow surprising that the temperature prediction, between 

ZID = 20 and 40, is not over predicted given the under prediction of the mixture 

fraction mentioned above. 
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Figure 5.3. Mean and RMS central line (a) O2, (b) CH4, (c) H20, (d) C02 and (e) co. 
Symbols: experiment, line: simulation. 

Figs. 5.3a to 5.3e show the species mass concentrations of 02, CH4, H20, C02 and 

CO, respectively. Consistently, the species are either under predicted or over 

predicted between ZID = 20 and 40, depending on which side of the chemical 

reaction they are, or, in other words, depending on whether the species are consumed 

or produced. As mentioned before, fuel and oxygen are consumed faster than in the 

experiment, and the RMS of both are under predicted within the same region. On the 

contrary, the products (H20, C02 and CO) are over predicted and still their RMS are 

under predicted. These discrepancies in the prediction of species are mainly attributed 

to the under prediction of the mixture fraction field in the same region (Fig. 5.1). 

Other factors such as the chemical mechanism, the beta-distribution assumption and 

uncertainties in the SGS turbulence model might contribute to the disagreement. 

Unfortunately, a further study of these different factors is neither achievable nor 

within the scope of the present work. We limit our study to evaluate the feasibility of 
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CSE as a practical approach to estimate the conditional quantities. Nevertheless, it is 

expected that an improvement in the mixture fraction prediction will enhance the 

species predictions. 

In Figs. 5.4a-5.4f, the radial profiles of Z, temperature, 02, H20, CH4 and C02 at z/n 
= 15 are shown. Complementarily, the conditional values for O2, H20, CH4 and CO2 
are depicted in Figs. 5b-5e for the same plane. 

Fig. 5.4a shows the mean Z and RMS predictions. On this plane, the simulated values 

of Z and RMS are good, except for an over prediction of the mean quantity around 

rID = 1.4. In the measurements, the stoichiometric value (Zst = 0.35) is located at riD 

= 1.2 and in the simulation at 1.4. This disparity, between rlD>0.8 and 2.0, will 

roughly create either over or under predictions of the unconditioned species mass 

concentrations depending on the conditional dependency of the species on the 

mixture fraction space. 

The conditional and unconditional oxygen (Y O2(Z) and Y 02) at ZID = 15 are shown in 

Figs. 5.5b and 5.4b. On this plane, the conditional value is clearly under predicted, 

especially close to Zst. In the experiment, there is some oxygen left at the 

stoichiometric surface; this it is not captured by the simulation where the oxygen is 

completely depleted. Coincidently, we observe that in most of the radial positions the 

oxygen is under predicted (Fig. 5.4b) for the mean quantity and a reasonably good 

prediction is obtained for RMS. 

Fig. 5.5c shows the conditional average Y H2o(Z). Here, the conditional value is 

slightly over predicted around Zst. In Fig. S.4c, a combined effect of discrepancy on Z 

and Y H2o(Z) produces an over prediction in the inner section of the jet riD < 0.8, 

followed by an under prediction and a shift of the maximum value of Ymo. We 

observe that the RMS of Y H2O is reasonably well predicted. 
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Figure 5.4. Mean and RMS radial profile at Z/D = 15 of (a) Z, (b) 02, (c) H20, (d) 

CH4, (e) C02 and (t) temperature. Symbols: experiment, line: simulation. 
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5.5 Results 

Figs. 5.4d and 5.5d describe the unconditional and conditional Y CH4, respectively. We 

observe a good approximation with the experiments for the mean value and RMS. 

Figs. 5.4e and 5.5e show the unconditional and conditional C02 mass concentrations. 

The conditional quantity is clearly over predicted through the mixture fraction space. 

Consequently, the averaged predicted variable is mostly over predicted. It shows a 

similar shift of the peak value as in the case of H20 (Fig. 5Ac) and mean temperature 

(Fig. 5At). 

The unconditional temperature is shown in Fig. 5Af. The RMS is well predicted and, 

as it was said before, the maximum value is shifted outwardly; this later is related to 

the over prediction in mixture fraction shown in Fig. S.4a. Nevertheless, the trend is 

correct and follows the experiments. 

Finally, the conditional temperature is shown in Fig. S.5a. This average conditional 

variable is calculated through the coefficients of [a] and it is not the actual inversion 

of the filtered values on the LES mesh. Indeed, the energy balance equation is solved 

by LES. It can be noted that in the three planes, ZID = 15,30 and 45, in Figs. 5-a, 7-a 

and 9-a, respectively, T(Z) is very similar. We believe that this is a direct 

consequence of using SLFM in the CSE approach. 

Figs. 5.6 and 5.7 show the unconditional and conditional values at ZlD = 30. The 

radial profile of Z is shown in Fig. 5.6a. As it was seen before, the centre value is 

under predicted but the simulation agrees well for positions rID > 1.2. The RMS is 

well predicted all along the radius. 
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Figure 5.5. Average conditional at ZID = 15 of (a) temperature, (b) 02, (c) H20, (d) 

CH4 and (e) C02. line: simulation, symbols: experiment. 

The conditioned oxygen mass concentration in Fig. 5.7b is accurately predicted by 

the model and reasonable good results are obtained in Fig. 5.6b for the radial mean 

value. As expected, both mean and RMS predictions are under predicted at the centre. 

Note that, even when the Z fluctuation is well predicted, the under prediction of the Z 

mean in Fig. 5.6a will affect the unconditional RMS mean oxygen in Fig. 5.6b, 

because the unconditional oxygen fluctuations will be calculated at a shifted location 

on the conditional quantity. The same will be observed for all species at riD = 0 on 

the plane Z/D = 30. In other words, the under prediction of Z on this plane is the main 

factor of discrepancy between species prediction and experiment. 

In general terms, the conditional quantities are well predicted for ZID = 30 (see Figs. 

5.7b to 5.7e), except for CO2, which is consistently over predicted through the flame. 

This might be related to the chemical mechanism. In line with this, the filtered 

species (Figs. 5.6b to 5.6e) are reasonably well predicted for rID> 1.4. 
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Figure 5.7. Average conditional at ZJD = 30 of (a) temperature, (b) O2, (c) H20, (d) 

CH4 and (e) C02. line: simulation, symbols: experiment. 

Fig. 5.6-f shows the mean temperature profile at ZlD = 30. Even when the predicted 

value at the jet centre is accurate, the simulation does not capture the temperature 

peak at riD = 1.4. 

In the Figs. 5.8 and 5.9, the mean profiles are shown for a plane at ZID = 45. The 

prediction of the mixture fraction is reasonably accurate for both the mean value and 

the RMS. The conditional values for H20, CH4, 02 and C02 are reasonably predicted 

too. The major discrepancy on this plane corresponds to CH4• On ZID =45 the RMS 

of CH4 is larger than the mean value and the simulation error might have a connection 

with lack of statistics. As mentioned before, C02 is over predicted even when Z is 

accurate enough: this support the idea of some over prediction in the chemical 

mechanism. 

We must highlight the good prediction obtained for the conditional values at the 

boundaries Z = 0 and Z = 1 throughout the flame. This is especially meaningful for 
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CSE because, even though each individual flamelets fulfils these boundary conditions 

through eqs. 5.9 and 5.10, there is no mathematical restriction in this implementation 

which guarantees that a linear combination of the flamelets using the coefficient 

vector [a] will satisfy the same boundary condition. In other words, the restriction 

L al = 1 is necessary for the boundary conditions at Z = 0 and Z = 1 to be fulfilled. 

Obviously, this is automatically accomplished for flamelets whose values at Z = 0 

and Z =1 are zero such as H20 and C02; although, for 02, CH4 and temperature, 

whose values at the feeding streams are different from zero, this condition is 

necessary. Correspondingly, this restriction is forced in the early stages of the flame 

to assure the inversion stability. Thereafter, it is relaxed and automatically fulfilled by 

the inversion in the steady state of the flame. 

Throughout the flame, the total number and range of flamelets involved at the 

different planes are: 20 (1.5 - 120) sec·l
, 14 (1.5 - 50) sec·1 and 12 (1.5 - 40) sec·l

, 

for the plane Z/D = 15,30 and 45, respectively. Apparently, the selected flamelets do 

not change too much for Z/D > 15. This is somehow expected, since the dissipation 

rate drops as Z ex: Z-4 downstream of the nozzle. 

Fig. 5.10 shows the average vector [a] for three planes ZID = 15, 30 and 45. On 

average, on the plane Z/D = 15 there are about 17 flamelets with dissipation rate 

raging from 1.5 sec·1 to 90 sec·l
• On the plane Z/D = 30, the number of flamelets is 

13, ranging from 1.5 sec·1 to 45 sec·1 and on plane ZlD = 45, there are 12 flamelets 

from 1.5 sec·1 to 40 sec·l
• 

Clearly, the drop form ZID = 15 to 30 is larger than from 30 to 45, as verified in 

experiments. It is also noted that the dissipation rate fluctuations are not very 

important from the basis point view, implying that the selected basis do not change 

considerably on the same plane throughout the simulation. This verifies the 

assumption made regarding the quasi-steady state reached by the flame in time. 
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Figure 5.9. Average conditional at ZID = 45 of (a) temperature, (b) 02, (c) H20, (d) 

CH4 and (e) CO2. line: simulation, symbols: experiment. 

Bushe and Steiner [34] discussed the coefficient of [a] as performing the role of the 

pdf of X, being equivalent to the quantity P(x) dX. They also encountered some 

limitations to this interpretation, because in their work they found coefficients with 

negative values. We do not attempt to interpret [a] from a physical point of view, but 

from a mathematical one. We do not observe negative coefficients in this study, 

which could influence the stability of the inversion process. On the other hand, one 

could anticipate, following the physical interpretation, that the flamelet belonging to 

the mean dissipation rate at a given plane should have more weight than the rest of 

the coefficients. However, this does not happen as it is shown in Fig. 5.10. Thus, our 

understanding of their physical meaning remains unclear. More study is needed in 

this regard but is considered to be beyond the scope of this project. 

The conditional heat release for planes ZID = 15, 30 and 45 are shown in Fig. 5.11. 

This figure also shows clearly the impact that small changes in the vector [aJ have on 

the total heat release. It is observed that the heat release decreases as the plane is 
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located further downstream. 
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5.6 Summary and conclusions 

5.6 Summary and conclusions 

The present simulation of a turbulent reacting jet is the first test of the Laminar 

Flamelet Decomposition (LFD) approach in a realistic scenario. Some point can be 

noted: 

• The model proved to be robust and very economic from the computational 

point of view. The present calculation of 1.6 M cells took 3 days on a 3.0 

GHz processor to resolve 5 residential times. Kemp et al [113] obtained good 

results in 3 weeks for the flame D using steady flame1ets on a mesh of 

approximately 2 M cells and using a 3.0 GHz processor. Pitsh (2000) 

obtained excellent results using the computationally expensive unsteady 

flame1et model with 1 M cells. 

• It was found that the use of this implementation of CSE model is feasible to 

approximate the unconditional source term. It only necessary to solve the 

energy, momentum and mixture fraction balance equations and one inversion 

each 5 L\t on a fivefold coarser mesh to obtain the coefficient 

• In the present study, an attempt was made to improve the inversion process. It 

was found that reducing the number of flamelets would stabilise the 

inversion. Consequently, the dimension of the lineal system remains small. 

The success of CSE lies on the feasibility to obtain a good approximation of the 

conditional quantities through inversion. There are many useful concepts in the 

literature, which can be used to further improve the inversion. To mention but just a 

few: the weighted least square approach, changing the mixture fraction space 

distribution, introducing the temperature fluctuation into the inversion, considering 

the upstream cell solution as first guest for the inversion, etc. It is believed that all 

these possibilities are worth exploring. 

On the other hand, the limitations linked with the use of steady laminar flamelets as 

basis functions are evident. In this study, all the flamelets were burning flamelets and 

no extinction events were considered. Even so, the fuel consumption was over 
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predicted from Z/D > 15 to ZID < 30. 

In order to cope with cases where extinction is important, one should introduce 

flamelets that represent such scenarios. It is not clear, to our understanding, how these 

flamelets could be introduced. Incorporating a time dissipation rate dependency could 

possibly improve the prediction in these areas. The capability to predict local 

extinction becomes more important when the diffusion flames is close to blow off, as 

in the case of flames E and F. 

The present study suggests that the quality of the CSE predictions depends mainly on 

the validity of the following assumptions: 

(1) Surfaces of homogeneity for the conditional averages must be specified in the 

flow field, 

(2) Enough physical nodes are solved between Z = 0 and Z = 1, in order to 

calculate properly the inversion and 

(3) Only assumptions about small gradients in conditional averages and about the 

pdf of mixture fraction are needed. 

The first point is probably the most restrictive of all. The situation of homogeneity on 

conditional quantities is not very obvious for different configurations. It is not yet 

clear how a complete 3D conditional inversion could be done. A possible solution 

could be found in selecting those nodes perpendicular to flame sheet, in a similar way 

to the flamelets approach, then expanding perpendicular lines through the flame and 

selecting the corresponding temperatures at different distances from the combustion 

zone. This is the principal reason why CSE is not suitable for the backdrat simulation 

where it is not possible to choose a surface of homogeneity for the conditional 

averages. 
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Chapter 6 

Sub-moqels for partially premixed 
combustIon 

Combustion in non-premixed systems such as jets does not always start at the 

location where fuel and oxidizer come into stoichiometric condition. In many 

occasions, the combustion zone is lifted away from the nozzle creating a stabilized 

partially premixed system several diameters above the nozzle. Flame stabilization of 

partially-premixed systems is a phenomenon which needs to be controlled in 

numerous industrial applications (boiler, rocket engine, turbine reactor, etc.). In many 

applications, the flame is usually anchored at the nozzle to avoid instabilities of the 

pressure field, extinction (leading to unburnt hydrocarbon emission) and blow-out for 

safety reasons. On the other hand, in some burner designs, lifted flames are favoured 

in order to protect the burner nozzle. 

In the present chapter, the sub-grid models necessary to deal with turbulent partially 

premixed combustion are introduced. In the next chapter, a LES of a turbulent lifted 

flame experimentally tested by Mansour [150] is carried out among other simulations 

to test the models' performances. 

As it was seen in chapter 3, there are mainly three approaches when dealing with 

propagating premixed flame fronts: 1) the G-equation, 2) the thickened flame model 

(TFM) and 3) the filtered progress variable approach. 

In the G-equation approach, a turbulent burning velocity model, ST' is needed; which 

presents several setbacks from the numeric point of view. The TFM artificially 

thickens the flame front by a factor a (between 5 and 30) so that the flame can be 
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resolved by the computational grid and conserves the flame burning velocity 

multiplying the material diffusivity bya . This model presents very attractive features 

for predicting unsteady phenomena such as re-ignition and extinction because it uses 

an Arrenhuis expression for the heat release. Nevertheless, TFM has not been 

extensively tested within the LES framework. In the present work, we chose the 

filtered progress variable approach. To our mind, this model presents more suitable 

properties both from the numerical point of view and the implementation. Moreover, 

it has a clear physical interpretation as it can be assigned to the temperature or species 

fields alike. 

