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ABSTRACT 

 Industrial applications of Large Eddy Simulations (LES), which have mostly been popular 

amongst academia, are gaining momentum in recent years. FireFoam is one these CFD packages with 

LES solver which was used in the current study. The solver was modified in the hope of obtaining a tool 

which is capable of correctly simulating large/medium buoyancy driven fire plumes by self adjusting with 

less requirement for user adjustments. The main area od interests were turbulence, combustion and 

radation modeling. Therefore other possible phenomena involved in pool fires, e.g. evaporation or soot 

formation, were neglected. Correspondingly, test cases had been carefully selected from non/less sooty 

flames from the MaCFP test case series.   

 

In the first step, in the absence of radtion and reaction, He plume was studied to evaluate different 

turbulence models plus different numerical schemes. Currently available models in FireFoam, e.g. 

Constnat Smagorinsky, require case by case modification and validation of the model constant which is 

time taking and also not possible if reliable experimental data are not available. Iiterature lacks 

comprehensive study of turbulence models together with different numerical schemes which definitely 

affects the results. A thorough evaluation of the turbulence models, both static (i.e. Constant 

Smagorinsky and One Eddy Equation models) and dynamic (i.e. Dynamic Smagorinsky and Dynamic 

Smagorinsky Variable Sct), numerical schemes (blended schemes for convective part of the species 

mass fraction) and their grid dependecies were studied.  

 

The study revealed a distinctive improvements with dynamic models. The static  models also 

suceeded when the constants were modified. Even though in some points there was no significant 

differences between the dynamic  models and modified static models, dynamic models were found more 

useful as they offer correct results with reduced level of user interference. The most marketed 

observation was grid independency of these dynamic models. Moreover, another benefit of dynamic 

models was less dependency of the results on the numerical schemes. These all show a significant 

advancement toward predictive fire modeling. 

 

The best models from previos step was applied for prediction of methane fire behavior. For 

combustion modeling Eddy Dissipaion model (EDM) and Eddy Dissipation Concept (EDC) were applied. 

Interestingly, most of the experimental observations were perfectly reproduced with the simulations. 

There was no significant difference between the two combustion model results, except slightly higher 

temperatures with EDC model.  

 

Radiation modeling was tested on methanol pool fires with Constant Radiative Fraction (CRF) and 

Weighthed-Sum-of-Gray-Gas (WSGG) models. For CRF simulations, experimentally available radiation 

fractions were employed. Simulations with WSGG radiation model, which required less user 

manipulation, dynamic turbulence model and EDC combustion model, resulted in perfect match with 

experiments. Sucessful application of WSGG model was found to be another step toward predivctive fire 

modeling.  

 

Even though models showed convinsing results for the test cases stuided in this research, to confirm 

the applicability of the models to other fire plume cases extra simulations are required especially when 

evaporation and smoke production are not negligible.  
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PËRMBLEDHJE 

Industriële toepassingen van Large Eddy Simulations (LES), die meestal populair waren onder de 

academische wereld, winnen de laatste jaren aan kracht. FireFoam is een van deze CFD-pakketten met 

LES-oplosser die in de huidige studie werd gebruikt. De oplosser is aangepast in de hoop een instrument 

te verkrijgen dat in staat is om grote / middelgrote door drijfvermogen aangedreven vuurpluimen correct 

te simuleren door zichzelf aan te passen met minder vereisten voor gebruikersaanpassingen. De 

belangrijkste interesses waren turbulentie, verbranding en radiatiemodellering. Daarom zijn er ook 

andere mogelijke fenomenen betrokken bij zwembadbranden, b.v. verdamping of roetvorming, werden 

verwaarloosd. Dienovereenkomstig waren de testgevallen met zorg geselecteerd uit niet-minder 

roetachtige vlammen uit de MaCFP test cases. 

 

In de eerste stap, in de afwezigheid van straling en reactie, werd de pluim bestudeerd om 

verschillende turbulentiemodellen en verschillende numerieke schema's te evalueren. Momenteel 

beschikbare modellen in FireFoam, b.v. Constnat Smagorinsky vereist van geval tot geval wijziging en 

validatie van de modelconstante die tijd in beslag neemt en ook niet mogelijk is als er geen betrouwbare 

experimentele gegevens beschikbaar zijn. Iiteratuur mist een uitgebreide studie van turbulentiemodellen 

samen met verschillende numerieke schema's die de resultaten beslist beïnvloeden. Een grondige 

evaluatie van de turbulentiemodellen, zowel statische (dwz Constant Smagorinsky en One Eddy 

Equation-modellen) als dynamische (dwz Dynamic Smagorinsky en Dynamic Smagorinsky Variable Sct), 

numerieke schema's (gemengde schema's voor het convectieve deel van de massafractie van de soort) 

en hun raster dependencies werden bestudeerd. 

 

De studie onthulde een onderscheidende verbetering met dynamische modellen. De statische 

modellen waren ook geschikt als de constanten werden gewijzigd. Hoewel er op sommige punten geen 

significante verschillen waren tussen de dynamische modellen en gemodificeerde statische modellen, 

werden dynamische modellen nuttiger gevonden omdat ze correcte resultaten bieden met minder 

gebruikersinterferentie. De meest verkochte observatie was de netwerkonafhankelijkheid van deze 

dynamische modellen. Bovendien was een ander voordeel van dynamische modellen minder 

afhankelijkheid van de resultaten van de numerieke schema's. Deze vertonen allemaal een significante 

vooruitgang in de richting van voorspellende brandmodellering. 

 

De beste modellen van previos step werden toegepast voor voorspelling van methaanbrandgedrag. 

Voor verbrandingsmodellering werden Eddy Dissipaion-model (EDM) en Eddy Dissipation Concept 

(EDC) toegepast. Interessant is dat de meeste van de experimentele waarnemingen perfect werden 

gereproduceerd met de simulaties. Er was geen significant verschil tussen de resultaten van het 

verbrandingsmodel, behalve iets hogere temperaturen met het EDC-model. 

 

Stralingsmodellering werd getest op methaanbranden met Constant Radiative Fraction (CRF) en 

Weighthed-Sum-of-Gray-Gas (WSGG) modellen. Voor CRF-simulaties werden experimenteel 

beschikbare stralingsfracties gebruikt. Simulaties met WSGG-stralingsmodel, waarvoor minder 

manipulatie door de gebruiker nodig was, dynamisch turbulentiemodel en EDC verbrandings model, 

resulteerden in een perfecte match met experimenten. Succesvolle toepassing van het WSGG model 

bleek een nieuwe stap te zijn in de richting van een voorspellende brandmodellering. 
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Hoewel modellen overtuigende resultaten lieten zien voor de testgevallen die in dit onderzoek 

werden gebruikt, zijn de extra simulaties vereist om de toepasbaarheid van de modellen op andere 

vuurplunthuizen te bevestigen, vooral wanneer verdamping en rookproductie niet verwaarloosbaar zijn. 
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Abstract  This study investigates the fundamental 

understanding of fire phenomena, particularly when it comes 

to turbulence, combustion and radiation, and tries to introduce 

models to move towards predictive fire modeling through the 

use of CFD.   

Keywords  FireFoam, Predictive Fire modeling, LES 

 

I. INTRODUCTION 

Worldwide movement in using computers ever-growing 

computing power has led to evolution of CFD tools which 

are based on fluid mechanics theories and apply numerical 

analysis to assess and solve fluid flow problems. This study 

exploits the open source code OpenFOAM-2.2.x CFD 

software in which FireFoam-2.2.x is compiled to it.  

Many researchers have conducted CFD simulations and 

validated their models successfully through comparisons 

with experimental results  [1] [2] [3]. However, most of them 

study or propose models which application of them needs to 

be validated case by case when using the model for different 

scenario. The main objective of the current study is to 

evaluate the predictive capabilities of the chosen models, as 

opposed to some of the commonly used models in the fire 

community. For this reason, three buoyancy driven plume 

test cases are considered and the simulation results are 

compared to some of the MaCFP 

(http://www.iafss.org/macfp/) experimental test cases. 

When it comes to fire plume modeling, turbulence, 

combustion and radiation and also soot modeling is 

important. Within the context of this study two different 

fuel, methane and methanol, are chosen due to their non-

sooty flames; so that we could eliminate soot modeling. 

Methanol is a liquid fuel; however, it is directly modeled as 

a gases fuel, so the evaporation mechanism is not inquired 

into. The first simulations are conducted for a non-reacting 

case, e.g. helium plume, focusing on only turbulence 

modelling. Subsequently, the reacting cases are focused on 

combustion and radiation modelling. 

II. EXPERIMENTAL SET UP 

A. Sandia Helium Plume test case 

Numerical simulations with the main focus on turbulence 

models are compared against experiments performed at 

Sandia National Laboratories in Albuquerque as published 

by  [4]. Helium was injected from a 1 m diameter source at 

an average velocity of 0.325 m/s. Particle Image 

Velocimetry (PIV) and Planar Laser-Induced Fluorescence 

(PLIF) techniques were executed to record velocity filed and 

mass fraction data. Experiments were executed at elevated 

heights; therefore the ambient pressure was lower than 

normal and around 80900 Pa. 

B. McCaffrey test case 

Numerical simulations of the combustion modelling 

section are validated using methane pool fires experimental 

data conducted by McCaffrey  [5]. In his experiments non-

premixed burning of natural gas (45 MJ/kg) was 

investigated by injecting methane from a 0.3 m square 

burner at different rates. Flow rates were controlled to end 

up with five different heat release rates (HRR), namely 14.4 

kW, 21.7 kW, 33.0 kW, 44.9 kW and 57.5 kW. 

Measurements include velocity and temperature of the 

burner centerline using bi-directional probe and 

thermocouple, respectively.  

C. Waterloo test case 

Another target test from MaCFP test series is the medium-

scale methanol pool fire experiments conducted at 

University of Waterloo  [6]. The facility mainly consisted of 

a 30 cm burner fan filled with methanol at injection rate of 

1.35 cm3/s located inside a cage at height of about 1 m from 

the ground ( to allow for free movement of air). The 

constant feeding system was set to adjust the fuel surface at 

a rim height of 1 cm. Nearly Steady state condition of the 

experiments was ensured performing the tests in a quiescent 

laboratory environment with well-controlled fuel inlet 

condition and measurements starting from 10 min after the 

first ignition.  
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III. NUMERICAL SET UP 

A. Sandia Helium Plume  

The computational domain is a cylinder with diameter and 

height of 4 m by 4 m in which a 1 m burner is located at the 

bottom surface of the domain. A Cylindrical mesh is 

generated for the entire domain except in the middle part 

(0.3 m x 0.3 m) which is done by a rectangular mesh, 

represented in Figure 1. The case is reproduced with 3 

different cell sizes, 1.5 cm, 3 cm and 6 cm, named as fine, 

middle and coarse meshes. 

 
 

(a) (b) 

Figure 1 Schematic overview of the whole domain mesh for the 

finest grid resolution ( (a) inlet surface, (b) cross section of the 

domain) (Sandia Helium Plume test case) 

  
The second order implicit ‘backward’ scheme is selected 

for time scheme. The ‘Gauss linear’ interpolation as second 
order centrally difference scheme is used for convective 

terms. The numerical scheme used to discretize the 

convective part in the species transport equation is the 

‘limitedLinear01 X’ which blends linear and upwind 

schemes according to the specified X value; e.g: 

‘limitedLinear01 1’ is 100% upwind and ‘limitedLinear01 
0.5’ is 50% upwind and 50% linear scheme. Simulations are 
conducted for 3 different X values, 1, 0.5 and 0.25, to 

inspect the influence on the simulation predictions.  

To capture the turbulent behaviour of the plume different 

turbulent models are tested. Since FireFoam only has 

constant Smagorinsky and One Eddy Equation models, 

source codes for Dynamic Smagorinsky and Dynamic 

Smagorinsky with Variable Schmidt number, prepared by 

Dr. Georgious Maragkos, are implemented in the solver. 

Moreover a sensitivity analysis is performed on the impact 

of model constant for One Eddy Equation (0.05 and 0.094) 

and Smagorinsky (0.1 and 0.17) models. 

Simulations are set up to run for 35 seconds and the time 

step size is set to be adjusted in order to satisfy the 

Maximum Courant Number of 0.9. Time-averaged 

quantities are produced by compiling the simulation results 

from 2 seconds after the start up to the end of the 

simulations. The pressure equation is solved by a linear 

GAMG solver and PISO algorithm is used for pressure-

velocity coupling. 

 

B. McCaffrey methane fire 

The computational domain consists of a 3 m x 3 m x 3 m 

square box in which the burner, 0.3 m x 0.3 m, is located in 

the middle of the floor. Three grid resolutions with cell sizes 

of 5 cm, 2.5 cm and 1.25 cm, are reproduced and studied. 

Schematic of the fine mesh is presented in Figure 2.  

As per experiments, different flow rates are employed 

corresponding to different level of heat release rates.  

 

 

Figure 2 Schematic overview of the whole domain mesh for the 

finest grid resolution (McCaffrey test case) 

 Same as before, “backward” scheme for time, “Gauss 
linear” for convective terms, linear GAMG solver for 

solving pressure gradient and PISO algorithm is used for 

pressure-velocity coupling. The widely used radiation model 

which adopts finite volume discrete ordinate model 

(fvDOM) to solve the Radiative Transfer Equation (RTE) is 

applied. 

Simulations are conducted using the best turbulence 

model and numerical scheme for the species mass fraction 

found from the Sandia Helium Plume. The idea is to 

investigate if the same settings for non-reacting buoyant 

plume succeed in predicting the behavior of a buoyant pool 

fire. Two different combustion models, Eddy Dissipation 

Model (EDM) and Eddy Dissipation Concept (EDC) with 

constant radiative fractions, taken from experiments, are 

applied for all fire levels. 

Simulations are set to run for 35 seconds and average 

values are taken over the last 33 seconds. Again the time 

step size is variable and controlled by maximum courant 

number of 0.9.  

C. Waterloo methanol fire 

The computational domain consists of a 1.5 m x 1.8 m 

cylindrical domain with the burner located at 0.3 cm above 

the lowest part of the domain. The O-Grid mesh, 

represented in Figure 3, is used with total stretching factor 

of 1.5 from the centerline toward the top and sides of the 
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domain. Due to time limitations grid sensitivity analysis is 

not conducted.  

 
Figure 3 Schematic of computational domain and the implemented 

mesh resolution (Waterloo test case) 

To skip evaporation modeling, Methanol is directly 

modeled as a gaseous fuel and therefore inlet temperature of 

the fue is set to the boiling point of Methanol, 338 K. The 

mass flow rate is set to 0.0010692 kg/s.  

All the settings, even running time and time step size, are 

similar to MacCaffrey test case as explained in  B. The only 

difference is that the radiation model is applied in which 

Constant Radative Fraction (CRF) and Weighted-Sum-of-

Gray-Gas (WSGG) models are employed as different 

Absorption-Emission models. 

 

IV. RESULTS AND DISCUSSION 

A. Turbulence modeling and Numerical Scheme 

Grid dependency analysis revealed that dynamic models 

are less grid sensitive compared to the static models. By 

changing the model constants, for static models, from 

mostly used ones to the new values less grid dependency 

was observed, especially for the One Eddy Equation model. 

In total, most of the models showed more comparable 

results against experiments with the fine mesh. 

The next set of analysis investigated the performance of 

dynamic and static turbulence models, with limitedlinear 0.5 

numerical scheme and fine mesh. Both static models, 

Constant Smagorinsky and One Eddy Equation models, 

showed much better results when the model constant was 

modified. This highlights the need for validation of the 

model for every new test case.  

In total, there were significant improvement when moving 

to dynamic model, except with the modified One Eddy 

Equation which shoewd nearly the same results as dynamic 

models. Both dynamic models did not represent noticable 

differences which was found to be due to the fact that in this 

case convection is the dominant mechanism compared to the 

diffusion. In total, dynamic models which offer better 

predictive simulations without the need for user 

manipulation are found to be the best turbulence models 

based on the results of the current buoyant plume study.     

Impact of numerical schemes was also addressed with 

different turbulence models and different grid sizes. The 

first marketed observation was that the grid dependency is 

higher at bigger grid sizes. It is interpreted as a result of 

resolving more flow structures with the help of fine mesh. 

Interestingly, at the fine mesh no significant difference is 

observed between 25% (limitedlinear 0.25) or 50% 

(limitedlinear 0.5) upwinding scheme, suggesting the same 

performance for both of them. Dynamic models showed less 

sensitivity to the change of the numerical schemes. 

Investigations were extended to the level of uncertainty in 

the simulation results depending on the choice of turbulence 

model or numerical scheme. It was found that both the 

numerical schemes and turbulence models are important, 

with higher impact from turbulence models.  

As a final conclusion, Dynamic Smagorinsky Variable Sct 

turbulence model with limitedlinear 0.5 or limitedlinear 0.25 

are recommended for helium plume simulation. The 

capability of the same settings in prediction of other buoyant 

plume cases are studied in the next section. 

 

B. Combustion modeling 

At the first point grid sensitivity analysis was performed 

for the two extreme level of fire size, 14.4 kW and 57.5 kW. 

For both cases, the fine mesh was superior in prediction of 

experimental results. Less grid dependency was observed 

for the bigger fire size.  It was interesting to see that bigger 

cell sizes resulted in higher temperatures (Except the coarse 

mesh in lower fire size). The reason lays behind the fact that 

SGS kinetic energy was higher for bigger cell sizes which 

resulted in higher reaction rates (especially in the 

centerline). As known, direct consequence of higher 

reaction rate is higher temperatures (Chen, Wen, Xu, & 

Dembele, 2014). 

Once temperature and velocities were scaled as proposed 

by McCaffrey, all simulations, with the fine mesh, at 

different HRR levels collapsed onto each other. Both EDM 

and EDC model results agreed well with experiments. It 

confirms the capability of the previously found model and 

scheme, Dynamic Smagorinsky Variable Sct and 

limitedlinear 0.5, capable of perfectly reproducing another 

set of experiments.  

 Temperature results indicated slightly higher values, in 

the order of 10 to 100 K, with EDC model. Longer flame 

heights were also found with EDM model, which is 

attributed to the longer mixing time scales with EDM 

compared to EDC. Since there was no difference between 

reaction rates, this is connected to the fact that the model 

with higher mixing time scale leaves more unreacted 

materials which will travel downstream and react further 

away from the source. Detailed discussions were provided 

comparing the two models from different aspects, e.g. 

reaction rates, Buoyancy forces.  
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In total there was no preference according to the current 

study results between EDM and EDC combustion models, 

however, if intermediate and dissociation reactions are of 

interest, EDC provides the best results. 

C. Radiation modeling 

Successful models and schemes from both previous 

studies were applied to check their validity for methanol fire 

plume. Results compared favorably with experiments, 

confirming the applicability of the models for another test 

case. However, there were some differences which are 

attributed to rather coarse grid resolution of the simulations. 

Due to time limitations grid sensitivity analysis was not 

conducted. 

WSGG model compared better against experimental 

results. Overall flame structure and mean reaction rates were 

the same for both models. Both models, WSGG and CRF, 

over-predicted the location of the maximum flame 

temperature. Clear peaks were observed in axial velocities, 

while no peaks existed in radial velocities, same as the 

experimental observations. Even though both models 

deviate from experimental puffing frequency, the WSGG 

model was closer to the experiments. Both set of 

simulations, clearly showed flame attachment to the pan rim 

as noticed in the experiments. 

Application of WSGG model with fixed and dynamically 

varied radiation path length showed no differences in the 

outcome of the simulations. This can be explained by the 

averagely the same path lengths taken in the dynamic 

simulations compared to the fixed value (half of the pool 

source). 

The outcome of the methanol test case suggests that for 

this test case, which consists of a relatively small pool fire 

with negligible soot formation, CRF model could perform as 

good as WSGG model. This is only true if accurate 

experimental values for radiative heat fraction are available 

to be implemented in the model. Therefore, WSGG model 

with a dynamically determined radiation path length 

provides a promising tool to reduce user manipulation and 

move toward more predictive fire modelling. 