In the progress variable approach, C is filtered using a filter larger than the LES grid; 

thus, the thin premixed front is resolved on a grid larger than the actual LES grid. In 

filtering the C transport equation like this, two extra terms appear in the filtered 

equation, which need to be closed; namely the surface density function, ~ and the 

average mass-weighted displacement speed, (pw) s • 

In order to test this approach, a simple hydrogen laminar 1-D premixed flame 

simulation is carried out in chapter 7 

The Steady Laminar Flamelet Model (SLFM) already introduced in chapter 3 is 

chosen for coping with non-premixed combustion. It is important to note that more 

advanced models can be used for diffusion combustion, such as CSE or ULFM, 

although, it is though that SLFM is a good first approach. 

As a partially-premixed combustion system is expected to have a combined 

combustion regime, a mechanism is required to ensemble them together to reproduce 

the total heat release throughout the flame, the so-called flame index. 

The flame index concept developed by Domingo [67] for LES is used in this study to 

capture the partially premixed structure. This concept is based on the product of fuel 

and oxidizer gradients. When a flame is non-premixed, the two streams oppose each 

other having different gradient signs, while, for premixed combustion both gradients 
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have the same sign. 

It is known that turbulence increases the flame sheet surface, producing a larger 

combustion rate. The surface density function is contorted by the un-resolved eddies 

and increases its area at sub-grid scale. This augment of the source term in the C 

balance equation is modelled using the so-called wrinkling factor, S. 

6.1 Transport equations for Z and C 

Non-premixed and premixed combustion regimes are two idealized scenarios, which 

are often mixed but conceptually very different. It is hard to construct a model that 

can cope with both regimes simultaneously. The premixed front is thin and 

propagates through the unburnt region while the diffusion flame is mixing controlled 

and does not propagate by itself. 

Assuming global single-step chemistry and neglecting radiative heat transfer, two 

basic control parameters are needed to capture partially premixed flames, i.e. the 

mixture fraction Z(x,t) and a reaction progress variable C(Z;x,t). Fiorina [80] used Z 

and C to tabulate complex chemistry in partially premixed conditions with good 

results for a counter flow jet at different equivalence ratios. Gicquel [91] considered 

detailed chemistry using FPI (flame prolongation of ILDM) and Oijen [243] used 

FGM (flamelet-generated manifold) for the same goal. These two techniques are 

based on the tabulation of a set of un strained premixed laminar flames as functions of 

the equivalence ratio into a database, which is parameterized by two variables (Z and 

C). 

The mixture fraction is a conserved scalar satisfying Z = 0 in the air stream and Z = 1 

in the fuel stream. The progress variable C(Z;x,t) is a non-conserved scalar satisfying 

C = 0 in fresh gases and C = 1 in burnt products. Due to the existence of partial 

premixing ahead of the premixed flame front, the progress variable is also a function 

of the mixture fraction. 
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Assuming a one-step reaction, the equivalence ratio for the non-premixed flame can 

be expressed as: 

(6.1) 

where v I (i=o, f) are the molar coefficients, W, the molar weights and 1';.0 the 

reactant mass fractions in the feeding streams. The mixture fraction can be expressed 

as a function of the concentration of reactants as: 

Z = (r/J( Yf ) - ( Yo ) + 1) I(r/J + 1) 
Yf •O Yo•o 

(6.2) 

Supposing the premixed front propagates in a normal direction from the fresh to the 

burnt gases, the progress variable C, may be defined either from the fuel or oxygen 

mass fraction point of view. The fuel or oxygen mass fraction will evolve from a 

frozen (pure mixing) state at the upstream location of the premixed front to the local 

equilibrium condition further downstream. One of the possible definitions of the 

progress variable in terms of the fuel mass fraction can be written as: 

C(Z' x t) = .....;Yf:....:...O_Z_-_Y..::....f_(x_' t_) 
" Y Z - Y EQ (Z) f,O 

(6.3) 

where yEQ (Z) is the complete combustion downstream of the front and Yf,o is the 

fuel mass concentration at the fuel stream. Domingo et al. [67] assumed infinitely fast 

reaction when the diffusive regime is reached and equilibrium chemistry was chosen. 

In principle, Eq. 6.3 gives a full description of the progress variable for both 

premixed and non-premixed flames. Moreover, complex chemistry could be built into 
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C in the same fashion as it is done for the mixture fraction (Z) in non-premixed 

systems. 

As it was stated above, both Z and C are needed throughout the flame to describe the 

co-existing of premixed and non-premixed combustion processes. 

Assuming laminar flamelet concept, the Favre-filtered transport equation for mixture 

fraction may be written as [111]: 

-~ o~Z 
o(pZ) (pu}) _ a (-Z ~ Z~) a ( .1"\ az) 
~--"-+ --- pu -pu +- pu-at ax} ax

J
} } aX

J 
ax} 

(6.4) 

where D is the scalar diffusivity. the second term of the RHS is modelled similar to 

sub-grid scale (SGS) turbulence. 

Different expressions have been proposed for the progress variable, C. It is related to 

one specie either fuel, oxidizer or other and depends on the mixture fraction space 

and fluxes inside the Z dimension. Departing from the fuel transport equation and Eq. 

6.4, Domingo [67] derived the following equation for C: 

a(pc) a(pu}c) a ( oCJ . ( 2 J( dYfQ(Z)J ~-..:..+ =- pD- +w + Y ---''--- P% at ox) ox) ax) e Yf,oZ-y!Q(z) 1,0 dZ z,e 

(6.5) 

where we = -wI I(Y1,oZ - YfQ (Z» is the source term, %z = DIVZI
2 
is the scalar 

dissipation rate of the mixture fraction field and % z ,c = DV Z . V C is the cross-scalar 

dissipation rate defined between the progress variable and the mixture fraction. 
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Eq. 6.5 is valid for both premixed and non-premixed combustion. It is the exact 

expression for the progress variable as a function of the mixture fraction. 

Domingo et al. [69] in his DNS analysis solved Eq. 6.5 fully and considered 

separately each of its terms and their influence on the different combustion regimes in 

a gaseous weakly lifted turbulent flame. It was found that in the double regime 

section of the flame (diffusion and rich premixed combustion) the first and fourth 

terms on the right hand side (RHS) of Eq. 6.5 are relevant. In the pure premixed 

region the first and second terms are the most important, although the fourth term is 

not completely negligible. The third term of the RHS of Eq. 6.5 appears to be small 

throughout the flame, especially when the stoichometric value is close to the air, as it 

is in the methane-air system. This term is also negligible at the premixed flame front 

where C and Z are perpendicular. The cross scalar gradient can be aligned in the 

double combustion regime of the flame [69]. 

Following Domingo [34] and neglecting the cross dissipation rate term and the term 

proportional to the mixture fraction dissipation rate in Eq. 6.5, the Favre-filtered 

equation of the progress variable, calculated using the 

for a premixed front alone. 

where we is the source term of the progress variable and must be closed. The 

unresolved scalar flux, flU jC - pu /3 is non-zero for a laminar flame because of 

thermal expansion. For a one-dimensional steady propagating laminar flame, this 

term is counter-gradient. Boger et al.[ 19], as a first step to overcome this, combined 
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the laminar contribution with the modelled filtered reaction rate. In their LES of a V

shaped flame, Boger et a1. found gradient scalar transport close to the flame-holder, 

which is progressively replaced by counter-gradient features further down stream. 

Their findings show that unlike RANS, despite using simple sub-grid scale models, 

LES is able to predict counter-gradient transport due to the dynamics of the resolved 

large structures. 

For the flame considered here the main difference between the exact expression for 

C, Eq. 6.5, and the approximation used in this study, Eq. 6.6, is the term proportional 

to the scalar dissipation rate. Regarding this simplification some conclusions will be 

drawn further in the next chapter in the lifted flame simulation. 

In order to close we we adopt a classical flamelet viewpoint and choose to write the 

volumetric chemical reaction rate as the product of a laminar-like reaction rate per 

unit flame surface area times a flame surface density. 

(6.7) 

where Pu is the unbumt gas mass density, s? the laminar flame speed and £ the LES 

filtered flame surface density. 

The surface density ( £) can be expressed either in an algebraic form or in a balanced 

equation. In the present study, the algebraic form is used. This approach was 

developed by Boger et al [20]. They carried out 3-D DNS analysis of a laminar flame 

propagating in a homogeneous and isotropic turbulent flow field. They proposed to 

LES-filter the progress variable equation using a filter larger than the mesh size. The 

surface density function (£) was modelled with DNS data in their calculations. 

Later, Boger et a1. [19] also used this approach to simulate a v-shape flame. 

The proposed LES-filtered surface density reads as: 
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L' = E4 f6 C(l-C) 
V; L1c 

(6.8) 

where E denotes the SOS flame front wrinkling factor (8 = 1 in absence of sub-grid

scale flame surface wrinkling) and L1c is the filter size larger than the actual LES 

mesh. 

Finally, Eq. 6.6 for the filtered C balance equation becomes: 

where J1t is the turbulent viscosity, Set is the turbulent Schmidt number, Pu is the 

filtered unbumt gases density, 11 is a model constant for the algebraic approach of ~ 

and SL is the filtered laminar flame speed. 

SL is an important ingredient in the present formulation. This flame speed is defined 

by averaging the response of methane-oxygen flame speed s7 (Z) over the sub-grid 

fluctuations of the mixture fraction: 

1 

SL = I s7(Z*)P(Z*)dZ* (6.10) 
o 

In the present case, a complex chemistry is used to calculate the laminar flame speed 

for the CH4-Air system. 

The extra diffusion tenn in Eq. 6.9 is added to preserve the correct flame propagation 

speed and thickness even in the laminar regions of the flow [18, 67]. 
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The filter LIe is a LES filter that is not necessarily the one used in the transport 

equations. The choice of Lie ensures that the flame front is well-resolved. In cases 

where the mesh is fine enough LIe should be adjusted accordingly. In the present 

study, LIe = 5L1 is chosen, the flame front is therefore resolved approximately with ten 

grid points. Another important aspect for choosing the correct LIe is the conservation 

of the filtered laminar flame speed SL established by Eq. 6.9. In order to test it, a I-D 

laminar flame front is simulated (see chapter 7). It was found that Lie = 5L1 preserves 

the correct unstrained burning velocity. 

Eq. 6.9 needs a closure for the wrinkling factor E. Domingo et a1.[67] assumed a 

constant value for a 2-D turbulent lifted flame. In the present case, a model which 

depends on local quantities is used, which will be explained in the following sections. 

As pointed out before, Eq. 6.9 is only valid for a pure premixed front. Hence, it is 

unlikely to describe completely the progress variable throughout a combined 

combustion system, namely premixed and non-premixed. The description of the 

diffusion and premixed flame part would need the modelling of terms proportional to 

XZ and Xc,Z. Instead of developing closure models to solve Eq. 6.5, Domingo 

introduced the 'flame index' to distinguish between diffusion and premixed 

combustion so Eq. 6.9 can still be used to 'describe' only the premixed front 

progress. 

6.2 Flame Index 

A flame indicator based on the scalar product of fuel and oxidizer normal vectors was 

first proposed by Yamashita et a1. [264]. The 'flame index' concept was also used in 

different studies by several authors [67, 69, 80, 264]. More recently, independent 

direct numerical simulations studies have endorsed the viability of this approach in 

multidimensional problems [168]. 

The cross-scalar dissipation rate %F,O = -DVYF • VYo was found to be an indicator of 

the combustion regime. The quantity % F,O appears as a source term in the transport 
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equation for the product of species mass fractions f = YFYo : 

(6.11) 

In non-premixed flames stabilized by a propagating partially premixed front, f = 0 at 

the inlets. The cross-scalar dissipation rate between fuel and oxidizer may be written 

as, 

(6.12) 

where NF,o = nFnO is a cross-orientation factor with nl = -VY, Ilvy,1 the normal 

vector to an iso-reactant surface. The q coefficient might be interpreted as a flame 

index to distinguish premixed flames from diffusion flames. The variable q is 

negative for a premixed flame and positive for a diffusion flame. The absolute value 

of q increases as the supplying rate of fuel and oxygen by molecular diffusion 

increases. This concept has also been used to characterize the impact of partially 

premixed combustion during the development of holes in a diffusion flame due to 

extinction caused by high strain stress [77]. Domingo et a1. [69] applied an improved 

version of the flame index concept to a turbulent lifted flame-base where it was used 

as weighting factor in a linear combination of the source terms of premixed and non

premixed combustion to obtain the total heat release rate. An indicator of premixing 

~p may be constructed as follows, 

(6.13) 

where qp = 1 corresponds to a fully premixed mixture and qp = 0 to diffusion 

flamelets. 
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In the present study, we follow Domingo et al. [67] who developed a closure term for 

the flame index in the LES context where the fuel and oxygen gradients can fluctuate 

at SGS level. The filtering operation is expressed as, 

+<0 

q(x,t) = J q(x',t)G(x-x')dx' (6.14) 

where G(x - x') is a normalized filter. 

The orientation of the species vectors at the resolved scale is indicated by, 

(6.15) 

Since the orientation of the vector at sub-grid level can fluctuate and affect the 

structure of the combustion at the resolved scale, the burning rate at LES grid level 

should give consideration to sub-grid reorientation. A mass Favre-weighted filtering 

is introduced. The filtered cross-scalar dissipation rate is decomposed into resolved 

and sub-grid parts. Following Domingo [67] : 

(6.16) 

where the resolved part is expressed as %;,0 = -DVYF VYo ' A closure for the sub-grid 

part is derived, resulting in, 

- -r V Y (F -8 F -8) 
ZF,O ::::: ZF,O - ~F,o 0,0 zZC + cZZ (6.17) 

where YF,o and Yo.o are the fuel and oxidizer concentration at the feeding stream, 

i~ = (;(1- C)/r, and i;::::: Zy /r, are sub-grid scalar dissipation rates expressed 

with eddy break-up type closure. Fz and Fc are functions fully defined by the 
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resolved quantities. Z v is the mixture fraction variance. 

Using the same approximations as Domingo [67], the turbulent time scale can be 

expressed as f't = il2 P / PI' 

Fz and Fc are functions defined following Domingo's development of the following 

expression for the cross-scalar dissipation rate, 

(6.18) 

where Xc = DIVCl2 is the scalar dissipation rate of the progress variable field, 

Fe=-AeBe, Fz=AzBz and Fz,e=AeBz-BcAz, with Ae,Be,Az and 

B z dependent on C, Z, and the equilibrium state as follows, 

(6.19) 

(6.20) 

(6.21) 

(6.22) 

To further illustrate the implementation of the above, we take a lifted flame as an 

example. Three separate combustion regimes exist in a lifted flame. Firstly, the pure 

mixing zone where there is no combustion upstream of the flame front, secondly the 
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flame base where diffusion and premixed regimes co-exist and finally, downstream of 

the flame front where the diffusion trail prevails. Upstream of the varying, premixed 

front, frozen flow mixing occurs C = 0, YF = YF,oZ and Yo = Yo,o (1- Z), then Fe = -1 

and%F,o = YF,oYO,o%z' The cross-scalar dissipation rate appears as source in the 

transport equation off. The reactants are mixed before reaching the base of the 

flame andNF,o < O. 

At the flame base, the burning is divided between premixed and diffusion 

combustion. The mixture fraction changes in the flame interface and the progress 

variable varies in the perpendicular direction to the flame front, therefore VCVZ ~ 0 

and%z,e ~ O. It is also patent that VC» VZ and therefore %F,O ~ -YF,oYo,oFz%e, 

which is a negative source term in the transport equation off. The cross-orientation 

vector N F,o is positive since the gradients of both reactants are oriented towards the 

flame front. 