 

V. CONCLUSION 

Different test cases selected from MaCFP group set of 

experiments. Starting from a non-reacting case (helium 

buoyant plume) different turbulent models and numerical 

schemes were examined. Dynamic Smagorinsky Variable 

Sct turbulence model was found as the best option, which 

fulfilled the main goal of the study regarding predictive fire 

modeling. Application of blended numerical scheme (25% 

upwind-75% linear or 50% upwind-50% linear) for the 

convective part of the species transport equation resulted in 

better agreement compared to the experiments.  

The same model and scheme were also tested for two 

other test cases. Results compared well with the 

experiments.  

EDC and EDM models did not show significant 

differences when predicting methane fire behavior. There 

were only slightly higher temperatures with EDC model.  

CRF and WSGG absorption-Emission models were tested 

for methanol fire case. WSGG model was found to result in 

better predictions. Application of dynamic path length 

calculation resulted in another step toward predictive fire 

modeling.    
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CHAPTER 1 - INTRODUCTION 

Nowadays with the advancements in computer technologies, fire safety scientists and engineers try 

to exploit more and more Computational Fluid Dynamic (CFD) simulators to avoid expensive experiments 

or analyze too complex phenomena which are beyond the capabilities of analytical solutions or two-zone 

models. Industrial applications of Large Eddy Simulations (LES), which have mostly been popular 

amongst academia, are gaining momentum in recent years. FireFoam is one these CFD packages with 

LES solver which is going to be used in the current study.  

 

The purpose of this master thesis is to focus on turbulent pool fires with gases fuels. When it comes 

to fire plume modeling, turbulence, combustion and radiation and also soot modeling is important. Within 

the context of the thesis two different fuels, methane and methanol are chosen due to their non-sooty 

flames; so that we could eliminate soot modeling. Methanol is a liquid fuel; however, we are going to 

directly model it as a gases fuel, so we will not look into its evaporation mechanism. The first simulations 

will be conducted for a non-reacting case, e.g. helium, focusing on only turbulence modelling. 

Subsequently, in the reacting cases  the focus will be only on combustion and radiation modelling. 

 

1.1 Measurement and Computation of Fire Phenomena 
Database 

Measurement and Computation of Fire Phenomena (MaCFP) group, promoted by the 

International Association for Fire Safety Science (IAFSS), is a relatively new collaboration between fire 

communities. It is a regular workshop that has been formed with the basic objective to develop a 

fundamental understanding of fire phenomena and to advance predictive fire modelling. Lund University 

hosted the first MaCFP workshop on November 10
th
 2017 as a pre 12

th
 IAFSS Symposium event in 

Sweden (Measurement and Computation of Fire Phenomena). They have established five categories, 

namely, “Turbulent buoyant plumes”, “Turbulent pool fires with gaseous fuel”, “Turbulent pool fires with 
liquid fuel”, “Turbulent wall fires and Flame extinction” (Brown, et al., 2018). 

 

 The idea of the current study is to focus on three of these categories. At first, helium plume 

experiments conducted at Sandia National Laboratories (O’Hern T. J., Weckman, Gerhart, Tieszen, & 
Schefer, 2005) will be investigated. Then, in the second category which is “Turbulent pool fires with 

gaseous fuels” the McCaffrey’s Methane fire plumes (McCaffrey, 1979) will be studied. Later, Waterloo 

Methanol pool fire (Weckman & Strong, 1996), in the “Turbulent pool fires with liquid fuel” category, will 

be scrutinized with simulations starting from gas phase. This means evaporation mechanism is not a part 

of this study.  

 

1.2 FireFoam Software 

The open source code OpenFOAM-2.2.x software, in which FireFoam-2.2.x is compiled to it, is 

used for conducting simulations of the current study. FireFoam as a relatively new CFD code is 

developed by CFD Direct and FMGlobal. Solving Navier-Stokes equations with a LES approach, 

FireFoam is intended to simulate fire and turbulent diffusion flames. To be able to represent all the 

relevant phenomena involved, FireFoam contains so many sub-models for turbulence, combustion, 

pyrolysis, radiation, dispersion, etc.  
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Available turbulence models in the software are One-equation model, Constant Smagorinsky and 

Wall-Adapting Local Eddy-viscosity (WALE). Being an opensource code, users have the opportunnity to 

use their own source codes by compiling them to the solver. To extend the standard capabilities of 

FireFoam,  source codes for Dynamic Smagorinsky and Dynamic Smagorinsky--varSct have been 

implemented in the software. Same as turbulence models, FireFoam has a standard sub-model for 

combustion, Eddy Dissipation Model (EDM). Eddy Dissipation Concept (EDC) model has also been 

added and investigated in simulations. For radiation modeling the available sub-models are Constant 

Radiant Fraction and Gray Gas models. The Weighted-Sum-of-Gray-Gases (WSGG) has also been 

added to seek for as much closer predictions to reality. All new models have been developed by Dr. 

Georgios Maragkos in which application of them created a new version of FireFoam 2.2.x used for the 

simulation of the current study.   

 

    

1.3 Literature review 

 

Prediction of fire behavior has long been the topic of research and Computational Fluid Dynamic 

(CFD) simulations has drawn increasing attention especially for cases when real experiments are difficult 

or impossible to carry out. Worldwide movement in using computers ever-growing computing power has 

led to evolution of CFD tools which are based on fluid mechanics theories and apply numerical analysis 

to assess and solve fluid flow problems. CFD tools solve Navier-Stokes equations to find how the 

velocity, temperature, density and other flow characteristics evolve or how the moving fluid impacts its 

surrounding. This makes them perfect tools for fire engineers to simulate fire phenomena. 

 

There are three available techniques to perform CFD simulations: Direct Numerical Simulation 

(DNS), Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS). The DNS resolves 

the whole range of spatial and temporal scales through solving the Navier-Stokes equations. Given that 

all turbulent motions from Kolmogorov length scale up to large eddies are resolved, DNS gives exact 

solution of the flow filed. Even though precise, the main drawback of the model is its elevated 

computational costs which make it impractical even for very small computational domains. This has 

resulted in very few applications of DNS models in fire simulation field. RANS models with 

implementation of decomposing technique on the instantaneous quantities split the quantities to mean 

and fluctuating parts. Implementation of this definition in differential Navier-Stokes equations results in 

fluctuating components to disappear from many terms, however, they still appear as a nonlinear term, 

known as Reynolds Stress, from the convective acceleration term. Therefore to obtain equations 

involving only the mean part, several models, e.g. k-ɛ, have emerged to close the RANS equations by 

modeling the Reynolds Stress. This, however, results in flow turbulent fluctuations to get lost and 

therefore LES models evolve to solve the problem.  In recent years, LES has been the most widely used 

CFD tool (Jamshed, 2015). In LES approach small universal scales are modeled while the Navier-Stokes 

equations are solved for the large energy eddies. LES results are less time consuming than DNS results 

and at the same time more accurate than the RANS model results.  

 

The main question which has led to numerous pieces of research among fire community is on 

how good are the results of CFD tools for fire simulation. It is of crucial importance to verify and validate 

these tools, see what the possible limitations are and estimate the level of uncertainties of the obtained 

results. Several studies have been devoted to investigate all these issues when predicting different 
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aspects of a fire scenario, e.g. heat release rate, smoke spread, etc. The core interest of many of these 

studies relates to fire plume modeling. Even though different types of fire plumes could exist, e.g. jet fire, 

backdraft, etc., pool fire plume is the most probable type in the architecture, engineering and construction 

(AEC) industry. Natural burning of a pool of liquid fuel, strongly dominated by buoyancy effects with very 

low or zero initial momentum, forms the so called pool fires (Joulain, 1996). Because of its well defined 

and scalable behavior where usually a single component with relatively fixed burning surface area is 

involved, pool fire has been topic of many experiments and simulations for years (Iannantuoni, March 

2012).    

 

Many studies (Annarumma, Most, & Joulain, 1991), (Cox & Kumar, 1987), (Davidson, 1990) have 

implemented RANS standard two equations, 2 EQ, k-ɛ model which tend to over predict the centerline 

velocity and temperature of buoyant plumes (Soonil & Rober G. Bill, 1993) and under-predict spread rate 

of vertical plumes as a result of not including turbulence anisotropy of shear stresses and turbulence heat 

fluxes (Zhang, Dembele, & Wen, 2009). Therefore Liu and Wen (Liu & Wen, 1999) developed a four 

equation, 4 EQ, model which includes ‘return-to-isotropy’ concept in the pressure-strain correlation.  The 

4 EQ model solves conservation equations for turbulent kinetic energy and its dissipation rate as in 2 EQ 

model with addition of two extra equations for temperature variance and temperature variance dissipation 

rate. Zhang et al. (Zhang, Dembele, & Wen, 2009) compared the efficiency of the Liu and Wen model, 

against 2 EQ models, namely low-Reynolds Number (LRN) model and Re-Normalization Group (RNG) 

model, for simulation of three different pool fires. The experiments consisted of methanol liquid pool fire 

by Weckman and Strong (Weckman & Strong, 1996), ethanol liquid pool fire by Fischer et al. (Fischer, 

Hardouin-Duparc, & Grosshandler, 1987) and methane gaseous pool fire investigated by McCaffrey 

(McCaffrey, 1979). Larger prediction of buoyancy production of kinetic energy, nearly doubled, with 4 EQ 

compared to both 2 EQ models yielded in significant improvements in prediction of temperature and 

velocity. Even though 4 EQ model performed better than the 2 EQ models, results of methane gas fire 

simulations with 2 EQ models did not show notable difference from 4 EQ model. The 4 EQ model, 

needing to solve two extra equations, only resulted in 10% extra CPU time for simulations. Nevertheless, 

RANS models have been mostly replaced by LES as being unable to capture correct dynamic and 

pulsating behaviour of fires (Xin, Gore, Mcgrattan, Rehm, & Baum, 2002). 

 

Methane pool fire experiments, conducted by Tieszen et al. (Tieszen, O’Hern, Schefer, 
Weckman, & Blanchat, 2002), are one of the well documented and detailed experiments on methane fire 

plume which have been the subject of several LES analysis. Xin et al. (Xin, et al., 2008) investigated the 

possibility of reproducing velocity field and puffing behaviour of the same experiments using Fire 

Dynamic Simulator (FDS) software.  FDS, developed by the National Institute of Standards and 

Technology, showed qualitatively and quantitatively close predictions of the one-meter methane pool fire 

behaviour as in the experiments.  