In the trailing diffusion flame, downstream of the flame front, C is expected to be 

weakly dependent on Z and assuming C(Z) ~ lone can write %F,O ~ -YF,oYo,oFe%z' 

In this region the mixing process of the reactants is enhanced and f increases 

accordingly. In diffusion flames, % F,o is a source term for the transport equation of 

f and N F,o is negative. 

These three regions are characteristic of a lifted flame, the flame index behavior 

throughout the flame can be summarized by, 

(6.23) 

Domingo [67] proposed to close Eqs. 6.16 and 6.23 by: 

(6.24) 

and a normalization of the flame index by, 
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6.2 Flame Index 

(6.25) 

where FNORM is used to normalize '%F,O = '%;,0 + '%;,0' It is obtained from the 

following expression, 

(6.26) 

The normalization is used in such a way that ~ = 1 means premixed combustion 

and ~p = 0 refers to non-premixed combustion. 

The introduction of the flame index allows premixed and non-premixed combustion 

models to be implemented separately, assuming that any flame can be divided into a 

collection of diffusion and premixed reaction zones [69]. Taking advantage of this, 

the complexity of each model can be improved independently, i.e. separate extinction, 

ignition, auto-ignition models could be implemented for premixed and non-premixed 

combustion. 

In order to describe the composed combustion zones involving premixed and 

diffusion regimes, C is chosen to represent the premixed region and Z for the non

premixed. These two parameters represent two idealized turbulent flame regimes. C 

and Z are resolved at grid level and ~p is used to distinguish between them. Hence, 

the total heat release can be calculated as follows: 

(6.27) 

where Q p and Qd are calculated independently using separate premixed and diffusion 

combustion models. 
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6.3 Sub-grid scale combustion models 

The distinction between the combustion regimes is undertaken in order that two 

simple models for each regime can co-produce the total heat release of a combined 

system. 

6.3.1 SOS model for non-premixed combustion 

For non-premixed combustion, the Laminar Flamelet approach for a counterflow 

configuration is used [54, 55]. In this approach a thin flame is assumed to be attached 

to the stoichometric iso-surface in the mixture fraction space. The main gradient is 

perpendicular to the stoichometric surface. The flamelets are assumed to be steady. 

This assumption is valid for high Damkohler numbers [183]. Fluctuations of the 

mixture fraction are taken into account by introducing a pre-assumed beta probability 

density function (pdf). Equations for the filtered mass fractions of species are 

expressed as: 

'---:---
~.d = Ir;IZ·,zzp(Z,Z·,Z·)dZ· (6.28) 

o 

where 1'; IZ· , X z are the conditional values and P( Z, Z· , Z·) is the pdf distribution. 

The conditional values are obtained using the FlameMaster code developed by Pitsch 

[193]. This code solves the laminar flamelet equations for a counter-flow 

configuration at fixed scalar dissipation rates. The kinetic scheme used involves 28 

species and 72 reactions [185]. For radiation, the gaseous mixtures are assumed to be 

optically thin. The heat release, temperature and mass concentrations were stored a

priori in a Look-up table. 

The probability density functionP(Z,Z·,Z·)is usually assumed to follow a Beta 

distribution parameterised with two moments, the filtered mixture fraction Z and its 

variance Z'. The first moment is determined by solving the transport equation for the 

conserved scalar. The second moment can either be calculated using a SOS model or 
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solved through another transport equation. We follow the first option by using the 

following expression: 

zt =CyPVZVZ (6.29) 

where Cy must be modelled. 

Different methods have been proposed to calculate Cy • In the present study, we 

follow the approach of Moin [170] in which the small-scale equilibrium assumption 

is used and Cy is calculated dynamically. 

Another important input parameter of the Look-up table is the scalar dissipation rate. 

Here, we follow Girimaji et a1. [93] to use the following expression: 

%z = 2(Dz +D,)VZVZ (6.30) 

where D, is the turbulent diffusivity and Dz is the scalar diffusivity. 

Finally, the look up table with the mean heat release rate w(Z) is stored and it is 

accessed by Z ,zt and % z . 

6.3.2 SGS model for premixed combustion 

The freely propagating one-dimensional premixed flame model is used for the 

premixed combustion regime. 

When combustion does not start at the burner but further downstream, fuel and 

oxidizer mass fractions evolve across the partially premixed flamelets according to: 

(6.31) 

Yo,p = (1- C)Yo,Q (1- Z) + Cy;Q (Z) (6.32) 
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The filtered mass fraction f;,p may be obtained from the joint pdf of C and Z: 

Y, ::: fry: (Z· c·)P(Z· C*)dZ· dC· (6.33) 
I,p z Jc I,p' , 

The joint pdf is decomposed intoP(Z· ,C*)::: P(Z)p(C*IZ). Assuming thin and 

uncorrelated premixed flamelets, the pdf is expressed following BML hypothesis [31] 

which results in, 

(6.35) 

- - - --EQ 
Yo,p = (1- C)Yo,o (1- Z) + C Yo (6.36) 

C is estimated from Cusing the BML relation extended to partially premixed 

combustion, 

(6.37) 

where the subscripts u and b correspond to unbumt and burnt, respectively. These are 

calculated using the pdf of Z, which is assumed to be a beta-function, 

I 

PI = J PI(Z*)P(Z·)dZ* (6.38) 
o 
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6.4 Flame front wrinkling factor E 

In Eq. 6.9, it is necessary to close the factor E, namely sub-grid-scale flame front 

wrinkling factor, which is defined as the sub-grid scale flame surface divided by its 

projection in the resolved propagating direction. This can be regarded as the ratio of 

the sub grid turbulent flame speed (STLI) and the laminar flame speed (s?). The sub

grid wrinkling factor is linked to I by I = ElY' Cl, where C is the filtered progress 

variable. Domingo et al. [67] assumed a constant ( E = 1.1) wrinkling factor, which is 

convenient for low turbulence. 

A dynamic model for the wrinkling factor is introduced to capture the changes of the 

turbulent burning velocity at the flame base following Colin et al. [50]. This is based 

on the following expression which, relates local quantities with the wrinkling factor 

from spectral analysis as follows: 

STLI = E (~ u~ Re J = 1 + a 21n(2) r( £1
e u~ J u~ 

SO LI 80' so' I 3c (Reo.s -1) 8 1 ' SO SO 
, " m.r I '" 

(6.39) 

where a is a model constant whose value 1.0 is recommended by Colin et a1. [50], £1 

is the LES mesh size,8,0 is the laminar flame thickness, s~ is the laminar flame 

speed, u ~ is the velocity fluctuation at Lle level, 4 is in the order of the flame front 

thickness (~e ::::: ~c in the present case), r is the efficiency function, 8/ is the 

resolved flame thickness and Ret = u· Lt / u is the turbulence Reynolds number based 

on the velocity fluctuation and integral length scale L, and a model coefficientCm.r = 

0.28. The function r has been fitted by Colin as: 

(
£1 u· J [1 2 ](Ll)X r -t, ! = O.75exp - (. . 0)0.3 -t 
8, s, u LI. / s , 8, 

(6.40) 

Note that Eqs. 6.39 and 6.40 require three inputs: Re" Lle /8/ and u ~ / s? The 

laminar unstrained premixed flame thickness is normally between 8,°= (0.1-1.0) mm 

and the laminar flame velocity (s?= 0.36 mls). For Eq. 6.40 8/°=0.4 mm, which 

corresponds, as first approximation, to the flame thickness for the unity equivalence 

ratio. The laminar flame speed s? and thickness 8,° were calculated using the 
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FlameMaster by Pitsch. It is important to note that Colin's model was initially 

developed considering a fully premixed mixture and it has been extended here to 

partially premixed. 

It can be noted that the wrinkling factor is affected by both the grid size and the local 

turbulence intensity. As expected, as the mesh size is increased the unresolved or sub

grid-scale flame surface becomes larger and consequently it has to be incorporated 

into the resolved-grid level by the wrinkling factor model. Similarly, the stronger the 

sub-grid turbulence the larger is E . 

Charlette et al. [42, 43] developed a model which does not need the turbulent 

Reynolds number as input. The general performance of both models were found to be 

similar for isotropic turbulence if a. is adjusted accordingly. In the present study, 

Collin's method is chosen using a ::::: 1.0, which was the value in Charlette's work for 

Ret::::: 100. 

Colin et al. [50] established some constrains in selecting ~e and stated that ~e may be 

different from the actual LES mesh size and in fact corresponds to the filter size 

required to extract sub-grid scale information needed to estimate the efficiency 

function developed in the same study inside of a Thickened Flame Front approach. 

They recommended that ~e should be of the same order as the flame front thickness. 

This recommendation is followed in the present study. 

Another important element in the calculation of the flame wrinkling factor is the 

estimation of u~. In the absence of turbulence, Colin et al. [50] suggested the use of 

other methods rather than the sub-grid turbulent viscosity provided by SGS 

turbulence models to obtain u ~ as the strain is dominated by thermal expansion in 

such situations. The local evaluation of the sub-grid fluctuation u ~ is thus considered 

using the Laplacian of the resolved vorticity field, 

(6.41) 
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6.5 Summary 

A brief summary of sub-models for partially premixed combustion was given in this 

chapter. In this study, it is assumed that premixed and non-premixed combustion 

regimes can be modelled independently. Thus, the progress variable balance equation 

represents the advancement of a premixed flame front and the mixture fraction 

balance equation represents the mixing process which is fundamental for non

premixed combustion. 

The filtered of the progress variable in a LES grid is chosen as flame front tracking 

technique. To our mind, this approach presents more suitable properties both from the 

numerical point of view and the implementation. Moreover, due to its relatively 

smooth gradient at the flame front, this approach lacks the cups present in the G

equation and has a clear physical interpretation as it can be assigned to the 

temperature or specie field alike. 

In this chapter, the complete C balance equation (Eq. 6.5) was introduced, which 

contains unclosed terms such as cross-dissipation rates and second derivatives of the 

fuel conditional. As a first approximation these terms are not considered in this study. 

Finally, Eq. 6.6 is the simplified LES filtered balance equation for C. In order to close 

the source term of the C balance equation some approaches such as sub-grid density 

function, laminar burning velocity and sub-grid wrinkling factor were introduced. It 

is important to note that none of the sub-models presented here use empirical 

constants. In other words, the parameters are not set for a specific situation. The 

parameters are mostly obtained using filtered DNS data and are, in principle, general 

as far as the flow characteristics at sub-grid level in the LES simulation are relatively 

close to the DNS. 

A flame indicator based on the scalar product of fuel and oxidizer normal vectors was 

introduced in order to couple premixed and non-premixed combustion. The flame 

index model developed by Domingo et al. [67] for LES was implemented in the FDS 

code. This model is capable of distinguishing both regimes from filtered quantities of 

- 170-



6.5 Summary 

specie mass fractions and introduces the effects of their respective sub-grid 

fluctuations. 
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Chapter 7 

LES of Premixed and partially-premixed 
systems 

In this chapter, different premixed and partially-premixed flame structures are 

simulated within the LES framework using the sub-models introduced in chapter 6. 

In order to test the different sub-grid models, three reacting flow configurations are 

chosen. Firstly, a 1-0 laminar planar premixed front; secondly, a laminar triple flame 

and finally, a turbulent lifted flame. These flow configurations are selected as they 

pose challenges for the individual sub-models. 

In the progress variable approach, C is filtered using a filter larger than the LES grid; 

thus, the thin premixed front can be resolved on an enlarged LES grid. In order to test 

this approach, a 1-0 premixed hydrogen laminar flame is simulated. 

The triple flame is chosen in order to analyze the behaviour of the flame index 

concept. In this specific configuration, there are three branches, the rich and lean 

premixed fronts and the diffusion trail. The triple point is located at the intersection of 

these three branches. 

Finally, a turbulent lifted flame is simulated. Turbulence enhances the burning 

velocity due to flame sheet contortions at sub-grid level. This is considered in a form 

of a wrinkling factor sub-model, which is included into the calculation of the sub-grid 

density function. This wrinkling factor is unity when there is no turbulence and 

greater than one when turbulence is present. The turbulent lifted flame is chosen in 

order to test the wrinkling factor model along with all the other sub-models. 
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7.11-D laminar planar premixed front 

In order to test the filtering approach for the progress variable approach, a I-D 

laminar hydrogen premixed front is simulated using Eq. 6.9 .. 

The initial mixing is composed of oxygen and hydrogen in such a proportion to 

obtain fjJ = 1. At P = 1 atm, the laminar burning velocity s~ is 2.14 ms·1 and 

Pu / Pb = 6.89. In this case Eq. 6.9 is used with s~ = 2.14 mls as laminar speed, E = 
1 for laminar flow and /1c = 5/1 the progress variable filter. 

The hydrogen heat of combustion M-l = 14.29 Kw/Kg is used and it is assumed that 

the hydrogen is completely depleted downstream the flame front. The domain 

consists of a 40 m long tunnel with square section of (5xl) m in Y and Z, 

respectively. The mesh is (300 x 7 x 7) in X, Y and Z directions, respectively. The 

progress variable is initiated at X = 0 with C = 1 and is left to propagate through the 

fresh gases. Between 1 and 2 sec after ignition the flame is stabilized at sf = 2.14 mls. 

Fig. 7.1 shows the profiles of the progress variable (C), heat release rate (w), oxygen 

(02), hydrogen (H2) and temperature (T) through the laminar premixed front. 

It is observed that Eq. 6.9 predicts accurately the burning velocity and the predicted 

density ratio Pu / Pb = 6.66, is very close to the experimental value of Pu / Pb = 6.82 . 

The flame front is solved using about 2/lc ~ 10 points as it was mentioned above. 

In Fig. 7.1, it is also noted that the progress variable C reaches unity from the fresh to 

the burnt gases and when the V C '* 0 the source term is non-zero. It can be observed, 

as well, the depletion of both fuel and oxygen mass concentrations. 
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aI. [118] measured the lift off heights of triple flames at different strain rates; they 

found a critical value for which the lift off height reached a minimum. Guo et aI. [99] 

carried out a very interesting direct numerical simulation of a triple flame with 

detailed chemistry. They established that the displacement velocity at the premixed 

front of the triple flame is mainly controlled by flame stretching. While in the rich 

and lean branches, the diffusion of radical from the non-premixed regime to the 

premixed branches modifies the reaction in the later and increases the burning 

velocity of the premixed branches. This later effect is enhanced when the fuel 

gradient is increased as the premixed branches are closer to the diffusion flame. 

Guo et aI. [99] attributed the difference between the planar burning velocity in 

homogeneous mixing and the displacement velocity of the triple flame mainly to the 

interaction of the branches and especially in regions far from the stoichometric 

mixture. 

The triple flame configuration is an attractive flame structure for many reasons. 

Firstly, it is laminar by definition, which is an advantage in the sense that avoids 

uncertainties from the sub-grid scale turbulence model. Secondly, it presents a 

complex partially premixed structure, composed by rich and lean branches and a 

diffusion trail, this characteristic is very suitable to test the flame index concept 

delineated above and, finally, it is generally easy to set up and the running times are 

usually short. 

In the present section, the triple flame studied by Kioni et aI. [121] is simulated. Fig. 

7.2 shows the inlet conditions for fuel and oxygen concentrations. The inlet velocity 

is a planar profile of 0.8 m/sec. The computational domain is (6 x 6 x 15) cm in x, y 

and z directions, respectively and a grid of (40 x 40 x 100) in x, y and z. 