 

Cheung and Yeoh (Sherman & Cheung, 2009) introduced a scalar dissipation conditioned SGS 

combustion model which was then compared with another set of experimental data on a one meter 

diameter methane for model validation purposes. Velocity time history and also time-averaged velocity 

and temperature profiles represented good agreement with the experiments. Desjardin (Desjardin, 2005), 

through LES application, brought forward an alternative closure for conditional dissipation rate model into 

the SGS combustion model. The study confirmed feasibility of the model through well prediction of time-

averaged velocity quantities of the methane-air fire plume. No comprehensive discussions are provided 

to conclude about heat flow and puffing mechanism.  
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Maragkos and Merci (Maragkos & Merci, 2017) investigated the capability of two different LES 

based fire modeling software, FDS and FireFoam, in predicting the same experiments. FDS uses 

Dynamic Smagornsky turbulence model, while FireFoam applies Constant Smagorinsky with Cs=0.1. 

Both models use the same combustion and radiation models, EDM and RTE. Both CFD codes 

appropriately captured the mean flow filed, except small differences in the axial velocities which is 

attributed to 30% higher Smagorinsky constant with dynamic model in FDS. Over-prediction of centerline 

mean temperatures by FireFoam, about 100 K, and failure of FDS in capturing temperature fluctuations 

have been the major discrepancies between the two codes. 

    

Wang et al. (Wang, Chatterjee, & Ris, 2011), pioneers in validation of combustion model of 

FireFoam, performed a set of simulations with default models within in the software to recreate all 

experiments, 14 to 58 kW methane fire plume, conducted by McCaffrey (McCaffrey, 1979), a set of 

studies in MaCFP group. Their results demonstrated the capability of the model to deliver reliable 

predictions on most of the important pool fire characteristics, e.g. velocity and temperature profiles 

throughout the domain, flame height, entrainment rates, etc. They found if the mesh resolution is fine 

enough to resolve the integral length scale, then the SGS model for either turbulence or combustion 

treatment loses its significance for such a small-scale buoyancy driven flow. Cheung et al. (Cheung, Lee, 

Yuen, Yeoh, & Cheung, 2007), with main focus on one set of the McCaffrey’s experiments, 48 kW fire, 
investigated the fire pulsation frequency with application of constant Smagorinsky for turbulence model, 

Cs=0.2, conserved scalar approach for combustion model, the model proposed by Moss et al. (Moss, 

Stewart, & Syed, 1988) for soot model and a microscopic model for radiation model. They validated their 

model by comparing the results against again the same fire level, ~ 45kW, from set of MacCaffrey’s 
experiments. FDS results were also provided for comparison purposes. Predicted results for mean flow 

filed, temperature and velocity, showed good agreement with the experiments, with FDS predictions 

representing more random velocity fluctuation behaviour at the centerline. As per their investigation, FDS 

resulted in off-prediction of the pulsation frequency, while their model perfectly captured the value of 

about 2 Hz, close to the experiments.  

 

Chen et al. (Chen, Wen, Xu, & Dembele, 2014)obtained good prediction of velocity, temperature, 

radiation flux and time and length scales compared to available experimental data for methanol pool fire. 

They extended the Eddy Dissipation Concept (EDC) combustion model to LES framework and introduced 

a new expression for reacting fraction of the fine fire structures, , in filtered reaction rate formulation. The 

new model was developed to solve the problem with unphysical prediction of “flame lift” when using the 

original expression for buoyancy-driven pool fires. They validated their model with data of 30.5 cm 

diameter methanol pool fire experiments measured by Weckman and Strong (Weckman & Strong, 1996) 

which are part of the MaCFP group set of studies. Tiwari et al. (Tiwari, Ramprasad, Das, & Suresh, 2015) 

demonstrated the capability of FDS to deliver reliable predictions on centerline temperature and velocity 

profiles of a 2 m
2
 methanol pool fire. They also made successful comparisons with some of the empirical 

models available in the literature. 

 

Looking into MaCFP target test cases, Sandia Helium plume experiments conducted by (O’Hern 
T. J., Weckman, Gerhart, Tieszen, & Schefer, 2005) is included which has been studies by many fire 

researchers. This non-reacting case which behaves as buoyancy driven flow makes it possible to focus 

on the generation of turbulence excluding complexity of combustion reaction and radiation phenomena. 

Desjardin et al. (DesJardin, O’Hern, & Tieszen, 2004) have identified the best LES results are obtained at 

finest mesh, spanning resolution from 1.6 cm up to 7.8 cm, without implementation of SGS model. In 

addition to high grid dependency of the results, helium concentrations and rms stream wise velocity were 
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over-predicted close to the inlet. Limitations of the SGS model, Constant Smagorinsky model, for 

buoyancy driven flows were hold responsible for all these discrepancies. In an attempt to address this 

deficiency, Maragkos et al. (Maragkos G. , Rauwoens, Wang, & Merci, 2013) performed LES simulations 

with and without Smagorinsky model, which showed good agreement between cross-stream velocities 

with experimental data. The prediction of mass fractions, however, was far off and over-predicted at all 

heights. They also made a sensitivity analysis on the SGS model constant with Cs=0.0 (i.e. No SGS 

model), 0.1 and 0.2. The best results were obtained with Cs= 0.1 which was in the end the recommended 

value for Smagorinsky model constant for simulation of this type of flow.  

 

In another study by Maragkos et al. (Maragkos, Rauwoens, & Merci, 2012), FDS and FireFoam 

capabilities with and without SGS model were compared and validated with the experimental outcomes in 

near-filed region of the helium plume. FDS was found to be incapable of capturing the puffing frequency 

of the plume, however, FireFoam frequency compared favourably with the experiments. As also observed 

by Desjardin et al (DesJardin, O’Hern, & Tieszen, 2004), FDS with no SGS model reproduced lower 

results for mean stream wise velocity. In total implementation of SGS model resulted in better agreement 

with experiments. In the end FireFoam, being capable of reproducing the same results as other CFD 

packages in literature (Chung & Devaud, 2008) (DesJardin, O’Hern, & Tieszen, 2004), was introduced as 

a promising tool for simulation of buoyant plumes. 

 

The current study tries to take some steps forward toward predictive fire modelling, meaning less 

model constants or variables needed to be adjusted by the user. Comprehensive comparisons are made 

between different turbulence, combustion and radiation models in buoyant flow simulation. Not just the 

capabilities of the model, but also grid dependencies of their result as a major factor in less costly 

simulations are discussed.  Dynamic models are applied which are deemed as a promising tools for more 

predictive simulations. To validate the capability of the models, three test cases from MaCFP group are 

selected and studied in detail. The study is mainly divided into three sections. First, the turbulence 

models and numerical schemes are studied for a non-reacting case. The advantage is that the complexity 

of combustion and radiations are not involved, therefore conclusions can be made with less uncertainties. 

The second part adds combustion model and tries to figure out if the best models from the first step could 

acceptably be used and predict the reacting case. Finally, all models are tested on methanol fire plume 

through added radiation modelling complexity to the simulations. 

 

1.4 Objectives 

The main goal of the thesis is to achieve more fundamental understanding of fire phenomena, 

particularly when it comes to turbulence, combustion and radiation, and try to move towards predictive 

fire modeling through the use of CFD. The main objective of the thesis is to evaluate the predictive 

capabilities of the chosen models, as opposed to some of the commonly used models in the fire 

community. For this reason, different fire plume test cases will be considered and the simulation results 

will be compared to experimental data. Below are the objectives of the thesis: 

1. Evaluate the influence of turbulence, combustion and radiation modeling in 
CFD simulations of medium/large scale fire plumes. 

Turbulence models: constant coefficient Smagorinsky, dynamic Smagorinsky, dynamic Smagorinsky 

with -varSct number, one-eddy-equation model. 

Combustion models: Eddy Dissipation Model (EDM), Eddy Dissipation Concept (EDC). 
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Radiation models: Constant Radiative Fraction (CRF), Weighted-Sum-of-Gray-Gases Model 

(WSGGM). 

 
2. Validation/evaluation of CFD software to accurately predict the unsteady 

behavior of medium/large fire plumes. 

Validation/evaluation of the turbulence, combustion and radiation models will be conducted by 

comparing the simulation results against some of the experimental test cases that have been selected 

from the MaCFP workshop. Depending on the availability of the experimental data, the comparisons will 

include mean and rms temperatures and velocities, radiation fractions, flame heights, turbulent kinetic 

energies and etc. 

 

 

 



CHAPTER 2 - TURBULENCE MODEL AND NUMERICAL 
SCHEME 

2.1 Sandia He plume test 

Numerical simulations in this section are compared against experiments performed at Sandia 

National Laboratories in Albuquerque as published by (O’Hern T. J., Weckman, Gerhart, Tieszen, & 
Schefer, 2005). Schematic of the experimental apparatus is shown in Figure 1. Particle Image 

Velocimetry (PIV) and Planar Laser-Induced Fluorescence (PLIF) techniques were executed to record 

velocity filed and mass fraction data. To make sure the results were independent of the experimental 

geometry, the experiments were planned to be canonical buoyant plume. Helium was injected from a 1 m 

diameter inlet pipe. The outer edges of the pipe were extended radially for about 0.5 m, creating the so 

called ‘ground-plane’. Placement of a 64 mesh at the cross section of the He nozzle helped to produce a 

uniform flow condition at the nozzle exit.  

 

Small amount of acetone, 1.7 + 0.1 % vol., as a tracer gas, and oxygen, 1.9 + 0.2% vol., were 

added to the plume source. This was for PLIF test which requires a fluorescent tracer. The average 

Reynolds and Richardson numbers of the mixture were reported as 3200+ 0.6% and 76 ± 6.5 %, 

respectively. Experiments were executed at elevated heights; therefore the ambient pressure was lower 

than normal and around 80900 Pa. As reported by (O’Hern T. J., Weckman, Gerhart, Tieszen, & Schefer, 
2005) sampling errors and inevitable measurement mistakes resulted in the following total uncertainties 

in the data: 20% in measured velocities, 30% in turbulent fluctuations, 18% plus a fixed uncertainty of 5% 

in mean mass concentrations and 21 % in concentration fluctuation. 