The simulation includes the flame index approach detailed in section 6.3 and the 

combustion models specified in section 6.2 for premixed and non-premixed regimes. 

The balance equations for C and Z as noted in section 6.1 are solved by the LES code. 

The flame front is originally initiated at a given location downstream the inlet and 
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7.2 Triple Flame 

thereafter it is left to evolve by itself until it is stabilized at the lift off height. 
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Figure 7.2. Inlet conditions for the triple flame. 

The main goal is to study the performance of the flame index in a complex laminar 

flame structure. Here, the comparison with the experiment will be limited to the lift

off height, velocities, maximum temperature and structure of the triple flame. 

Kioni et al. [121] measured a lifted-off of approximately 0.02 m from the nozzle exit. 

Fig. 7.3 shows the progress variable. It is observed that the flame is stable at 0.017 m, 

slightly over predicting the displacement velocity. 
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Figure 7.3 . Progress variable C of the triple flame. 
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Figure 7.4. Total heat release rate Qr for the triple flame. 
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Figure 7.5. Flame index ~p for the triple flame. 

- 178 -



7.2 Triple Flame 

Figs. 7.4 and 7.5 show the total heat release rate and the flame index, respectively. 

The rich, lean and diffusion branches can be seen in Fig. 7.4. On the fuel side, the 

rich premixed branch is longer than the lean one. This is also observed in the 

experiment. This may be due to the low stoichometric value of the methane-air 

system. 

As it is seen in Fig. 7.6, the fuel mass concentration on the lean side is very low. On 

the contrary, Fig, 7.7 shows bigger oxygen mass concentration on the rich side. 

Coming back to Fig. 7.4, it can be observed that the diffusion trail merged with the 

two premixed branches as in the experiments. 

Fig. 7.5 depicts the flame index along the triple flame. A unit value of the flame index 

means premixed combustion and zero implies diffusion regime. At the centre of the 

flame, a region of non-premixed combustion can be observed, while at both sides of it 

the premixed branches are predicted. The flame index is only calculated where there 

is a minimum of heat release from either premixed or non-premixed combustion. 

The fuel and mass concentrations are shown in Figs. 7.6 and 7.7, respectively. As it 

was mentioned above, the fuel and oxygen are almost completely depleted 

downstream the flame front. This is also observed in the experiments. It can be noted 

that the gradients of the fuel and oxygen concentration along the flame in the 

premixed region are of the same sign. On the contrary, along the diffusion regime 

they have opposite signs. 

Fig. 7.8 displays the temperature field for the triple flame. The maximum temperature 

is around 2000 K. In the experiment, the maximum temperature is not given but a 

numerical calculation predicts a maximum about 1992 K. In line with the 

measurements, the maximum temperature is placed along the diffusion flame. This 

might be attributed to further heat released by the non-premixed combustion 

downstream the premixed front. 
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Figure 7.6. Fuel mass concentration for the triple flame. 
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Figure 7.7. Oxygen mass concentration for the triple flame. 
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Figure 7.8. Temperature field for the triple flame. 
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Figure 7.9. Axial velocity through the flame front for the triple flame. 
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7.3 Turbulent partially premixed lifted flame 

Finally, Fig. 7.9 shows the axial velocity through the triple point. As it is observed in 

many studies [117, 118, 121], the flow velocity immediately upstream the flame front 

is close to the laminar burning velocity for the stoichometric mixture, in this case 0.4 

m/sec for methane-air. This process is similarly present in the turbulent lifted flame in 

the following section and might be in part responsible for the flame stabilization in a 

flow whose velocity is far larger than the premixed counterpart. This might explain 

why, in this case, without considering any sub-grid scale wrinkling (E =1), the model 

is able to predict the displacement velocity for the triple flame. Furthermore, this 

means that LES is resolving the large eddies which affect the flame front and modify 

the displacement velocity of the triple flame. Nevertheless, we do not want to 

speculate excessively on this issue and we believe further study is needed in this 

regard. 

If the flame front is under a strong turbulence, the wrinkling of the surface density 

r may be affected by small eddies in such a way that the total surface per unity of 

volume is increased and the overall burning speed is enhanced. Therefore, a 

wrinkling factor model, E , must be included in the model. 

7.3 Turbulent partially premixed lifted flame 

Stabilization of lifted flames has been addressed by different research groups based 

on two approaches: the first is related to the flamelet quenching in diffusion flames 

[220,240] and the second is related to premixed flame propagation [27, 222, 236]. 

The stabilization of lifted flames on jets is controlled by specific combustion 

properties at the base of the flame, the interaction of mixture fraction gradient and 

local turbulence upstream of the reaction zone plays an important role in this process. 

In laminar lifted jets the base flame develops into a tribrachial or triple flame 

structure composed by a rich branch, lean branch and a trailing diffusion flame across 

the mixture fraction gradient [25, 122]. The three branches meet at a point called 

triple point. These flame structures have been measured as laminar triple flames [121, 
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7.3 Turbulent partially premixed lifted flame 

122, 136] and investigated theoretically [24, 45, 66] and by Direct Numerical 

Simulations (DNS) [74, 200] techniques. 

In turbulent jets, the interaction between turbulence and combustion becomes more 

evident and the triple flame structure is contorted. The premixed branches are 

deflected and sometimes can overlap the diffusion flame, making their identification 

very difficult [40, 150, 174, 248]. 

In the context of laminar and turbulent lifted jet flames, many experimental studies 

are available [49, 134, 137, 150, 151, 251]. Due to the restriction of low Reynolds 

numbers in DNS calculations, only laminar lifted flames and weakly turbulent lifted

flames have been numerically solved using DNS [25, 69, 200]. Relatively few 

investigations have been carried out using Large Eddy Simulation (LES) [67]. 

Most of the above-mentioned to studies used the triple flame propagation front 

concept to represent the lifted flame at its base. The basic structure is described using 

a triple point anchored at the base of the flame with the lean and rich premixed 

branches and the trailing diffusion flame departing downstream from it. Previous 

investigations found that the speed of the triple-flame is controlled by two 

parameters: the curvature of the partially premixed front, determined by the 

dissipation rate at the leading edge, and the heat release from the combustion. 

Increasing the dissipation rate reduces the flame speed [45]. The heat release causes 

the deflection of the flow upstream of the flame front and has the effect of making the 

triple flame propagate faster than fully laminar premixed front [25]. It was found that 

even when the heat release modifies the mixture fraction gradient and the flame 

speed, the flow velocity at the flame base still remains in the same order of magnitude 

as premixed laminar flames. 

The development of advanced laser-based techniques has resulted in the exploration 

of stabilization mechanisms of turbulent lifted flames [150, 174]. Mansour [150] and 

Muniz [174] reported a detailed account of flame structure at the turbulent base and 

its interaction with the turbulent eddies. Mansour [150] measured lift-off heights, 
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7.3 Turbulent partially premixed lifted flame 

blowout and reattachment Reynolds numbers as well as the triple point at the flame 

front. His measurements revealed the inner structure of the double-reaction-zone in 

highly stabilized turbulent partially premixed flames. These double flames were 

numerically simulated using DNS by Domingo et a1. [69] for a weakly turbulent

lifted flames with a central jet width of 1 mm. Further measurements on the lift off 

heights have also been reported by Schefer [222] and Chung [49]. Measurements on 

blowout and reattachment velocities were conducted by Lee [135, 136]. 

7.3.1 Experiment considered 

The experimental set up of Mansour [150] for lifted turbulent jet flames is considered 

here. The burner consists of a vertical tube of 4 mm inner diameter and 6 mm outer 

diameter surrounded by an 8 mm diameter (d) tube. The two tubes are concentric, but 

at different levels. The inner tube exit is below the outer tube exit, by a distance of 

205 mm. The air flows through the inner tube, while the fuel flows through the outer 

tube. The burner is located in a wind tunnel that provided laminar co-flowing air at 

0.2 mls. Table 7.1 shows the values of mean axial velocity (U), equivalence ration 

( fjJ ) and mixture fraction (Z) at the nozzle exit. 

Table 7.1. Parameters of the turbulent lifted flame PFI. 

Flame U(mls) fjJ Z Re Lift-offheight(Hld) 

PFI 4.74 4.52 0.208 2446 6 - 6.75 

Using advanced laser techniques, Mansour [150] extracted instantaneous shots of 

stoichometric mixture fraction, rich reaction zone and non-premixed reaction zone 

contours at the stabilization height and some diameters downstream. Three sets of 

experiments with different jet Reynolds numbers were tested, but only the first set 

PFI was simulated in the present study. As this set has the lowest Reynolds number, 

the contortion of the structure at the flame front was less than the other two cases, 

which had stronger turbulence, and therefore its inner structure is easier to identify. It 

is known that, as the flame recedes downstream caused by larger flow velocity, the 
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7.3 Turbulent partially premixed lifted flame 

flame fluctuation becomes larger [188, 232]. 

7.3.2 Simulation details 

Apart from the inflow conditions for the fuel and air jets, the other boundaries are 

treated as shear-free (open). The simulations are initiated from an iso-thennal flow 

field with a numerical spark located at Z/d = 8.7 for a few milliseconds. This time is 

enough to allow the progress variable to develop either up or downstream through the 

field, depending on the flow conditions. The numeric spark consists of an arbitrary 

value of C. In this case C = 1.0 is used, but, in principle, another value could be used, 

without affecting the evolution of C. 

The viscous stress tensor 't' Ij = -(P, + P/)~ is closed following Smagorinsky [227] 

and the viscosity tenn is modelled as P, = p(CsL\)2ISI where Cs is the 

Smagoringsky constant which needs to be chosen. Zhou et a1. [273] used a value of 

0.1 in his study of a turbulent forced plume with Reynolds number of 1273. They 

obtained good agreement with the experimental data. We have used the Lagrangian 

dynamic sub-grid-scale model of Meneveau [166] to simulate a similar plume 

configuration of Reynolds number 1135 and found that the Smagorinsky constant 

predicted by the Lagrangian model is 0.11. In the present study, the jet Reynolds 

number is 2440 and Cs is set to 0.1 on the basis of these previous studies. Higher Cs 

values were also tested but found to produce laminar-like results. The Prandtl and 

Schmidt numbers are set to 0.7 and 0.6, respectively 

7.3.3 Grid sensitivity study 

To test the grid sensitivity of the flame index approach, the computation is perfonned 

using three grids which have cell sizes at the leading edge of the flame of L\l = 1.5 

mm, L\2 = 1.0 mm and L\3 = 0.8 mm. As stated earlier, considering that 01° = 0.4 mm 

is used in Eq. 6.40, the ratios L\/010 for the three meshes are therefore 3.74, 2.5 and 2, 

respectively. This degree of fine resolution means that :=: is kept low for all the three 

meshes. In fact, the dynamically calculated wrinkling factors for the three meshes 
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7.3 Turbulent partially premixed lifted flame 

using Eq. 6.39 are between 1.1 and 1.3. As expected, the lowest value corresponds to 

mesh 3 and the biggest to mesh 1. Hence, the sensitivity of the wrinkling factor 

model to the grid size is not important to the overall prediction. This was verified for 

mesh 3 where a in Eq. 6.39 was changed from 0.9 to 1.1, the predicted wrinkling 

factors were seen to be unaffected. 

In order to decide the lift-off height, we draw from the DNS calculations of Boger et 

a1. [20], who found that the flame surface density L peaks at C = 0.6, and use this 

value to locate the flame front. Mansour [150] measured the lift-off height (L), 

nonnalized by the nozzle diameter (d), to be within the range of Wd = 6-6.75. The 

simulations of all three meshes predict about the same lift-off height of Wd = 6.3, 

which is right at the centre of Mansour's measured range. As may be seen from the 

predicted contours of the mean progress variable in Fig. 6.10, the 'leading edge' (here 

this term refers to the most upstream point of the flame base) in all the three 

predictions is located at about zld = 6.25. However, it is also observed that the profile 

of C downstream of the flame front is not exactly the same for meshes 1 and 2. In 

mesh 1, C is wider than in meshes 2 and 3. This might be caused by larger 

fluctuations of the stabilization point (the point of maximum premixed heat release, 

Qo MAX) observed in mesh 1. It is also seen that the predictions of meshes 2 and 3 are 

almost identical. The predictions of mesh 2 are therefore used in the following 

analysis. 
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Figure 7.10. Mean progress variable for mesh 1, 2 and 3, respectively. 

7.3.4 Mean structures 

The mean mixture fraction contour is illustrated in Fig. 7.1l. The expansion of the 

gases due to the heat released by the combustion can be seen downstream of the 

flame front. This affects the mixture fraction distribution and causes the relatively 

high gradient at the flame base to be gradually reduced. Simultaneously, the gas 

expansion modifies the scalar dissipation rate at the flame front which, in time, can 

influence the flame speed through the curvature of the partially premixed front [25]. 

Boulange et at. [25] studied the effect of heat release in diffusion lifted flames on 

round jets and found that heat release at the flame base affects the mixture fraction 

downstream the flame front, decreasing its gradient in the trailing diffusion flame 

and, as a result, the mixture fraction gradient there becomes even milder than the iso

thermal jet flow. 
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Figure 7.11. Mean mixture fraction contour. 

Fig. 7.l2 shows the radial profile of the mean mixture fraction at different planes 

immediately downstream from the jet exit up to the stabilization plane. The 

predictions agree well with the experiment. By drawing a line at constant 

stoichometric mixture fraction, Mansour found that the length of the line enclosed by 

the mixture fraction profile at the stabilization height is very close to the flame base 

width (DB)' defined as the distance between the two most upstream points of the 

flame on the central plane. The model has predicted this with very good accuracy and 

therefore reinforced the experimental finding that the flame stabilizes in the vicinity 

of stoichometric mixture fraction. These results support the theory that the flame is 

stabilized close to position where the local flame speed is approximately same as the 

flow velocity. This is also found to be the case in the experiment carried out by Su et 

a1. [232]. 
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7.3 Turbulent partially premixed lifted flame 

The present model uses the progress variable (C) to detect the position and evolution 

of the flame front. In LES, this transport equation needs to be closed by models and is 

therefore subject to approximation. As pointed out previously, in partially premixed 

systems the complete transport equation for C should be used to capture the correct 

evolution of C. Considering that Eq. 6.5 is solved here instead of Eq. 6.9, it is 

interesting to study to which extent this approximation is valid. 

Fig. 7.13 shows the mean reaction progress variable (C), which is overlapped by 

black solid lines of the iso-mixture fraction at Zst = 0.054. In line with Mansour's 

observation, the stoichiometric mixture fraction and C contours are slightly directed 

toward the inside of the flame centreline. A core of low C is formed between the two 

branches of the flame front. The rich premixed branches are located in this region, 

closing further downstream in a sort of arc (see also discussion concerning Fig. 7.15). 

The iso Zst can be seen progressing almost through the centre of the burnt gases zone 

and the diffusion burning region. Similar structure was also found in Domingo's DNS 

study [69]. 
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Figure 7.12. Mean mixture fraction profiles at different downstream locations. 

Symbols: experiment, line: simulation. 

- 191 -



-5 

7.3 Turbulent partially premixed lifted flame 

o 
rid 

5 

Figure 7.13 . Mean stoichiometric mixture fraction value (black solid line) and 

progress variable (contour). 