 

 
 

Figure 1 Schematic of the Sandia Helium Plume test set up (O’Hern T. J., Weckman, Gerhart, Tieszen, & 
Schefer, 2005) 

2.2 Numerical set up 

The outer boundary of the computational domain is a cylinder with diameter and height of 4 m by 

4 m. The domain is deemed to be large enough to allow for large entrainment of air to ensure free 

development of the plume (DesJardin, O’Hern, & Tieszen, 2004). For simplicity the simulation domain 

begins from the plume source surface. It has been confirmed by Maragkos et.al. (Maragkos G. , 

Rauwoens, Wang, & Merci, 2013) that it has little impact on the simulations results. Therefore at the 

bottom surface of the domain a circle of 1m diameter forms the ‘inlet’ which is extended by a horizontal 
plate up to 0.5 m to resemble the ‘ground plane’ as in the experimental set up. All other boundaries are 
introduced as open boundaries to allow free movement of air through the domain. 
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 A Cylindrical mesh is generated for the entire domain except in the middle part (0.3 m x 0.3 m) 

which is done by a rectangular mesh, represented in Figure 2. This helps to improve the uniformity of 

mesh by avoiding very fine cell sizes in the middle part. The case is reproduced with 3 different cell sizes, 

1.5 cm, 3 cm and 6 cm, yielding fine, middle and coarse meshes with 394020, 138996 and 53064 cell 

numbers, respectively. The finest cell sizes are located in the middle of the domain, around the flow inlet 

region, to exclude numerical errors and ensure correct capture of the turbulent behaviour in the plume 

region as much as possible. In the following detailed explanations are given about on how the case was 

set up in FireFoam.
1
 

 

The whole geometry and the main mesh (6 cm) is created using the ‘blockMeshDict’ 2
 dictionary 

in constant directory; the ‘SnappyHexMeshDict’ in system directory of FireFoam software uses the main 

mesh and generates the medium and fine mesh based on the user defined refinements regions. 

 

  

(a) (b) 
Figure 2 Schematic overview of the whole domain mesh for the finest grid resolution ( a) 

inlet surface, b) cross section of the domain) 

 

To offer an unrestricted choice to the user, OpenFOAM provides a wide range of options to set 

space and time discretisation for the transient simulation from the ‘fvShemes’ dictionary in the system 

directory. It allows setting the numerical schemes for the following schemes 

(https://cfd.direct/openfoam/user-guide/v6-fvschemes/): 

 

 Time schemes (e.g.   ⁄  ,     ⁄  ), specified in ‘ddtSchemes’ sub-dictionary for first and second 

time derivatives.  

  Gradient schemes (e.g.   ), specified in ‘gradSchemes’ sub-dictionary that contains the gradient 

derivative terms. 

  Divergence schemes (e.g.      ), specified in ‘divSchemes’ sub-dictionary which contains 

divergence for advective and non-advective terms, e.g. div(phi,e) for the advection of internal 

energy and div(U) for non-advective velocity term.  

  Surface normal gradient schemes, specified in ‘snGradSchemes’ sub-dictionary for component 

of gradient normal to a cell face. 

 
1
 Since most of the settings to the solver are the same for all three test cases, explanations about them are only 

given here. The reader needs to refer to this section to check the motives behind any choices, options and settings 

for the other two cases. 

 

2 To make it easy for the reader to follow, FireFoam terminologies are used whenever referring to the software set 
up. 
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  Interpolation schemes (i.e. cell to face interpolations of values), ‘interpolationSchemes’ sub-

dictionary contains terms that are interpolations of values typically from cell centers to face 

centers 

  Laplacian schemes (e.g.       ), ‘laplacianSchemes’ sub-dictionary which sets the diffusion 

term schemes. 

 

In each sub-dictionary there are different options available which are not discussed here, the 

interested reader is referred to (The open source CFD toolbox) for detailed explanations on these 

options. 

 

 In the current study the second order implicit ‘backward’ scheme is selected for time scheme. 

The ‘Gauss linear’ interpolation, as second order centrally difference scheme, are used for convective 

terms. The numerical scheme used to discretize the convective part in the species transport equation is 

the ‘limitedLinear01 X’ which blends linear and upwind schemes according to the specified X value; e.g: 

‘limitedLinear01 1’ is 100% upwind and ‘limitedLinear01 0.5’ is 50% upwind and 50% linear scheme. 

Simulations are conducted for 3 different X values, 1, 0.5 and 0.25, to see how the simulation results 

changes switching from upwind schemes to linear schemes. Linear scheme is second order accurate but 

it might cause some oscillation in the solution or unboundedness problem for some quantities such as 

mass concentration. By introducing some upwinding accuracy of the results might be reduced, however, 

it will avoid oscilations and will guarantee boundedness for scalar quantities. 

 

To capture the turbulent behaviour of the plume different turbulent models are tested. Since 

FireFoam only has constant Smagorinsky and One Eddy Equation models, source codes for Dynamic 

Smagorinsky and Dynamic Smagorinsky with Variable Schmidt number, prepared by Dr. Georgios 

Maragkos, are implemented in the solver. Moreover a sensitivity analysis is performed on the impact of 

the model constant for One Eddy Equation and constant Smagorinsky models. Details about turbulence 

models are given in section  2.3.1.  

 

Every simulation requires appropriate boundary condition sets to avoid any inaccurate results or 

solver failure. In total, OpenFOAM has more than 70 boundary conditions which can be categorised into 

‘basic’, i.e. basic types e.g. fixedValue, ‘constraint’, i.e. geometrical constraints e.g. symmetry, and 

‘derived’, i.e. specialised conditions e.g. inletOutlet. (A.4 Standard Bonday Conditions) 

 

Geometrical boundaries of the domain are broken up to different patches and then the boundary 

conditions are set for each patch. All boundary conditions for every specific parameter are assigned using 

a file titled with the name of the parameter , e.g. U(velocity), P(pressure), Species name( Species mass 

fraction), and etc. Assigned boundary conditions for all the patches of the current simulations are 

reported in Table 1. In the following motivation for the selection of these specific boundary conditions are 

explained in detail. 

 
Table 1 Boundary conditions assigned for helium plume case in OpenFOAM terminology 

Patch Velocity Static Pressure Mass fraction Temperature 

Inlet flowRateInletVelocity 

(0.0475 k/s) 

buoyantPressure 

(80900 kPa) 

totalFlowRateAdvectiveDiffusive 

 (1) 

fixedValue 

(285 K) 

Sides pressureInletOutletVelocity 

(-) 

totalPressure 

(80900 kPa) 

inletOutlet 

(0) 

inletOutlet 

(285 K) 

Outlet inletOutlet 

(0 kg/s) 

buoyantPressure 

(80900 kPa) 

inletOutlet 

(0) 

inletOutlet 

(285 K) 

Plate fixedValue 

(0 kg/s) 

buoyantPressure 

(80900 kPa) 

zeroGradient 

(0) 

fixedValue 

(285 K) 

 

One should recognise the ‘fixedValue’ and ‘zeroGradient’ types in which the first simply sets a 
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defined value to the parameter and the later applies a zero-gradient condition to the boundary of the filed. 

The ‘inletOutlet’ boundary condition is a mixed type which sets ‘fixedValue’ for inlet flow and shifts to 
‘zeroGradient’ if there is an outflow from the patch face. The inlet values for each parameter with 

‘inletOutlet’ boundary condition are given in the table. Combination of ‘pressureInletOutletVelocity’ for 
velocity and ‘totalPressure’ for pressure is applied on sides and open boundaries where there is inlet flow 

but the velocity is not known. The ‘flowRateInletVelocity’ ensures the uniform velocity at the inlet as per 
experiments using the specified flowrate.  

 

From the experiments the inlet flow is a mixture of He, Acetone and Oxygen at concentrations of 

96.4 %, 1.7 % and 1.9%, respectively. In the current simulations the whole mixture is modelled as a 

single gas with the molecular weight of 5.45 g/mol. The ‘totalFlowRateAdvectiveDiffusive’ with the set 
‘massFluxFraction’ of 1 for Helium, calculates the inlet value of He with the advection and diffusion fluxes 

(Boundary Conditions - OpenFOAM-2.3.0, 2014). At post processing stage, the assumption of pure He is 

corrected by multiplying the He concentrations by its mass fraction value (0.707482, as per the 

experiments). The assumption and later correction doesn’t seem to have serious impact on the results as 
mass flowrate of the He is set by considering the actual molecular weight of the mixture (5.45 g/mol). 

Finally, the ‘buoyantPressure’ boundary condition incorporates the pressure drop as the height changes 

considering the density of the fluid.  

 

Simulations are set up to run for 35 seconds and the time step size is set to be adjusted in order 

to satisfy the Maximum Courant Number of 0.9. Maximum time step size is restricted to 0.01 s by setting 

the value to ‘maxDeltaT’. Time-averaged quantities are produced by compiling the simulation results 

through nearly the whole simulation time ( from 2 seconds after the start upto the end of the simulations). 

The pressure equation is solved by a linear GAMG solver, set in the ‘fvSolution’ dictionary and PISO 

algorithm is used for pressure-velocity coupling. 

 

2.3 Turbulence Model 

One of the key elements in predictive fire modelling is correct capture of turbulent behaviour of 

the plume. In fact the focus of an LES simulation is on resolving large flow structures which are the 

energy containing motions and the small scales would be captured with the help of turbulence models. 

Turbulence modelling has long been a topic for research and many studies have been devoted to this 

vaguely understood phenomenon (Zhiyin, 2015) (Cheung, Lee, Yuen, Yeoh, & Cheung, 2007) 

(Annarumma, Most, & Joulain, 1991). 

 

The following turbulent models, as named here, are tested in this study and their results will be 

discussed in detail later.  
  

1. Smagorinsky-0.17: The Smagorinsky model with a constant coefficient of Cs=0.17 (Pope S. , 

2001) (The constant is its theoretical value for highly turbulent flows). The turbulent Schmidt 

number is set to Sct=0.5. (Chung & Devaud, 2008). 

2. Smagorinsky-0.1: The Smagorinsky model with a constant coefficient of Cs=0.1 (The model 

constant is modified to account for the fact that fires are mostly low-Reynolds Buoyancy 

dominated flows, not highly turbulent flows) with Sct=0.5 (Chung & Devaud, 2008). 

3. D-Smagorinsky: The Smagorinsky model with a dynamic calculation of Cs (Cs varies in space 

and time). The turbulent Schmidt number is set to Sct=0.5. (Chung & Devaud, 2008). 

4. D-Smagorinsky-varSct: The Smagorinsky model with a dynamic calculation of Cs (Cs varies in 

space and time) and dynamic calculation of turbulent Schmidt number (Sct varies in space and 

time). 

5. OneEddy-0.05: One-equation turbulence model which solves a transport equation for the sub-

grid scale kinetic energy, kSGS. The coefficient Ck=0.05 corresponds to a Smagorinsky constant 

of Cs=0.1 (Sullivan, McWilliams, & Moeng, 1994). The turbulent Schmidt number is set to 

Sct=0.5. 

6. OneEddy-0.094: One-equation turbulence model which solves a transport equation for the sub-
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grid scale kinetic energy, kSGS. The coefficient Ck=0.094 corresponds to a Smagorinsky constant 

of Cs=0.17 (Sullivan, McWilliams, & Moeng, 1994). The turbulent Schmidt number is set to 

Sct=0.5 (Chung & Devaud, 2008).. 

 

2.3.1 Overview of Turbulence models 

Most of the flows that engineers are dealing with have turbulent nature with large range of length 

and time scales. Intensive computational costs make it impractical to fully simulate turbulent flows. 

Therefore turbulence models have emerged and so many pieces of research have been devoted to 

validate and examine their applicability (A. Yoshizawa, 1985), (Andr s, Te ada-Mart  nez, &  enneth, 
2004), (Maragkos, Beji, & Merci, 2019). Turbulence is a random, fully time and spatial dependent 

phenomenon, therefore none of the models so far address the 2D situation; instead they make use of the 

statistical concepts to estimate vortices movement through the flow.  

 

Other than expensive, tedious and time taking DNS method, Reynolds-Averaged Navier Stokes 

(RANS) equations and Large Eddy Simulations are the other widely used techniques in which the first 

one has mostly industrial application and the latter is mostly used by academic community. RANS are 

time averaged of Navier-Stokes (N-S) equations with semi-empirical models for turbulence. LES, on the 

other hand, divides the flow to large and small scale eddies, in which the large eddies are resolved and 

small eddies behavior and their impact on large eddies are reproduced using Sub-Grid-Scale (SGS) 

models. These definitions make it clear why these models are mainly attracted by different communities. 

Engineers are mostly interested in the mean flow filed; however, scientists need to know more details 

about vortices and turbulence behavior. The aim of the current study is therefore to further assess 

turbulence models capability in LES simulation of large scale buoyant flows. 

 

Same as RANS, LES technique solves N-S equations, however, instead of time averaging it 

applies filter to the equations. The way this filter is defined, splits the LES model to two categories: 

Explicit and Implicit filtering. In the explicit filtering the velocity is divided into mean and fluctuating parts, 

where mean part would be resolved and the rest is the sub-grid-scale model part. What is mostly used is 

the implicit filtering that uses grid as the filter. That’s why LES solutions, implicitly filtered, used in 

OpenFOAM and most of the CFD packages are highly grid dependent. 

 

 LES technique has 4 main steps: 

First: Spatial Filtering of the instantaneous flow filed to the resolved and SGS parts. The velocity 

feild is therefore decompes as below:         ̅              
 

Where         is the instantenous velcoity  ̅      is the filtered or resolved velocity, and          is the residual or SGS velocity 

 

It is worthwhile noting that despite the similarities of the above equation to the averaging 

technique in RANS modeling, here the resolved part is not the mean flow filed, but a random flow filed. 

Moreover, average of the fluctuations in RANS are equal to zero, however, average of the SGS velocities 

is not zero. 

   

Second: Implementation of the Navier-Stokes equations and derivation of the transport 

equations for the resolved flow filed. This will result in appearance of a new term called “SGS stress 

tensor” in the momentum equation. Equations for an incompressible flow would be as below: 
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                                                          ̅̅ ̅̅ ̅      ̅                                                          ̅ ̅  ̅      ̅                     ̅    
                                                                       ̅̅ ̅̅ ̅̅   ̅  ̅  
 

Third: Closure of the problem by modelling the above mentioned residual stress tensor. 

Note that the residual stress depends on the filter which is typically the applied grid resolution. If this is 

the case, then the solution can never become grid independent. In fact with grid sensitivity, as discussed 

earlier, we look for a solution which has less influence on the results. 

 

Fourth: Execute numerical solution for  ̅     , the filtered part, to realize the the large scale 

turbulent flow field.  

 

It's better to filter the results after having the exact equations solved, however, the above 

strategy, which is easier to conduct, is applied in LES in which the flow field is filtered first. Comparisons 

with DNS results have founded to be similar.   

 

Solving the N-S equations with continuity and momentum equation, the conservation of energy 

also needs to be solved. The following details the transport equation for the kinetic energy: 

 

                                                           ̅       ̅̅ ̅̅ ̅̅                                                                            ̅  ̅  

                                                                        ∑           

                                                                       ̅   ̅      [ ̅ (    ̅        ̅    )]                                                                                                ̅   ̅                                                                                            ̅   

 

Where,   ̅        ̅       ̅      
                               ̅̅ ̅̅ ̅̅   ̅  ̅  
 

For closure of LES equations, the residual stress tensor,    , needs to be modeled. It appears in 

the production term. The production term is typically positive which means the unresolved parts (subgrid 

scale or residual) are taking energy away from resolved part. The opposite, energy transfer mechanism, 

from SGS scale to large scale motions, is also possible which is a subject under research for now. Once 

the production term is positive the net effect of the small eddies (SGS part) is dissipation of the energy.  

 

 Smagorinsky was the first person who put forward his simple model based on this concept, 

taken from the Boussinesq eddy viscosity proposition, for the simulation of turbulent flow. He states that if 

the residual stresses have dissipative effect, it might have the same characteristic as the flow viscosity 

(Blazek, 2001) (Merci, 2018). Therefore, he defines the residual stresses as follow: 

            ̅  

 

So many improvements have been suggested so far to his model and the most important one is 

the dynamic Smagorinsky model. The following explains details about each specific turbulence model 

used in this thesis. 

 

Smagorinsky Model: 
Smagorisnky model is based on the conceptual meaning that the residual stresses have the 
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same nature as viscous stresses between flow layers. In this model, as shown below, the mean strain 

rate of the resolved part is related to the eddy viscosity (an artificial viscosity) of the residual part.  

             ̅          | ̅| 
Where,  ̅ is the reynolds average density    is the mixing length scale | ̅|              ⁄  , is the magnitude of the strain-rate tensor    is Smagorinsky constant, values are around 0.1 to 0.2 for different flows (Pope S. , 2001). 

∆ is a filter width with a value that is mostly as cube route of the cell volume. 

 

As the formula reveals, the dissipation amount is related to the filter width and also the 

Smagorisnky constant. The ambiguity of the turbulent behavior doesn’t allow for development of a unique 
and widely applicable model constant to all kind of flows. It is well known by the CFD users that the same 

Smagorinsky constant (Cs) is not applicable to different turbulent flows. For example Blazek (Blazek, 

2001) suggests value of 0.1 for plane channel flows while Clark (Clark, Ferziger, & Reynolds, 1979) uses 

0.2 for isotropic homogeneous turbulence. According to Chattot (Chattot, et al., 2001), it can take values 

from 0.1 to 0.2. Other researchers recommend using dynamic coefficient which varies over time and 

space instead of using the constant value which requires users’ manipulation (Lilly, 1992) (Andr s, 
Te ada-Mart  nez, &  enneth, 2004). To perform a sensitivity analysis on the effect of this constant, the 

theoretical value of 0.17 by (Pope S. , 2001) is compared against the modified coefficient of 0.1 to 

account for the fact that fires are not highly turbulent flows.  

 

This model comes with some drawbacks which the main one is the need for user interference in 

giving appropriate model constant which requires validations each time for new types of flows. Another 

problem is that the model still predicts some eddy viscosity values for laminar flows. Moreover, it is highly 

diffuses the flow (John, 2004). Because of all these shortcomings, the need for other SGS models 

increased.  

  

Dynamic Smagorinsky: 
The problem with constant Smagorinsky model made researchers to think of a solution. Germano 

suggested a dynamic model for the model constant to be calculated in space and time (Germano, 

Piomelli, Moin, & Cabot, 1991) during the simulations with the results of resolved flow filed (Kirkpatrick, 

Ackerman, Stevens, & Mansour, 2006). This feature is especially important when it comes to complex 

simulations where combustion, radiation and hydrodynamics involve in the computations. The formulation 

of the dynamic model is given in detail in (Kleissl, Kumar, Meneveau, & Parlange, 2006). Here only the 

SGS eddy viscosity formulas are given for comparison of different models. Below is the eddy viscousity 

obtained after implementation of Dynamic Smagorinsky model: 

       ̅    |   ̅̅̅̅ | 
 

Where,   ̅ is the reynolds average density    is Smagorinsky constant, which varies is time and space | ̅|              ⁄  , is the magnitude of the strain-rate tensor 

∆ is a filter width with a value that is mostly as cube route of the cell volume. 

 

Apart from Smagorinsky constant, the coefficient for eddy viscosity model, schmidt number for 

the eddy diffusivity is also required for SGS filtered scalar (e.g. concentration). In both of the above 

turbulence models therefore Sct number was set to 0.5. Some of the desired features of the dynamic 

modeling are relatively better prediction of the near wall flow behavior and handling energy backscatter 

cases (Lilly, 1992). As per many literature references, better convergence is achieved with dynamic 



 

 
TITLE 

CFD simulation of medium /large scale fire plumes 

DATE  

30/05/2019 

PAGE 

32/86 

model plus having the advantage of being less grid dependent. 