The iso-C and iso-Z lines are almost perpendicular at the flame base, implying small 

values of the cross-scalar dissipation rate (third RHS term in Eq. 6.5) at the premixed 

front. Further downstream, the iso-lines become parallel and hence, the cross-scalar 

dissipation rate is expected to be of finite value and it can be important in the balance 

equation. However, in the DNS carried out by Domingo [69], where the complete 

transport equation for C (Eq. 6.5) was solved for a similar lifted flame with double 

flame structure, the contribution of the cross-scalar dissipation rate for low 
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7.3 Turbulent partially premixed lifted flame 

stoichiometric values, such as in the present case (Zst :::: 0.054), was found to be 

negligible. The fourth RHS term, which is proportional to the mixture fraction 

dissipation rate, was found to be important in the diffusion burning zone and not 

totally negligible at the premixed front. Domingo also found that this term became 

negative in the diffusion region, and hence it balanced the diffusion of C (first term of 

RHS in Eq. 6.5). This might cause some discrepancy in the present simulations, and it 

indicates the need for an improved balance equation for C, in which the extra terms 

could be closed. Nevertheless, the CUlTent predictions have captured the flame 

structure wei\. 
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Figure 7.14. Instantaneous velocity vectors and progress variable. 
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7.3.5 Instantaneous structures 

Fig. 7.14 illustrates the instantaneous profile of the progress variable Cat 0.6, where 

the peak of flame surface density was found to be located [20]. This is plotted on top 

of the instantaneous velocity vectors. The meandering at the jet centreline, which was 

observed experimentally by Muniz [174], is also noted here. 

In line with the measurements, a low velocity zone exists in the flame front, about 

1.25 rId from the centre. The divergence of the flow, redirecting the flow outwardly, 

is also evident there. Immediately upstream of the flame front the velocity is in the 

order of the premixed laminar flame speed. Further up the flow is accelerated through 

the flame front by thermal expansion. Su et a1. [232] found that the flow field, several 

diameters upstream the leading front, is not modified by the flame. They further 

identified that the species concentrations and velocities there are close to an iso

thermal jet. On the other hand, closer to the flame base, the flow is affected by the 

expansion of the combustion products and the velocity is considerably reduced. 

The flame fronts are located at each tip in the scalar field of the progress variable, 

typically this corresponds with the most upstream point of the flame. The turbulent 

characteristic of the flame is evident. Violent contortions of C can be seen in the 

central core of the flame, between the two branches where the flow velocities are 

large. The evolution of the flame front in time presents displacements both upstream 

and downstream, depending on local conditions of the flow upstream from the flame 

front. Radial movements of the leading front are found to exist. The amplitude of the 

vertical oscillations, which mainly depend on the turbulence at the flame base, is 

found to be around one nozzle diameter (d) for the present case. Mansour [150] 

commented that the amplitude of the displacement is proportional to the Reynolds 

number. It is believed that eddies from the jet centre interact with the flame front and 

produce the contortion of the flame front. 
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7.3.6 Flame index (~p) 

The experimental work of Mansour [150] revealed the inner structure of the double

reaction-zone, which consists of a rich reaction zone, trailing diffusion zone and a 

possible lean reaction zone. The rich zone was found to lean toward the flame 

centreline, followed by the diffusion reaction zone and the lean reaction zone at the 

outside. The three reaction zones meet at one point, which is usually called the triple 

point. 

Fig. 7.15 shows the instantaneous profile for the flame index (~p), the progress 

variable (C), the diffusion heat release (iso-Qo), the premixed combustion (iso-Qp) 

and the stoichiometric line (Zst) at the flame base. As stated, the flame index is used 

in the present study to identify different combustion regimes. In Fig. 7.15, ~p =1 (red 

in the shaded contour) indicating premixed and ~p =0 (blue) indicating diffusion are 

clearly identifiable. The instantaneous ~p profile shows that the rich reaction zone is 

more wrinkled than the diffusion reaction zone as it is directly subjected to the 

turbulence field at the reactants side, while the diffusion zone is subjected to less 

turbulence behind the rich zone. This is also observed in the experiments (Fig. 8 in 

[150]). 
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Figure 7.15. Instantaneous flame index, ~, (contour), iso-stoichiometric mixture 

fraction, Z, (solid black line), iso-diffusion heat release, QD (pink line), progress 

variable, C, iso-contour (white line) and premixed iso-heat release, Qp (dash black 

lines). 

In the same graph, the iso-Qp (dashed black line) is overlapped. It is observed that a 

rich premixed branch closes the two rich branches in a form of arc further 

downstream at the core of the lifted flame. In the central core of the jet, C (white line) 

is driven downstream, because the central jet velocity is too high for this rich mixture 

to sustain combustion. The front recedes until equilibrium is reached, when the flow 
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axial velocity is in the same order of the laminar burning velocity. This part of the 

flame was not studied by Mansour, but the 20 DNS and experimental work of 

Pies sing et al. [200] for a lifted laminar flame revealed a similar structure of the rich 

branch. Several nozzle diameters downstream, the rich premixed branch is consumed 

and only the diffusion flame is left. This finding was also made in [25, 200] where Qo 

became gradually larger than Qp, as the position moved downstream into the pure 

diffusion section. This was echoed by Domingo et al. [69] in their DNS of a weakly 

turbulent-lifted flame base where the rich flame was found to be consumed and, 

eventually, only the diffusion trail remains. However, as Mansour's measurements 

only covered a domain of 5 mm from the flame base and no data is available for a 

direct comparison on this. In fact, few experimental studies of lifted flames provided 

information for this region. 

Fig. 7.15 also shows iso-Zst (black line) from the nozzle to the leading edge of the 

flame and right through the iso-QD (light pink lines). The iso-Qo lines lay right to or 

set off from the triple point and envelopes the iso Zst line. It is worthy to note that the 

diffusion flame is not consuming pure fuel, but a mixture of fuel and burnt products 

from the attached rich premixed flame. Therefore, the exact choice of the boundary 

conditions for the flamelets is a difficult task. More detailed discussion of this can be 

found in Ferreira [79]. 

In the same figure, it can be observed that ~p is almost 0 along the iso-QD, indicating 

diffusion combustion. At the flame front, the trailing diffusion branch and the rich 

branch merge at one point, which is the possible triple point. However, the lean 

reaction zone is not shown in the present simulation. In the experimental work of 

Mansour [150], the lean premixed branch was not clearly captured either, implying 

that the triple flame structure is, to some extent, contorted by the turbulence from the 

incoming jet. The predicted stoichiometric line is found to pass through the triple 

point. 
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Figure 7.16. Instantaneous total heat release normalized with QTMAX. 

Fig. 7.16 shows the total heat release (QT) normalized by QTmax and the three 

characteristic regions of the partially premixed flame, i.e. the flame front (A), the 

double flame structure (B and C) and the trailing diffusion branch (D). 

Instantaneous values of "tp, fuel and oxygen mass concentrations, diffusion flame 

heat release (Qo) and premixed flame heat release (Qp) are plotted in Fig. 7.17. Fig. 

7.17a plots a linear section across the flame front as shown by line A in Fig 7.16. It 

can be seen that most of the heat release is due to premixed combustion. The progress 

variable (C) evolves from zero (pure mixing) to one (burnt) and, at the same time, the 

flame index changes form 0 to 1, indicating premixed regime. Similar results were 
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obtained by Domingo et a1. [67] in his 2D LES study. As expected, the base is found 

to have the highest heat release rate and the predicted QT there consists of 90% Qp 

and 10% Qo. This is consistent with the previous findings of Boulanger et a1. [25] and 

Domingo et a1. [69]. 

Fig. 7.17 (b 1) and 7 .17( c 1) show the predictions for the instantaneous values of ~, 

diffusion flame heat release (Qo), premixed flame heat release (Qp), and the total heat 

release, which correspond to lines B and C. Line B is closer to the flame base than 

line C. The double flame structure is evident in Fig. 7.17b. The maximum Qo is 

located at rId = -1.34, at this point ~p= 0.21, indicating mainly diffusion with some 

premixed combustion. Closer to the jet centre -1 < rId < 0, the regime is purely 

premixed, as indicated by ~p = 1.0, hence QT = Qp. 

Fig. 7.17 (b2) and (c2) plot the fuel and oxidizer profiles at the same locations. It can 

be seen that the oxygen and fuel are well mixed in the core region, yielding a 

premixed front. Immediately from the core, their concentrations gradually deplete in 

the radial direction, as a result of combustion. Towards the outside section of the jet, 

unbumt fuel diffuses through the premixed zone and is in contact with fresh air, 

leading to a diffusion flame [69]. 

Fig. 7.17 (c1) and (c2) show the profiles along line C which is further downstream. 

At this position the two branches are more distant from each other and ~ = 0 at rId = 

1.18, where the peak of Qo is located. At the centre of the jet, there is a premixed 

regime. The existence of the double reaction zones is evident from the fuel and 

oxygen mass concentrations. At rId = 0.8 the product of oxygen and fuel gradients 

becomes negative and the flame index starts to decrease. This indicates the beginning 

of a composite section, where premixed and non-premixed regimes coexists until rid 

= 1.17, when it becomes purely diffusion region. 
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Figure. 7.17. Instantaneous profiles of flame index (~ ), premixed (Qr), and non

premixed (QD), heat release, oxygen (Yo), and fuel, (Y F), concentrations at locations 

A, B, C and D in the flame of Fig. 7.16. 

From the above, it is evident that the double flame structure (rich premixed

diffusion), which was previously observed experimentally [150, 232] and in DNS 

simulations [49, 200] is captured by the flame index approach. The rich premixed 

flame parallel to the diffusion flame can be seen in most of the upper part of the 

flame, apart from the immediate vicinity of the flame front, where the flames are 

contorted due to interaction with the large eddies shed by the jet. In this lower region, 

the premixed and diffusion flames become overlapped and in most places 

undistinguishable [174, 248, 251]. 

Finally, Figs. 7.17(dl) and (d2) show the profiles along line D. Tn this zone, the 

premixed regime has been consumed upstream and the flame is predominantly non

premixed. Although there still exists a premixed core of fuel and oxygen at the jet 

centre, which produces a small premixed region, the remaining premixed flame is 

expected to diminish completely further downstream. 
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7.3.7 Dynamics of flame base oscillations 

The stabilization of a partially premixed turbulent flame front has been extensively 

studied experimentally [151, 174, 222] . Muniz [174] measured liftoff height and 

velocity field for turbulent, lifted methane and ethylene flames, and obtained two 

criteria for stabilization. Firstly, the mixture fraction must be within the flammability 

limits and, secondly, the oncoming velocity must be less than three times the laminar 

flame speed (3s?). Recent work of the same group [232] has reinforced this finding. 

Separate experimental investigations of Schefer [222] found that the flame front is 

located in the low velocity mixing regions, which are within the flammability limits. 

He observed that velocities immediately upstream of the stabilization point are 

typically less than 0.4 mls. In other words, they are close to the planar premixed 

laminar burning velocity. In a recent paper, Joedicke et al. [108] stated that at the 

stabilization region the turbulent flame speed is equal to the local flow velocity 

perpendicular to the flame front. They added that the flame stabilizes at the position 

where the triple point anchors the flame, showing a definite triple flame structure in 

the stabilization region at relatively low velocity, -s? All these findings point to a 

general agreement about the velocities immediately upstream of the flame front. 

On the contrary, there are many different views regarding the flame stabilization 

mechanism. Most of these are, however, consistent with theories based on partially 

premixed combustion. Following the same rationale, we plot the instantaneous iso

profiles of the velocity at the laminar burning velocity (s?) (green line), the 

stoichometric mixture fraction (Zst) (blue line) and the maximum premixed heat 

release for an instant (QpMAX) (brown contours) in Figs. 7.18 (a-i). Figs. 7.18 (a-t) 

show a time sequence of downstream displacement of the right flame front. In an 

isothermal jet, the iso lines would run parallel and their respective locations would be 

determined by the inlet conditions of the jet. When combustion begins, the thermal 

expansion distorts the velocity field pushing the iso-velocity line towards the outer 

region of the jet, while the iso- Zst stays in the region closer to the jet centre. The 

flame front is created where the two lines meet. At this point, the iso-Zst line remains 

closer to the jet core and the iso-velocity line is deflected to the outer section of the 

jet due to thermal expansion. This basic turbulent flame structure is largely 
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7.3 Turbulent partially premixed lifted flame 

maintained throughout the time evolution of the flame. Although there are small 

jumps down and upstream of the flame front « OAd), there is no substantial change 

in the liftoff height. Such characteristics was also identified by Upatnieks et al. [240], 

who attributed these changes in lift-off height to velocity fluctuations induced by the 

large eddies. In the present prediction, the flame stabilization point is found to remain 

at a quasi stable height. 

Su et al. [232] have recently studied a turbulent lifted flame of similar characteristics. 

They concluded that the leading edge point of the flame does not overlap, but 

correlates with the stabilization point. The later lies more towards the jet centre. Su et 

al. [232] also found high-temperature regions (leading point) outside and upstream of 

the reaction zones (stabilization point). In line with this, the present study suggests 

that the stabilization point is in the region with the maximum premixed heat release 

(QpMAX), and it is most likely located closer to the jet axis, rather than to an upstream 

location of the flame. We believe that this point is more suitable for analyzing the 

stabilization mechanism than the leading point, since it drives the flame front 

upstream through the turbulent flow, creating a low velocity and low turbulence 

region ahead. 

To follow this reasoning, we identified instantaneous moments when the flame front 

advances upstream around 0.7d. The upstream displacement is not regular, but it 

contains a series of small 'jumps', characteristic of the predicted flame profile. Eddies 

are shed from the jet exit towards the flame base. These eddies provoke re-circulating 

regions at the flame front, which, if strong enough, can distort the structure and 

expose the iso-Zst line into a low velocity zone. This can be seen in Fig. 7.18a, where 

the iso-Zst (blue line) is located in the lower velocity region in comparison to the iso

velocity line, enabling the flame front to evolve upstream through a flammable low 

normal-speed region (Fig. 7.1Sb). When the flame front is carried upstream, the 

stoichometric line moves towards the centre, therefore the stabilization point is 

diverted to the central axis of the jet, as shown in Fig. 7.1Sc. The stabilization point is 

exposed to high velocities coming from the jet centre, as shown in Figs. 7.1Se and 

7.1Sg. It is observed that, when the stabilization point is located in the very inner 
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7.3 Turbulent partially premixed lifted flame 

section of the jet, QpMAX tends to be stretched downstream with its normal vector 

pointing to the inner jet, leading to the characteristic radial-inwardly shaped flame tip. 

This stretching effect might be attributed to the interaction between the turbulent 

eddies and the reaction zone. Typically at this stage, the stabilization point is located 

both closer to the nozzle central axis and in a more downstream position than the 

leading point (Figs. 7.18c, e and g). When the stabilization point is exposed to high 

velocity, the front can either evolve radially outwards (Fig. 7.18d), or downstream 

and radially outwards to a lower velocity region. At this stage, a new quasi

equilibrium is established and the flame jumps are usually reduced up to OAd, 

oscillating between the flammable region and the high velocity flow in the inner 

central jet. This typical flame structure is shown in Figs. 7.18h and i. In general, the 

iso- Zst line is located in the higher velocity region, i.e. on the left of the iso-velocity 

line at s? The initial position of the flame base is not immediately/periodically 

recovered, as suggested by Su et al. [232] , who proposed an explanation of flame 

stabilization in terms of the large-scale the jet mixing. Following Yoda et al. [269], 

Su stated that a pair of counter rotating helices, which appear axisymmetric, and 

helical modes in different planar sections through the jet axis, are responsible for the 

periodical oscillations of the flame base. 

This behaviour of the flame front seems to follow the stabilization concept called 

"edge flame", where the flame creates its own local low-velocity, low turbulence

level region due to streamline divergence caused by heat release. 
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Figure 7.18. Instantaneous evolution of the flame leading point and the stabilization 

point. Red line: C=0.6, blue line: stoichiometric mixture fraction value and green 

line: iso-profiles of the velocity at the laminar burning velocity (s?), and brown 

contours: maximum premixed heat release, QpMi\X. The time interval is ~t = 3 msec 
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7.4 Summary and conclusions 

The following conclusions may be drawn from the present LES simulations: 

• The models have predicted reasonably well the mean structures of the lifted 

flame, triple flame and planar propagating front. In particular, the predictions 

of lift-off height, mixture fraction profiles and flame structure are all in good 

agreement with the data. 

• The predicted structure of the lifted flame base was in line with previous 

experimental findings and some limited DNS analysis. At the stabilization 

point, most of the total heat release was found to be due to premixed 

combustion and the predicted inner structure of the flame front, especially at 

the rich core, was found to be in good accordance with the measurements of 

Mansour [150]. The model has also captured the double flames (rich premixed 

and diffusion flames) meeting at the so-called 'triple point', and propagating 

almost in parallel further up from the base. 

• The results for the lifted flame have led us to propose a definition for the 

stabilization point as the location with the maximum premixed heat release 

(QpMAX). This definition is in line with the observation of Su et a1. [232] , who 

found that this point is located closer to the jet centre than the leading edge of 

the flame front. Although there are small jumps down and upstream of the 

flame front « OAd), there is no substantial change in the predicted lift-off 

height and the flame stabilization point is found to remain at a quasi stable 

height. Such characteristics was also identified by Upatnieks et a1. [240], who 

attributed these changes in lift-off height to velocity fluctuations induced by 

the large eddies. 

• The stabilization was found to be due to equilibrium of local conditions at the 

flame front. The large fluctuations of the flame front, approximately one 

diameter in amplitude, are thought to be induced by its interaction with the 

large eddies in the jet. The front of the flame is exposed to low-velocity-
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flammable region and, consequently, it propagates upstream until the 

combustion can not be sustained due to high velocity and lean fuel 

concentration below the flammability limit. At this point, the flame shifts 

inward in search of the stoichiometric mixture and, subsequently, small 

'jumps' « O.4d) downstream and upstream are observed in the new position. 

This pattern was also noted in the experimental work of Upatnieks et al. 

[240]. The periodic cycles of flame displacement proposed by Su et al. [232] 

are not found here, neither was it identified in the experimental work of 

Upatnieks et al. [240]. 

The lifted flame simulation has also provided insight for the downstream region 

which was not covered in the experimental measurements. It reveals structure 

patterns such as size (length and width) of the rich premixed branch at the jet centre, 

and width of the burnt gases and scalar fields several diameters downstream from the 

flame base. 

However, the present work also has some limitations. First of all, it should be pointed 

that the flame index approach adopted here will not be able to capture the physics in 

the transition zone, where, even through the oxygen and fuel gradient have the same 

direction, the combustion is diffusion controlled [80]. This would broaden the 

diffusion region further and narrow the premixed flame. Secondly, in order to 

eliminate any uncertainty associated with the modelling of the wrinkling factor at 

sub-grid level this was kept low by using relatively small grid size at the flame base. 

More work is desirable to investigate the sensitivity of the model to wrinkling factor. 

Particularly, it would be useful to test the performance of different flame wrinkling 

factor models. Its coupling with the surface density function, when the mesh size is in 

the order of the unstrained flame thickness and in situations with stronger turbulence 

is equally important. Similarly, further studies are also needed to address issues 

regarding the filter size (L\c) and the error this might introduce by using different 

filter sizes for the basic equations in the LES approach. 
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Chapter 8 

LES of the Backdraft Phenomenon 

In the present chapter, the sub-grid scale model for partially premixed combustion 

introduced in chapter 6 is applied to simulate the backdraft phenomenon. A fast 

deflagration or backdraft is produced when into a hot, fuel-rich compartment an 

inflow of fresh air is suddenly allowed through an opening. It is essentially a violent 

combustion process involving both premixed and non-premixed regimes. Due to the 

lack of detailed experimental measurements, the results are largely analyzed 

qualitatively. 

The predictions have provided valuable insight into the backdraft phenomenon 

suggesting that the development of backdraft can be divided into five phases, i.e. 

initial condition, free "spherical propagation, "plane" front propagation, stretching of 

the flame front through the opening and fireball outside the container. 

- 212-



8.1 Backdraft background 

8.1 Backdraft background 

A backdraft can develop from fires of either ordinary combustibles or ignitable 

liquids that after burning for a period of time in an enclosure become oxygen starved 

but yet continue to generate a fuel-rich environment. In the case of poor ventilation, 

the fire does not normally die out but becomes ventilation-controlled [242] and its 

behaviour dependents on the geometry of the opening. In the case that an opening 

allows fresh air to come in, a fast deflagration known as backdraft can happen. 

Ignition can be triggered once the flammable mixture comes into contact with an 

ignition source along its path. 

Following ignition, the temperature will increase creating an expansion of the hot 

gases raising the pressure at the back of the enclosure. This will produce an outgoing 

flow through the door containing hot gases in the upper part of the opening and cold 

gases in the lower part. The flame soon develops and it will propagate through the 

unburnt region towards the opening. This process of deflagration is called backdraft. 

It is essentially a violent combustion process involving both premixed and non

premixed regimes. 

The critical condition for the occurrence of backdraft is, therefore, of considerable 

importance in fire safety. As such, this phenomenon has been the subject of several 

experimental investigations. Fleischmann [81] conducted backdraft experiments in a 

half scale domestic room and supplemented these with small scale salt-water tests. 

Similar experiments have also been conducted by other groups [33, 81, 94, 95, 161, 

253-256]. 

Yang et a1. [266] attempted to use CFD approach to simulate the experiments of 

Weng [253, 254], but the combustion model used was not really suitable for such a 

system where premixed and non-premixed combustion regimes might co-exist. 

In a closely related area, the mitigation of backdraft have been studied by Weng and 

Fan [254] and Gottuk et a1. [95]. They found that water mist is an effective mitigating 
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8.1 Backdraft background 

tactic and it suppresses backdraft primarily by means of reducing the unbumt fuel 

mass fraction rather than by thermal cooling. 

Both non-premixed or premixed flames have been the subjects of extensive 

theoretical and experimental investigations resulting in numerical models of varying 

complexity. A thorough review of these models can be found in Veynante and 

Vervisch [247]. Nevertheless, hazardous phenomena like ghosting flames and 

backdraft are neither perfectly non-premixed nor premixed. They can indeed be 

classified as partially premixed combustion. For example, studies of lifted flames (see 

previous chapter) have revealed the existence of lean and rich premixed regimes at 

the bottom of the flame called triple flame followed by a diffusion flame downstream 

[25, 121, 122, 136, 150, 174]. The coupling of non-premixed and premixed 

combustion models is essential for better understanding of such mixed combustion 

processes [67, 68] 

In the present chapter two separate simulations are carried out. Firstly, the 

experimental set up of Gojkovic [94] is used and secondly the configuration of Weng 

and Fan [254]. Unfortunately, for the first experiment, little quantitative data is 

available for the actual fast deflagration process. Most of the data is either of 

qualitative value or measurements of temperature, pressure and species mass 

concentrations at few unclassified positions rendering them difficult for comparison 

with numerical predictions. As such, our analysis, for the Gojkovic's experiment will 

mainly focus on the characteristics and development, mainly qualitative, of the 

backdraft. On the other hand, the experiment carried out by Weng and Fan is more 

extensively studied. In their experiment, mean mass concentrations, layer 

temperatures and pressures before and during the deflagration are available for 

different opening geometries. Moreover, Weng and Fan introduced water vapour to 

the vitiated environment in order to investigate the mitigating effects of water mist. 

- 214-



8.2 Gojkovic's experiment 

8.2 Gojkovic's experiment 

In this section, the experimental set up of Gojkovic [94] is considered. The test 

compartment is built from a standard shipping container, measuring 5.5m (L) x 2.2m 

(W) x 2.2m (H). The opening covers the total width of the side and has a third of the 

total side height. AIm electric wire located vertically at half height of the back wall 

of the enclosure is used as ignition source. The wire is heated up in order to produce 

the ignition due to high temperature. Initially, fuel is pumped into the container and 

after a given period of time the hatch is opened to let the gravity current to set in. 

8.2.1 Simulation details 

Gojkovic [94] measured temperature, gas concentration and pressure at different 

positions inside the container. Most of the data presented was either before the actual 

deflagration occurred or qualitative. This limited the amount of quantitative 

comparison with the experimental data. 

In the numerical simulation a domain of 10m (L) x 4m (W) x 4m (H) with three 

uniform meshes (mesh 1, mesh 2 and mesh 3) with a cell size of (0.1 x 0.05 x 0.05) 

m, (0.04 x 0.04 x 0.04) m and (0.03 x 0.03 x 0.03) m; respectively. 

Inside the enclosure, the initial velocity was set to 0 m/sec and the initial temperature 

to 90.0 °C. The initial mass concentrations inside the container before the 

establishment of the gravity current is considered as Y CH4= 0.5, Y AJR= 0.25 and Y p= 

0.25. These are approximations from the experiment since the data for the initial 

condition are very scarce. 

Outside the enclosure still air and temperature at 50 C is assumed. Non-slip and 

adiabatic conditions are imposed at the walls. On the external domain surfaces a free 

shear condition (open) is used. 

In the present simulation, the Smagoringsky constant value is 0.15., q, = 0 is 

assumed during the process of deflagration and Prt = 0.7 and SCt = 0.6 
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8.2 Gojkovic's experiment 

The value of Lie will depend on with which resolution the flame front will be solved. 

In cases where the mesh is fine enough Lie should be adjusted accordingly, i.e. 

Lie = 5L1 will resolve the flame front with ten grid points. In the present calculation 

!l.e = 3!l. is considered due to the extension of the domain, the ratio LlI 81° ~ 200. 

For the wrinkling factor model, Eq. 6.39, a = 4.5 in order to counterbalance the 

relatively coarse mesh and !l.e is considered, as first approach, equal to !l.. The sub

grid velocity fluctuation u ~.is obtained using the sub-grid turbulent viscosity 

provided by SGS. [67]. 

8.2.2 Results 

Ignition time 

Only very scattered data of the ignition time against methane concentration is 

available in the experimental report. This is mainly due to the lack of accuracy of the 

initial fuel concentration measurements before the hatch of the container is open. 

However, the author is aware that FDS has previously undergone validations for 

gravity currents predictions against salt water experiments in the context of the 

backdraft phenomena [163]. Therefore, we rely on the accuracy of the simulation for 

the gravity current phase. 

The predicted time elapsed from the hatch opening until the ignition was about 18s 

for the three meshes. In the experiments, the ignition delay times were measured for a 

range of initial fuel concentrations. While it is impossible to make an exact 

comparison with the available experimental data, the predicted ignition time was in 

line with the measured values. 
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Figure 8.1. Mixture fraction for the initial conditions at ignition. 

Th e jive phases in the development of a backdraft 

Detailed analysis of the results have led us to divide the development of a backdraft 

into five phases beginning with the onset of the ignition and fini shing with the fireb all 

outside the compartment. The five phases include: 1) Initial condition at ignition, 2) 

Free "Spherical" propagation, 3) "Plane" front propagation, 4) Stretching of the flame 

front through the opening and 5) Fireball outside the container. 
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Figure 8.2. Laminar flame propagation velocity. 
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Initial Condition at ignition 

We call 'initial condition at ignition' the state when the gravity current reaches the 

ignition source position just before the ignition occurrs. At this instance, the progress 

variable throughout the container is zero. The stoichiometric flammable mixture (Zst 

= 0.054) is spread along a surface at approximately 0.5 m from the floor and it 

reaches half height of the back wall as shown in Fig. 8.1. 

The initial pattern of this surface is of key importance for the front spreading during 

the backdraft because it will determine the main 'path' of the flame towards the 

opening through the term SL in Eq. 6.10. As shown in Fig .. 8.2(a), SL is the laminar 

burning speed (0.38 m Is) at the stoichiometric value. 

The initial condition suggests that the premixed flame front would propagate 

downwards following the maximum laminar burning speed. 

Figs. 8.3 (a) and 8.4 (a) show the initial oxygen and methane concentrations. In the 

upper layer of Fig. 8.3(a) the oxygen concentration is close to the initial value of 2% 

in mass, while the oxygen concentration is around 20% in mass is roughly found in 

the bottom layer. It can be seen in Fig. 8.4(a) that the methane concentration is about 

50% in the upper layer and around 4% at the ignition source location. The later is 

within the flammability limit (2.8-8.0%) for methane-oxygen system. 
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Figure 8.3. Oxygen mass concentration. 
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Figure 8.4. Methane mass concentration. 
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8.2 Gojkovic's experiment 

Free "Spherical" Propagation 

When the stoichiometric mixture reaches the ignition source, a numerical spark is 

inserted in the calculation. C = 1.0 and a turbulence fulfilling u ~ / s? = 1 are set to 

reproduce the combustion initial conditions at half height along the back wall of the 

container. These initial conditions are maintained for 3 msec after ignition 

The phase of free "Spherical" propagation begins shortly after the ignition until the 

progress variable (C) develops into a slopped plane front travelling towards the 

opening. This phase is characterized by the spherical shape evolution of the flame 

centred around the ignition point and spreads radially towards the walls of the 

container. 

The driving forces which spread the reaction progress variable ( C) are: 

a.) The thermal convection of the gases. 

b.) The progress variable source term. 

The thermal convection drives C upwards, while the progress variable source term 

spreads C downwards along the stoichometric line. Fig. 8.2 (b) shows the 

stoichiometric mixture close to the floor with the maximum laminar burning speed. 

Fig. 8.7 (a) illustrates this clearly, the reaction progress variable source term (Qc) 

forms a front advancing towards the floor and is zero right at the top of the spreading 

region. 

Fig. 8.9 (a) depicts C spreading uniformly around the ignition point driven upwards 

by the thermal convection and downwards by its source term. In Fig. 8.9, it is also 

visible the same front facing downwards as in Fig. 8.7. 

In this phase, a premixed front is established travelling downwards, this can be 

verified by the flame index (~) profile given in Fig. 8.8 (a). Fig. 8.8 shows a 

- 225-



8.2 Gojkovic's experiment 

premixed semicircular front (c; ~ I) at the flame border expanding radially. Ahead 

the flame and closer to the opening a diffusion flame configuration (c; ~ 0) can be 

seen, this corresponded to VYF VYo = -1 , indicating non-premixed combustion. 

However, the mixture does not ignite because of the low temperature. 

An important feature of the backdraft process is that the flame spreads through a 

mixture, which is being constantly modified by the upstream flame front. From this 

point of view there exists a significant difference between a backdraft and a lifted jet 

flame, where the near field (the flow closest to the nozzle) is unaffected by the 

premixed flame front. This raises particular issues that are of concern only to the 

backdraft phenomena. 
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Figure 8.5. Temperature profile. 
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8.2 Gojkovic's experiment 

Following ignition, the thennal expansion of gases increases the pressure at the back 

of the enclosure. This produces a force, which drives the fuel, oxygen and products 

towards the opening and out of the container as seen in Figs. 8.4(b) and 8.3 (b). In the 

upper layer the gases are pushed in the direction of the opening by buoyancy force, 

and in the bottom layer, where the combustion is taking place, they are consumed. It 

can be observed in Fig. 8.3 (b) that the turbulence developed in the upper layer close 

to the wall modifies the stoichometric surface producing spots with maximum flame 

speed as shown in Fig. 8.2 (b). The locations of these spots match the maximums in 

the Qc profile plotted in Fig. 8.7 (a). 