 

 

Dynamic Smagorinsky with Variable Schmidt number: 
We aim to look into a model which also adjusts the Prandtl number while solving the main flow 

filed equations. The often used approach in fire simulation is applying a constant number, however, 

finding the appropriate constant is not always easy and requires validation studies. Moreover, some 

experimental tests , e.g. methanol pool fire (Weckman & Strong, 1996), have revealed different Prnadtl 

numbers througout the area. Therefore, dynamic calculation of the Prandtl number over time and space 

is preffered which reduces user interference. It is assumed that the Prt number is equal to the Sct 

number. Which doesn’t seem to be unrelevant, because practically for all the relevant species heat 

transfer is quite strongly linked to mass transfer. If there is high mass diffusivity, there is also a high 

thermal diffusivity (Merci, 2018). 

 

One-Equation Model: 
Yoshizawa and Horiuti (A. Yoshizawa, 1985) derived the first One Equation eddy viscosity model. 

Their model is the same as Smagorinsky model except the way the KSGS is treated. In Smagorinsky 

model the KSGS is computed using local equilibrium, however, the transport equation is solved for One 

Equation eddy viscosity model. In fact this was the main motive for this model to avoid deficiency of local 

production and dissipation balance of the SGS energy in eddy viscosity models (S. Huang, 2010). The 

fomulation of the model is as below: 

           ̅               ̅          ⁄ ̅                                ̅̅ ̅   ̅               ⁄  ̅ 

 

 

Where    is the SGS viscosity     is the SGS stress,                      ̅   

   ̅  is the resolved-scale strain rate tensor   

 

OpenFoam uses the exact formulation for One Eddy Viscosity model with a default value of 

0.094 for the Ck coefficient. In the present study, another coefficent value,0.05, is also tested to see the 

impact on the results. 

 

 

2.3.2 Grid Sensitivity Analysis 

As stated before three different grid sizes are examined with 1.5 cm, 3 cm and 6 cm cell sizes for 

the fine, medium and coarse meshes, respectively. As stated by Speziale (Speziale, 1998) a grid 

independent LES can never exist unless going so fine upto the Kolmogrov Length scales. At these sizes 

the LES tends to DNS, which means the advantage of LES being economical than DNS is not achieved 

any more. It is also declared by (American Society of Mechanical Engineers. Fluids Engineering Division 

and Celik, 2005) that a “Good LES is almost a DNS”. Therefore in our simulations the finest cell size is 

chosen to be in the order of the values recommended by MaCFP (McDermott & Trouvé, June 10-11, 

2017) and also used by Maragkos et. al (Maragkos G. , Rauwoens, Wang, & Merci, 2013) and DesJardin 

et al. (DesJardin, O’Hern, & Tieszen, 2004) who have simulated the same test case using LES 

simulation.  

 

Simulations for all different turbulent models with three different numerical schemes at 3 mesh 
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resolutions have been conducted in which due to lack of space results for “Smagorinsky-0.1” turbulent 

model are discussed here. All the observations and conclusions apply to some degree for all other 

simulations, more discussions are given in section  2.3.3. 

 

Figure 3 and Figure 4 show the mean He mass fraction at two different heights, 0.2 m and 0.6 m. 

From the figures it is clearly observed how the results depend on the mesh size, especially around the 

centerline; the finer the mesh the better the results match with the experiments. Average concentrations 

are well predicted at heights relatively close to the inlet, however, at height 0.6 m above the inlet 

significant over-predictions are observed for the values around the centerline.  Even though over-

predicted, the finest mesh shows closer results compared to the experiments. The highest level of over-

predictions is noted in Limitedlinear 1 (100% upwinding) scheme. Results clearly show how grid 

dependency could change while changing the numerical scheme. Detailed discussion about effect of 

numerical scheme is given in section  2.4.2. At height 0.2 m results for different mesh resolutions are all in 

the range of experimental errors, except left side of the Limitedlinear 1 scheme which is more likely to be 

as a reason of asymmetric experimental results. For discussion on the reason behind observations for He 

concentration one needs to check these results together with the velocity profiles. 

 

Results for mean stream-wise velocities are shown in Figure 5 and Figure 6 with higher velocities 

farther downstream of the flow. This is due to acceleration of the flow because of buoyancy forces acting 

in this region (Maragkos G. , Rauwoens, Wang, & Merci, 2013). Figures represent the same trend as 

mentioned above, i.e. more grid dependency is observed around the center of the plume. Cross-stream 

velocities, see Appendix A - Figure 46 and Figure 47, however, show grid-independent behaviour and are 

in good agreement with the experiments. It has to be noted that due to the symmetric condition of the 

problem, it is expected to see rather symmetric profiles in the experimental values; however, this is not 

the case for cross-stream velocities. The main discrepancies between the results for these velocities and 

the experimental results, at the left side of the domain, are attributed to this issue; apparently simulations 

succeeded in predicting symmetric profiles. This also describes the off prediction of mass fraction results 

stated above. From cross-stream velocities, see Appendix A - Figure 46, one can notice that the lower 

values belong to the coarse mesh. The outer edge of the plume behaves as a boundary layer flow in 

which correct capture of small scale instabilities requires very fine mesh. Even though small, but these 

under-resolution eddies can strongly affect the Mean flow field (O’Hern T. J., Weckman, Gerhart, 
Tieszen, & Schefer, 2005). One could find the reason in the transport mechanism of the He mass 

fraction. The helium plume behaves as a momentum-dominated buoyant jet in which the species gradient 

is directly linked to the flow field by the presence of buoyancy force in the momentum balance equation 

(O’Hern T. J., Weckman, Gerhart, Tieszen, & Schefer, 2005). Buoyancy-induced turbulent mixing 

happens at small-scale motions which are not resolved and LES is not capable of capturing these 

velocities (DesJardin, O’Hern, & Tieszen, 2004). On the other hand the finest mesh predicts more 

turbulent flow (higher cross-stream velocities) and therefore radially diffuses the He and results in more 

hat shape profile for the finest resolution compared to the bell shape ones for the coarse mesh. Without 

these small mixing structures less air will enter the middle part of the plume, accordingly higher He mass 

fractions are observed, which results in lower densities and therefore higher stream-wise velocities as a 

consequence of conservation of mass.  

 

Another marked observation to emerge from these data is that deviations from experiments and 

also grid dependency are more visible in mass fraction results compared to the velocity filed. This could 

be again attached to the unresolved small-scale motions (DesJardin, O’Hern, & Tieszen, 2004) which 

don’t affect the mean velocity field but the mass concentrations strongly depend on the mixing level 

created by these motions. This highlights the importance of grid resolution when simulating fire plumes as 

the air/fuel mixing is determinant factor in these simulations (Maragkos G. , Rauwoens, Wang, & Merci, 

2013). 

 

Rms results around the centerline, presented in Appendix A - Figure 53, Figure 54 and Figure 55, 

showed lower results with the finest mesh for cross-stream velocities, which is in line with observations 
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made by Maragkos et al. (Maragkos G. , Rauwoens, Wang, & Merci, 2013). While in their study all the 

results with different cell sizes were in the order of the experimental errors, in the current study medium 

and coarse mesh over-predict the results close to the centerline. The other difference is that they have 

reported the same trend for rms stream-wise velocities, while the current study’s results are against it, i.e. 
lower rms stream-wise velocity results with coarser mesh. This is again against what LES results must 

satisfy for RMS results stated by Boudier et al. (Boudier, Gicquel, & Poinsot, 2008).  

 

  

a) LimitedLinear 1 b) LimitedLinear 0.5 
c) LimitedLinear 0.25 

 

Figure 3 Density weighted time-averaged He mass fractions at height 0.2 m for different numerical 
schemes(Smagorinsky-0.1) 

 

   
a) LimitedLinear 1 b) LimitedLinear 0.5 c) LimitedLinear 0.25 

Figure 4 Density weighted time-averaged He mass fractions at height 0.2 m for different numerical 
schemes(Smagorinsky-0.1) 

  

a) LimitedLinear 1 b) LimitedLinear 0.5 c) LimitedLinear 0.25 
 

Figure 5 Density weighted time-averaged streamwise velocity at height 0.2 m for different numerical 
schemes(Smagorinsky-0.1) 

 



 

 
TITLE 

CFD simulation of medium /large scale fire plumes 

DATE  

30/05/2019 

PAGE 

35/86 

 

a) LimitedLinear 1 b) LimitedLinear 0.5 c) LimitedLinear 0.25 
 

Figure 6 Density weighted time-averaged streamwise velocity at height 0.6 m for different numerical 
schemes(Smagorinsky-0.1) 

 

Apart from correct estimation of the flow field, there are several grid-based criteria (Pope S. B., 

2004) (Boudier, Staffelbach, Gicque, & Poinsot, 2008) (Meyers, Geurts, & Baelmans, 2003) (Celik, Klein, 

& Janicka, 2009) which satisfaction of them could be a proof of a well-resolved LES solution.  In fact 

these criteria are required due to the fact that the average results might become grid independent at 

relatively coarser grid resolutions compared to the resolved fluctuating fields (Boudier, Staffelbach, 

Gicque, & Poinsot, 2008). Among all, in the current study the two below criteria are used for grid 

assessment.   

                             

                

 

The first criterion, known as the “Pope Criterion”, indicates the computation trade-off between 

resolved and modelled turbulent kinetic energy which are defined as below: 

                                                

Where, 

      is mean velocity squared in x direction      is mean velocity squared in y direction      is mean velocity squared in y direction    is turbulent viscosity     is effective filter width, with    as Smagorinsky Constant and   the filter width 
 

If the ratio is “0” then the solution will be equivalent to RANS and if it’s 1 it will be equivalent to 
DNS.  Therefore, as stated by Pope (Pope S. , 2001), while 80% of the total turbulent kinetic energy is 

resolved the resolution criterion for a LES simulation is satisfied. Near wall region, where near-wall 

turbulence modelling (wall function) comes into play, it goes to zero and gets the above-mentioned value 

(0.8) remote from the wall. This ensures the grid resolution in is the order of intertial subrange where a 

range of length scales exhibit universal behaviour independent of the geometry). For velocity models in 

non-reacting cases, as in our case, to operate appropriately, 15 to 20 % of the total turbulent kinetic 

energy should be owned by the sub grid scale kinetic energy (Pope S. B., 2004).  