Fig. 8.5 (a) shows the temperature profile. It is seen that the buoyancy force drives 

Cupwards. As shown in Fig. 8.9 (a), Cpropagates faster upwards than laterally 

towards the opening in the first stage of the deflagration. In time, C reaches the top 

and starts spreading towards the opening. 

The flame wrinkling factor (8) can be seen in Fig. 8.6 (a). The turbulence at the 

flame front is larger than at the upper layer. At the premixed flame front, 8 is about 

1.3 and increased to 1.6 at the upper layer because of the more intense thennal 

instabilities there. 

After the free propagation, C continues to evolve in both directions, i.e. upwards to 

the top and laterally towards the opening at the maximum burning speed SL. Then, 

C turns towards the exit and a premixed front travels parallel to the floor at the 

bottom of the enclosure. In this way, a 'plane' front is fonned encompassing the 

whole cross section of the container. 
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Figure 8.6. Wrinkling factor profile. 

"Plane" Front Propagation. 

In this phase, a sloped "planar" front is formed as shown in Figs. 8.9 (b) and 8. 10 (b). 

At the bottom layer, the premixed front is O.Sm ahead of that at the top layer. This 

structure remains unchanged through the 3rd phase of the backdraft. The flame index 

is plotted in Fig. 8.8 (b), it is observed that the premixed front is located at the 

bottom. In Fig. 8.7 (b) it can be noticed that the flame is travelling close to the floor, 

i.e. following the stoichiometric mixture surface. In Fig. 8.2 (c), as the mixture in the 

upper layer is not within the flammability limit, both SL and Qc are shown to be 

zero. 
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At the tip of the flame front some turbulence develops increasing the flame speed, 

this is reflected by an increase of the wrinkling factor up to about (S = 1.5). As 

shown in Fig. 8.6 (b). At the lower section of the container, some mixing process can 

also be observed at the flame front due to the turbulence in that section as it is 

depicted in Fig. 8.9 (b). This fluctuation increases as the flame approaches the 

opening of the enclosure. 

The heat release by the combustion drives the hot gases upwards and thus, in the 

upper layer, a high temperature region is found to travel with the flame front as 

shown in Fig. 8.5 (b) 

At the same time, some methane and oxygen are being pushed out of the enclosure as 

shown in Figs. 8.3 (c) and 8.4 (c). The oxygen concentration in the lower half of the 

opening is 20% and in the upper about 8%. The methane concentration pushed out 

from the top part of the opening top was 43% and 6% from the lower part. 
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8.2 Gojkovic's experiment 

Behind the flame front, the oxygen and fuel are practically depleted except for the 

layer very close to the bottom of the container, which is left unbumt because the 

mixture is outside the flammability limit. 

Throughout the deflagration process, the stoichiometric mixture at the openmg 

remained very close to the lower border. The velocity of gases flowing out of the 

container at the opening is around 20 mls and the average propagation velocity of the 

flame is around 5 mls. 

The flame front propagates through the container towards the opening. As it is closer 

to the exit, the turbulence intensifies further and the flame speeds up. The lower part 

of the flame accelerates more rapidly than the upper section and therefore the "plane" 

shape is lost and is transformed into a more pronounced spike. The upper front 

recedes in relation with the rest of the flow because of the wall ahead of it. The flame 

gains momentum because of the reduction of the flame front total area. With this new 

structure, the flame is expelled through the opening coming into the 4th phase. 
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8.2 Gojkovic's experiment 

Stretching of the Flame Front through the Opening 

During this phase, the flame is thrown out of the enclosure through the opening at 

high speed. In Fig. 8.9 (c) the long tip of C passing through the exit can be seen, 

while the upper front remains aback. Fig. 8.2 (d) shows clearly the stoichiometric 

path along the bottom line and through the lower section of the exit. 

The flame front is accelerated due to the high turbulence developed previously along 

the stretching process. In this phase, the flame wrinkling factor is of vital importance 

in predicting the flame speed. Values of up to 3.0 are found as shown in Fig. 8.6 (c). 

It is shown in Fig. 8.7 (c) that the progress variable source term Qc is enhanced 

threefold. The combustion process continues outside the container as it is seen in the 

experiment. 

Fig. 8.8 (c) shows the flame is about 3 m out of the enclosure and its structure is 

practically totally premixed. The flame is driven out by both the deflagration pressure 

and the source term, Qc. It is not easy to discern which of these two has more 

importance. While the flame front is approaching the exit its velocity increases to 

reach a maximum speed of 13 mls and the mixture speeds up to 40 mls outside the 

container. 

In this phase, the pressure within the container also pushes the remaining unburnt fuel 

out. The hot fuel is ignited after mixing with the fresh air outside the container 

creating the characteristic fireball. In Fig. 8.4 (d), the methane concentration in the 

upper layer of the exiting gases is about 25 % of CH4, while in the lower section it is 

almost zero. 
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Figure 8.9. Reaction progress variable. 

Fireball outside the container 

The mixture began to lose momentum after the flame is expulsed out of the container, 

as shown in Fig. 8.10 Cd) and the characteristic fire ball is formed. The jet velocity 

decreases and the buoyancy force becomes more important, driving the hot gases 

upwards and creating large areas of high temperature. 

It is not clear which percentage of the unbumt fuel expulsed out is actually 

combusted. This is a relevant parameter since it determines the energy of the fireball, 

which is a real hazard for people. In order to investigate this phenomena a more 

detailed analysis needs to be carried on the 5th phase of the backdraft. This IS, 

however, beyond the scope of the present study. 
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Figure 8.10. Iso-contour of the reaction progress variable. 
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Figure 8.11. Pressure history for mesh 1 (red), mesh 2(blue) and mesh 3(green). 

Comparison with experimental observations 

The experiments of Gojkovic [94] covers the complete backdraft process, from the 

beginning of the gravity current, the ignition, the development and propagation of the 

turbulent deflagration to the emerging of the fireball outside the container. The exact 

locations of the measuring points were, however, not clear making it very difficult for 

comparison with CFD results. Detailed experimental measurements are indeed very 

difficult to obtain due to the violence and suddenness of the process. 

Overall, the qualitative behaviour of the species mass concentrations, temperature and 

flame propagation in the experiments were captured in the numerical simulation from 

a phenomenological point of view. 

As only a small number of pressure measurements were made in the experiments, it is 

not possible to compare the detailed pressure history. However, the time-dependant 

pressure history for the three meshes is depicted in Fig. 8.11. It can be observed that 
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the pressure evolution is almost identical for mesh 2 and mesh 3, meaning that the 

solution has reached a grid convergence. The predicted time elapsed between the 

maximum over- and under- pressure caused by the expansion of hot gases was found 

to be around 0.7 seconds (herein considered between the time when the pressure 

begins to raise until the pressure is close to 0 again), reasonably close to the 

experiment (0.5 seconds). This time is representative of the travelling speed of the 

flame. This good agreement indicates that the present model can capture the overall 

behaviour of the backdraft phenomena and predicts the propagation of the turbulent 

deflagration with reasonable accuracy. Nevertheless, it can be said that the model 

over predicts the measured pressure. The maximum pressure measured was 225 Pa 

and the simulation predicts 600 Pa. This may be attributed to the fact that the present 

model does not take into account the dilution presents in the fuel mixture. The 

dilution would reduce significantly the laminar burning velocity of the mixture. In the 

next subsection, the dilution is considered in the laminar burning velocity correlation 

and the same model is applied to a deflagration in a small container. 

It is important to note that in Gojkovic's experiment there are not information 

regarding the dilution in the fuel inside the container. For this reason, we were not 

able to consider it into the laminar burning velocity correlation. 

8.3 Weng and Fan's experiment 

The reduced scale tests carried out by Weng and Fan [254] are simulated in this 

section. In their experiment, Weng and Fan used a compartment whose dimensions 

are (1.2 x 0.6 x 0.6) m and was fitted with a variety of opening geometries. A 

methane burner of (0.15 x 0.15) m square (99.8% pure) was placed against the wall 

opposite the end opening. 

A downward-directed pressure nozzle was positioned 0.3 m from the end opening 

wall, 0.078m from the ceiling and 0.3m from the side wall with the observation 

window. The nozzle was operated with a cone angle of 60° and a volume mean 

diameter of 38 pm • 
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The flame was ignited at 0 s. As the compartment was sealed, the flame dies out due 

to oxygen starvation. The burner was left on for a predetermined period of time. 

Optionally, during this time, a known amount of water mist was injected into the 

compartment and allowed to vaporize and mix with the gases. At the time of the 

hatch opening, the fuel mass flow was cut off and the hatch was opened to allow fresh 

air to come into the vitiated environment. In this later process, the electrically heated 

metal wire was turned on to trigger the ignition. Following, a fast deflagration 

travelling towards the opening occurred when the mixture inside the container was 

within the flammability limits. 

8.3.1 Simulation details 

In the numerical simulation a domain of 2.5 m (L) x 1.2m (W) x 1.2m (H) with non 

uniformed mesh elements is used. Inside the container the cell is about 1 cm in size 

and outside is about 2 cm. 

The initial conditions are 0 mis, ambient temperature of air on both inside and outside 

of the container. Non-slip and appropriated thermal conditions taken from the 

experiment are imposed at the walls. On the external domain surfaces a free shear 

condition (open) is used. 

We perform simulations for three types of end geometries. Each set up has different 

combination of fuel flow rate, burner time, injection time and water mist mass. 

In the present simulation, the variable s? (Zo) in Eq. 6.10 is replaced by s? (Z· ,Yd ), 

where ~ is the total fuel dilution due to products and water vapour. The dilution is 

initiated as the addition of water vapour and products when the hatch is opened. 

Then, a transport equation is solved for the dilution along the gravity current and 

deflagration process. The averaged value, ~ , is then used as input parameter into the 

laminar burning velocity correlation. As expected, the laminar burning velocity is 

considerably reduced by the presence of dilution. Broadly speaking, the dilution 
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expected in the container is considerably large and consequently the mixture is close 

to the lower flammable limit (LFL). The correlation used considers nitrogen as 

diluents and it is valid between 0.6 < r/J < 1.4 and 0 < % diluents in fuel < 43%. As 

higher than 43% diluents in fuel mass concentration are expected, a linear 

extrapolation outside this range is used. 

Considering the relatively fine grid used in this simulation llc = 311 in Eq. 6.8 is 

used. This will preserve the correct laminar burning velocity and will solve the flame 

front in approximately 6 grid points. 

8.3.2 Results 

The entire process encompasses very different types of mixing and combustion 

processes. Following a short well ventilated fire in the initial stage of the experiment, 

the fire is extinguished due to the lack of oxygen. Later, only mixing occurs as the 

burner is still on and there is no combustion. Afterwards, the door is opened and 

gravity current is established travelling towards the back wall. Fresh air comes into 

contact with hot products, unburnt fuel and oxygen. Eventually, when the mixture 

reaches the flammable limits close to the ignition source a deflagration towards the 

opening is produced. 

For clarity, the subsequent discussion is organized into the following four stages: 

I) Initial fire 

2) Fuel mass injection and mixing 

3) Gravity Current 

4) Ignition and deflagration 

1) Initial fire 
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In this stage the original mixture fraction combustion model in FDS was used. A 

stable diffusion flame is established on the burner for 20 s. The oxygen mass fraction 

decreases quickly from its initial value of 0.23 to 0.15, where it is assumed to be 

below the flammable limits. 

In this phase, FDS overpredicts the oxygen consumption in the first few seconds and 

consequently the predicted extinction time is considerably shorter in the simulation 

(60 s) than in the experiment (around 150 s). 

2) Fuel mass injection and mixing 

After the fire is extinguished, only mixing of fresh fuel injected through the burner 

and hot products occur. This phase lasts up to the time when the hatch is opened. 

In order to account correctly for this mixing process, a pure mixing relation, without 

combustion, is considered where Z = 0 represents Yo = 0.15 and YF = 0 and Z = 1 

represents Yo = 0.0 and YF = 1 . 

In the simulation, the mixing process is started when there is no combustion in the 

upper layer and the oxygen mass concentration is considered to be 0.15 uniformly 

distributed. This is a simple approach of a complex physical process. Nevertheless, 

this assumption predicts reasonable oxygen and fuel mass concentrations at the time 

when the hatch is opened. 

3) Gravity Current 

When the hatch is opened, a current of fresh air at ambient temperature is established 

travelling to the back wall of the compartment. Weng and Fan [254] measured 

average quantities just before the gravity set in. Table 8.1 presents the temperature, 

fuel and oxygen mass concentrations in the upper layer. It can be noted that the 

oxygen and fuel concentrations are reasonable predicted in all the configurations 
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The gravity current proved of vital importance in determining the time to reach the 

ignition source and establishing the structure of the backdraft development. 

Depending on the opening geometry and the initial conditions, prior to the hatch 

opening, the gravity current determines the degree of mixing between unbumt 

methane and fresh air. 

Considering the same geometry, higher fuel concentration In the container will 

require more fresh air in order that the mixture reaches the flammable limits. 

Therefore, the time delay from hatch opening until ignition will increase with the 

increase of fuel concentration. 
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3 

Figure 8.12. Pressure and integrated mass flow history from the ignition time for the 

door opening. Blue line: simulation, violet line: experiment value 

There is no experimental data for the ignition time in Weng and Fan's study, although 

the predicted ignition times are presented in Table 8.1. The ignition time is influenced 

by many factors such as the geometrical disposition of the wire above the burner, 

measurement errors, under prediction of the temperature prior to the gravity current, 

thermal inertia of the wire, etc. Although the gravity current is not the main point in 

this study, it is pointed out that FDS has been previously successfully tested on this 

point. 

4) Ignition and deflagration 

In order to ignite the mixture III the numerical model, methane and oxygen 

concentrations are checked in a small cylinder volume at the back of the enclosure at 

each time step. When the flammability range is reached, a numerical spark in the 

form of C = 1.0 is introduced and is kept on throughout the backdraft. 

When the flammable limit is reached at the ignition point, the stoichiometric surface 

is located close to the floor. Therefore, the flame propagation is expected to exit the 

container close to the floor. Because of the highly diluted fuel, the initial deflagration 

velocity is low. The buoyant forces drive the products upwards and towards the exit. 

Typical results for a vertical door opening without water mist are shown in Fig. 8.12. 

The figure shows the pressure and the integrated mass flow through the door histories 

from the ignition time to the expulsion of the fire ball outside the container. The 

negative value of mass flow at t = 0 represents the time integrated mass flow into the 

compartment due to the gravity current. After ignition, a sharp positive slope is 

shown in Fig. 8.12, which represents the mass flow exiting through the door due to 

the over pressure inside the container. 

It is important to note that Weng and Fan measured total mass flow and pressure at 
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the time when the flame leaves the container. 

In the same Fig.8.12, it can be noted that the predictions of inflow and outflow rates 

are reasonably predicted. This is a relevant result of the simulation implying a good 

overall prediction in pressure, flame speed and temperature for the gravity current and 

deflagration processes. 

In the same figure, the pressure history from the ignition time is shown. In this case, 

more fluctuation is observed, although at the time when the tip of the flame reaches 

the door, the predicted pressure is in good agreement with the experiment. 

Table 8.1 summarizes the results for three different opening geometries with and 

without water mist. 

Table 8.1 Experimental and predicted results for three openmgs for the scale 

compartment. 
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8.3 Weng and Fan's experiment 

Type of the Run Water mist Species Compartment tgnlt. Maxim Opening total Fire 
opening conc:entratlon temperature (K) and tlma pr .. su rnas. flow (kg) ball 
geometry layer height (m) (s) re(Pa) 

Time(s) Mass Y02 YHC Tu TI hL p .... mMi -(g) 

Downside Exp - 12.7 10.42 388 348 0.25 - 1.71 0.011 0.164 yes 
slot 

opening f--
Sim 12.3 9.10 425 314 0.2 9.75 2.13 0.013 0.04 yes 

Exp 20-30 40.4 14.16 8.79 386 354 0.22 - 0.80 0.015 0.013 no 

f--
Sim 400 305 0.19 1 0.018 - no 

Door Exp 11.6 9.31 375 337 0.28 - 2.28 0.018 0.094 yes 
Opening f--

. 
Sim 12.5 8.29 415 306 0.18 6.07 2.30 0.017 0.093 yes 

Exp 30-40 34 14.2 9.11 371 327 0.25 . 2.02 0.010 0.092 yes 

f---
Sim 12.58 8.08 423 311 0.19 6.05 1.7 0.014 0.103 yes 

Window Exp - 12.5 9.33 372 332 0.28 - 27.18 0.025 0.165 no 
Opening 

f--
Sim 12.5 8.29 415 306 0.18 18.84 31.89 0.02 0.153 no 

For the cases with water mist, the water mist injection time and total amount of mass 

are provided. The upper layer oxygen and fuel mass concentrations are given at the 

time when the hatch is opened. Similarly, the upper and lower layer temperatures and 

layer height are shown. The predicted ignition time is also shown, but unfortunately 

there is no any experimental data on this quantity. The maximum pressure is 

considered at floor level when the tip of the flame passes the opening. Equally for the 

integrated mass flow through the opening: mt=ti is the total mass through the door 

during the gravity current and mt=to is the total amount of mass through the opening 

until the flame passes the opening. The "fire ball" column indicates whether or not 

there was a fire ball coming out of the container. 

It can be seen that, the predictions of oxygen and fuel mass concentrations are in 

good agreement with the experimental data. These predictions are important for an 

accurate prediction of the deflagration given that the fuel and oxygen distribution in 
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8.3 Weng and Fan's experiment 

the container will detennine the location of the stoichiometric plane. 

The upper and lower layer temperatures, as well as the lower layer height are also 

reasonably well predicted. The temperature plays an important role in the gravity 

current development. The temperature in the container will modify the gravity current 

flow to the ignition point and hence the deflagration. 

Also shown in table 8.1 are the maximum pressures at the time when the flame tip 

passes through the door. It can be seen that the pressures are very low. Nevertheless, 

the model is able to capture the trend for each case. As expected, in the window's 

case, the pressure is considerably higher due to the small opening area. This is also 

captured by the model. 

The total mass flow through the opening is shown in the same table. A direct link 

exists between the pressure over prediction and the mass flux over prediction. In the 

downside slot opening without water mist, the maximum pressure is over estimated 

and so is the total mass flow. For the door case, the prediction of pressure is good and 

so is the total mass flow. 

Finally, the last column in Table 8.1 shows whether there was a fire ball expelled out 

of the container. Here the predictions are in qualitative agreement with the 

experiments in all cases. 

8.4 Summary and conclusions 

Numerical investigation on the Gojkovic's backdraft experiment suggests that the 

backdraft process can be divided into five phases, i.e. 1) the initial condition, (2) the 

free spreading of the combustion in a 'sphere' shape centred at the ignition point, (3) 

a slopped 'planar' front travelling towards the exit, (4) the stretching and acceleration 

of the plane and (5) the burst of the fireball outside the compartment. 

Throughout the process, some points can be made: 

- 249-



8.4 Summary and conclusions 

• The inner structure of the deflagration front was found to be mainly a 

premixed flame advancing along the stoichometric mixture 'line' close to the 

floor and towards the opening of the compartment. 

• Not all of the unburnt fuel expulsed out of the compartment was burnt. For 

instance, the unburnt fuel driven out during the early stages of the deflagration 

was beyond the reach of the flame front and therefore it never ignited. 

• Qualitatively, the predictions were in agreement with the experimental data of 

Gojkovic [94]. As the majority of the measurements were made up to the 

occurrence of the backdraft and the locations of the measuring points were not 

exactly known, it is very difficult to perform a detailed quantitative 

comparison. However, the predicted and experimental time elapsed between 

the maximum over- and the under- pressures caused by the expansion of the 

hot combusted gases were in close agreement; indicating that the present 

model is capable of predicting the propagation speed of the turbulent 

deflagration with reasonable accuracy. 

• A source of uncertainty is the wrinkling factor model. This model takes into 

account the wrinkling of the flame front at sub-grid level. It is very difficult to 

quantify this variable as no measurements were carried out. In this study, in 

order to account for the relatively coarse mesh the default model constant has 

been increased accordingly. This was done based on the grid Reynolds 

number. 

In the simulations of Weng and Fan's experiment, the fuel dilution caused by burnt 

gas and water mist is considered. 

• As expected the maximum pressure decreases substantially and compares well 

with the experiment. Due to the smaller scale of the container a finer mesh 

was used (up to 1 cm) and a better approximation was obtained. This is seen 

in the overall good prediction obtained for a range of relatively complex 
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8.4 Summary and conclusions 

deflagrations with different opening geometries and water mist injection times 

and amounts. 

• The simulation considered the entire process from the initial fire development, 

extinction, fuel injection, water mist injection, gravity current and 

deflagration. The process is acceptably reproduced by the model. 

Two extra backdraft simulations using Gojkovic's experiment and two finer meshes 

were carried out using the Lagrangian SOS turbulence model. This approach proved 

to consistently under predict the classical Smagoringsky range of 0.11-0.22. 

Consequently, the numerical scheme is greatly unstable and suffers of convergence 

problems. As such, no meaningful results were obtained. Further investigation would 

be desirable to asses the suitability and advantages of the Lagrangian SOS model for 

reacting flows. 
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Chapter 9 

Conclusions 

Enclosure fires are extremely complex phenomena, which bring together many fields 

of expertise such as radiation, soot production, fire growth, ventilation and 

combustion. In this thesis, the main stress is on combustion models and primarily in 

coupling premixed and non-premixed regimes. Other important processes such as 

radiation, soot production, etc., were not considered in order to isolate the problem. 

Probably due to the necessity of obtaining results for industrial design, fire safety, etc. 

the application of numerical modelling to fires has preceded its concise and 

mathematically sounded derivation. Particularly, combustion models whose first 

derivations were carried out in the RANS context are largely phenomenological and 

adjustable empirical constants are necessary. 

Since the onset of the computational fluid dynamics applied to reactive flows, the 

principal concern was and still is the prediction of the burning rate. In the long 

process of modelling development, the researchers have been trying to minimize 

those adjustable constants which, initially, were empirically set up. 

As a result, the trend of the new models is not to consider any a priory constant, so 

that, ideally, they should perform under any circumstances. Nevertheless, the state of 

the art in combustion modelling, and generally in CFD, has not yet achieved a 

complete development, and it is far from the maturity reached by the finite element in 

stress analysis or energy calculations in solids. Models such as pdf, EBU, etc have 

been included in commercial packages for quite some time, but effective use of most 

of them require a previous knowledge of the simulated process. 
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In the particular case of enclosure fires, researchers have previously used the 

available combustion models originally developed for open fires, even when their 

suitability for these cases was dubious. Despite of this, relatively good results were 

obtained in some cases, although, for specific scenarios, such as backdraft, new sub

models needs to be developed/implemented in order to capture the underlying 

physics. 

A complex flame structure is expected in a backdraft or turbulent deflagration. 

Contrarily to the classical pure diffusion combustion, in a turbulent deflagration 

premixed and diffusion combustions might both be present in the form of partial 

premixed combustion. 

Sub-models for dealing with partially-premixed combustion systems were introduced 

into the FDS code. The "flame index" was used in order to combine premixed and 

non-premixed combustion. This concept makes use of the gradient signs of oxygen 

and fuel mass concentrations in both regimes to distinguish between premixed and 

diffusion. Domingo developed this concept for LES considering the fluctuations of 

the species gradients at sub-grid level. 

An extra balance equation for the progress variable C was also implemented into the 

FDS code in order to track the flame front. This approach uses a LES filter larger than 

the grid size in order to capture the thin premixed front. In this case, the progress 

variable was associated with the fuel mass concentration. 

Three different LES were carried out in order to test the sub-models for partially 

premixed combustion: 

• An unstrained planar I-D hydrogen flame was simulated to test the premixed 

front tracking model. Good results were obtained for the laminar burning 

velocity, density, temperature and species concentration ratios at both sizes of 

the flame front. For this case the progress variable filter was fivefold larger 

than the actual LES grid size. 
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• A laminar triple flame was simulated using the progress variable approach for 

the flame front detection and the steady laminar flamelets for non-premixed 

combustion. The triple flame was chosen because it is relatively simple to set 

up, because the computational time is relatively short and finally because, 

being laminar, there are no uncertainties about the turbulent fluxes and the 

wrinkling of the flame sheet at sub-grid level. Moreover, the triple flame 

offers a clear complex structure with two premixed branches and a diffusion 

trail, which meet at the triple point. 

• A partially premixed turbulent lifted flame was simulated. In this case, it was 

necessary to introduce into the model the augment of burning velocity, 

induced by the wrinkling of the flame front at sub grid level. Good 

agreements were found in the lift-off height prediction, in the flame structure 

and in the mixture fraction profiles. A stabilization mechanism was discussed, 

based on the concepts, previously exposed, that the flame base faces a high 

velocity flow and a flammable mixture upstream; thereafter, the flame tries to 

find its way upstream between low-speed flammable sectors of the flow. It 

was found that in this process the stabilization point, which is here identified 

as the maximum premixed heat release, plays an important role, driving the 

flame base upstream of the flow. 

In all of these, it was observed that the flame index captures the regimes acceptably 

and the lift off is reasonably well predicted. The triple point is well defined and the 

three branches further downstream can be discerned by the flame index. For the triple 

flame case, it is well known that increasing the fuel gradient increases the lift-off 

height as well, with the exception of for a small range. The response of the model to 

fuel gradient might be a topic for further studies. 

Two real scenarios for backdraft were simulated: 

• The experiment of Gojkovic was first considered [94] and Wen and Fan's 

backdraft experiment second.. The sub-models used for the backdraft 

simulations are the same utilized in the previous simulations. 
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Unfortunately, for the Gojkovic's experiment, the measurements in existence are 

neither extensive nor accurate and hence, the comparison against the numerical 

simulation was largely done on qualitative grounds. 

A numerical spark was ignited at the back wall of the container when the flammable 

limit was reached, after fresh air was allowed to get into the room through an 

opening. Immediately afterwards, the flame front heads towards the opening, 

following the flammable mixture close to floor. Some points can be highlighted: 

• The ignition time (the time from the opening of the hatch to when the ignition 

occurs) was well predicted by the FDS, even when there is a large scatter in 

the measurements. 

• The flame structure in the backdraft was found to be mainly premixed, as it is 

indicated by the flame index. 

• Not all the unburnt fuel in the container is consumed by the deflagration. 

Regarding the latter point, during the first stages after ignition, the raise of pressure at 

the back wall expulses product and fuel through the opening and, eventually, this fuel 

is not reached by the flame front and it does not bum. Consequently, the power of the 

backdraft is not directly linked to the total amount of unburnt fuel inside the 

container. Experiments have showed otherwise, but this can be attributed to the less 

diluted mixture inside the container. As products and fuel mix, the dilution of the 

mixture is enhanced and therefore, the burning velocity decreases. 

Oppositely, if more fuel is injected, the laminar burning velocity will increase and 

with it the total power of the deflagration. In order to deal with this, and to account 

for the dilution, a dilution parameter was introduced in the laminar burning velocity 

correlation to simulate Weng and Fan's experiment. 

Weng and Fan carried out a set of back draft experiments in a scale compartment with 

and without water mist for different openings geometries and measured integrated 
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mass flow through the opemngs, pressure, upper layer temperature and mass 

concentrations. Due to the smaller scale of the experiment it was possible to use a 

finer mesh in the LES simulation and grid independency was achieved. 

In this simulation, the following points were clear: 

• The dilution present in the fuel before the deflagration was considered, 

diminishing substantially the overall flame propagation velocity. 

• The performance of the model proved to be satisfactory and achieved 

reasonable agreement with the measurements. 

• The model could capture with acceptable accuracy the maximum pressure and 

integrated mass flow through the openings for each geometry and even predict 

the occurrence of back draft for each case. 

SGS turbulence model 

During the earlier stages of the study, some effort was devoted to improving the SOS 

turbulence models and to implement a CMC type 80S combustion model into the 

code. Unfortunately, both models were later found to be unsuitable for the backdraft 

simulation. The first one suffered numerical instabilities caused by the under 

prediction of the Smagorinsky constant when applied to the backdraft case. The 

second one was deemed inappropriate due to its requirement of an homogeneous 

plane of conditional values. Nevertheless, some reasonably good results have been 

obtained with both models during the validation using simple geometrical 

configurations, namely a buoyant plume, a backward facing step and the 8andia-D 

non-premixed turbulent flame. 

• A lagrangian SOS model was implemented into the FDS code. This model 

overcomes the drawbacks of previous models regarding the homogeneous 

plane of turbulence and the selection of a constant value, namely the 

Smagorinsky constant. In the Maneveour's approach, the model works 

without such restrictions and the Smagorinsky constant is dynamically 
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calculated. Good results were obtained for classical benchmarking flow 

configurations such as the buoyant turbulent plume and the backward facing 

step. Nevertheless, it was observed that the SGS turbulence viscosity became 

negative in a larger proportion than originally stated by ManeveoUf, and 

issues of numerical instability are then more likely to occur. 

Additionally, the computational cost is increased by 25% or more compared with the 

classical Smagorinsky mode. 

Non-premixed turbulent model 

A variation of the traditional conditional source estimation (CSE) approach was 

developed. This approach is based on the CMC concept; however, CSE does not need 

to solve the computational demanding conditional equations but, alternatively, 

approximates the conditional source term by an inversion process. 

• This shortcoming predicted relatively good results for the turbulent diffusion 

flame (SANDIA flame D). Even though the present implementation is not 

capable of predicting extinction/re-ignition events, it was observed that it is 

very economic from computational point of view. Additional improvements, 

such as unsteady laminar flamelets, might be incorporated into the model for 

improving the inversion process. 

• On the other hand, CSE needs a homogeneous plane of conditional values to 

perform the inversion, which is not always an obvious choice and sometimes 

can condition the model to be used.. A possible alternative to relax this 

restriction might be to select an ensemble of points normal to the flame 

surface (where the conditional quantities are constant) but this would require a 

very fine mesh at the stoichiometric mixture. 

Further work could be similarly invested on testing different inversion techniques; 

which are abundant in the literature. This could lead to great improvement in the 

inversion and, consequently, to the approximation of the conditional quantities. 
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