 

Pope Criterion for the current simulations, i.e. Smagorinsky-0.1 and Limitedlinear 0.25 (25% 

upwind-75% linear) scheme, are presented in Figure 7. Only the areas of interest, where the He plume 
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exist and experimental data were available, are sketched. For indication of the most outer boundaries of 

the He containing region pure air contours are represented by black lines. To highlight the limit for Pope 

Criterion, 0.8 isolines are also represented by white lines. 

 

(a) (b) (c) 
 

Figure 7 Transversal view of Pope Criterion at middle part of the domain for Smagorinsky-0.1 and 
limitedlinear 0.25  numerical scheme simulations at three grid sizes: a) 6 cm, b) 3 cm, c) 1.5 cm (Black lines 

indicate 100% air, white lines pinpoint 0.8 iso-lines for Pope Criterion) 

  

As can be found from Figure 7 the ratio of the resolved to total turbulent kinetic energy is higher 

than 0.8 for all three grid resolutions, except a small region near the source for the coarse mesh. Moving 

from coarse to fine mesh the whole region turns to more reddish colours which indicates most of the 

turbulent kinetic energy is resolved through the use of fine mesh. This observation, however, doesn’t 
seem to be a good indication of grid resolution as all the grid sizes show values higher than 0.8. 

Therefore it is better to proceed with the second criterion. 

 

The idea behind the second criterion is to get an insight on how strong is the SGS turbulent 

viscosity compared to the laminar (molecular) viscosity. The formula for turbulent viscosity, i.e. SGS 

dynamic viscosity, is as the following:        ̅       | ̃| 
 

Where, | ̃|        ̃    ̃   is the strain rate tensor, 

∆ is LES filter size,   is the model constant  ̅ is Reynolds average density 

 

As the formula suggests turbulent viscosity increases as the filter size, mesh resolution, 

increases. High ratios of SGS viscosity to laminar viscosity would mean the turbulent model dominates 

the flow filed. At high Reynolds wall bounded flows this ratio is in the order of 100 to 1000, however, for 

free-stream external flows, as in our case, is fairly small in the order of 1~10 (ANSYS, 2006).  

 

 
(a) (b) (c) 

 
Figure 8 Sub-grid scale viscosity to molecular viscosity ratio contour at the middle of the domain for 

Smagorinsky-0.1 and limitedlinear 0.25  numerical scheme simulations at three grid sizes: a) 6 cm, b) 3 cm, 
c) 1.5 cm (Black lines indicate 100% air, white lines pinpoint iso-lines for indicated viscosity ratios) 



 

 
TITLE 

CFD simulation of medium /large scale fire plumes 

DATE  

30/05/2019 

PAGE 

37/86 

 

Figure 8 shows a significant difference in eddy viscosity ratio among different grid resolutions. 

Same as above, black contours indicate pure air and viscosity ratio isolines are depicted by white labled 

lines. It is clearly evident that in the plume region for the fine mesh the eddy viscosity is in the order of 

molecular viscosity (2~3 times higher), while for the coarse mesh turbulent viscosities highly dominates it 

(i.e. 10~30 times higher). With both medium and fine mesh the viscosity ratio is in the recommended 

range (i.e. 1~10). This is consistent with lower rms velocity values for the fine mesh (Huang & Li, 2009). 

This also highlights that these grid sizes, especially the fine mesh, should be less influenced by the SGS 

model (Maragkos G. , Rauwoens, Wang, & Merci, 2013) and therefore appropriate to proceed with the 

simulations. 

 

 

 

2.3.3 Simulation Results 

Results for different turbulence model with the fine mesh resolution are represented in this 

section. For clarity results only the results for limitedlinear 0.5 (50% upwind-50%linear) numerical scheme 

are selected. Figure 9 represent mean He mass fraction for different turbulent models at different heights. 

As stated before, the shaded gray areas indicate the experimental uncertainties. The first and main 

observation is that all models perform better at heights relatively close to the source. At farther 

downstream, 0.6 m away, strong over predictions is observed especially in the middle of the plume.  All 

models produce the same results, within acceptable level of deviation from experiments, close to the 

outer edge of the plume. Deviation starts when moving 40 cm toward the middle of the domain. The 

same observations exist among the results for He RMS values, see Appendix A - Figure 48. The only 

exception is that all models perform the same and no significant difference is observed among the 

predicted RMS He mass fraction results. Exotic deviations on the left side of the plume at height 0.2 m, 

Appendix A - Figure 48 (a), are held to be attributed to the experimental failure in symmetric 

measurements. To explain why these models behave as explained above, it is required to discuss each 

of the models in combination with velocity results. Stream-wise and cross-stream velocity results are 

displayed in Figure 11 and Figure 12 (For RMS velocity results see Appendix A - Figure 49 and Figure 

50). 

 

   

(a) (b) (c) 

 
Figure 9 Average He mass fraction for different turbulent models over the inlet at a) height =0.2 m, b) 

height=0.4 m, c) height=0.6 m (Numerical Scheme: Limitedlinear-0.5) 

 

Starting with static models, Smagorinsky-0.17,the model with theoretical constant, is the only 

model which fails to correctly predict the Mean He mass fraction at height 0.2 m. This underprediction sits 

close to the centerline and changing the constant from 0.17 to 0.1 moves the results within the 

uncertainty level of the experimental data. This is in agreement with findings of Chung .et.al (Chung & 

Devaud, 2008) who have examined the influence of Smagorinsky constant at three level, 0, 0.1 and 0.2 

for the same experimental case. Even though the situation has improved close to the source, Cs=0.1 

presents overpredictions farther downstream, at height 0.6 m. In contrast to Chung et al. (Chung & 
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Devaud, 2008) the stream-wise and cross-stream velocities and their fluctuations are well predicted with 

the aid of both model constants in the current study. In their results Cs=0.1 produces a good match with 

experimental data, however, the increased constant of 0.2 appears to succeed in well prediction of RMS 

stream-wise velocities. This contradiction could be connected to different numerical scheme and cell 

sizes between the two studies, upwind biased with 2.5 cm cell size in (Chung & Devaud, 2008) and 

Limitedlinear-0.5 with 1.5 cm cell size here. In fact the current simulation results are more reliable as the 

influence of numerical schemes and different cell sizes are studied here (later in this section). 

 

Apart from accuracy of the results, mass fraction results of Smagorinsky-0.17 show lower peaks 

and higher radial distribution compared to the Smagorinsky-0.1. Smagorinsky model being dissipative in 

transition becomes even lower in transition when the constant is reduced from 0.17 to 0.1 (Vreman, 

2004). This can be mainly observed in the RMS cross-stream velocity results, where Smagorinsky-0.17 

shows higher values compared to the Smagorinsky-0.1. These higher fluctuations are the main reason 

for more extended mass fraction profiles for Smagorinsky-0.17. Since He gets distributed and more air in 

entrained by higher cross-stream fluctuations the density of the flow gets higher in the middle and as 

discussed before, due to mass conservation, the middle plume stream-wise velocity gets lower.  

 

The fact that the model constant needs to be adjusted for each specific case has resulted in 

evolution of more general models such as Dynamic Smagorinsky model which offers better predictive 

simulations without the need for user manipulation. As expected the model shows better performance for 

prediction of mean velocity and He mass fraction results compared to the Smagorinsky-0.17, except 

overprediction of mass fractions at height 0.6 m in the middle of the plume. It is of interest to see both D-

Smagorinsky and Smagorinsky-0.1 create comparable results all in in good agreement with experimental 

data. It could be linked to the Cs numbers adopted by the model over time and space. It is possible to get 

the Cs values as the software output to be used in post processing stage. Figure 10 visualizes the range 

of Cs values used for simulation of plume region. The values mostly sit around 0.1, meaning very close to 

the constant number applied in the static model, therefore justifies the similarity between their results.  

 

 
Figure 10 Distribution of Mean Cs for D-Smagorinsky model in the plume region (where experimental results 

are available) 

As mentioned before Schmidt number appears in the eddy diffusivity and if dynamically adjusted 

it is expected to bring improvements to the results. Nevertheless, simulation results with D-Smagorinsky-

varSct are comparable with results of the D-Smagorinsky which uses constant Sct number of 0.5. This 

can be explained by the following two reasons. First, it is postulated that in this case study convection is 

the dominant mechanism compared to the diffusion. Second, the numbers that dynamically are taken for 

the Sct number are close to the constant value of 0.5 appointed to the D-Smagorinsky. The bar chart 

drawn with output of the OpenFoam software, shown in Figure 13 shows the probability of the Schmidt 

numbers taken by the dynamic model in the plume region. The data reveals that the dynamic technique 

has mostly selected Sct numbers between 0 and 0.5, with only 14% of the values around 0.5. It 

consequently concludes that the first postulation is more probable to be responsible for a model with 

dynamic Sct calculation to only slightly differ from the constant Sct model.  
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(a) (b) (c) 

 
Figure 11 Mean streamwise velocity for different turbulent models over the inlet at a) height =0.2 m, b) 

height=0.4 m, c) height=0.6 m (Numerical scheme: limitedLinear 0.5) 

(a) (b) (c) 
 

Figure 12 Mean cross-stream velocity for different turbulent models over the inlet at a) height =0.2 m, b) 
height=0.4 m, c) height=0.6 m (Numerical scheme: limitedLinear 0.5) 

 
Figure 13 Probability distribution of the Sct numbers taken by D-Smagorinsky –varSct model 

One equation models, same as other models, succeed in correct prediction of velocity field. The 

OneEquation-0.094 model appears to be the best model in predicting the Mean mass fraction results; 

with some over-predictions at height 0.6 m for the middle part of the domain which are somewhat less 

than the results of Static and D-Smagorinsky and OneEquation-0.05 model. The most marked 

observation here is that the One Equation model becomes more dissipative when changing the constant 

from 0.05 to 0.094. Importantly, OneEddy-0.05 predicts almost the same results as D-Smagorinsky and 

D-Smagorinsky-varSct model.   

In total all simulations exhibited good match with the experimental results, with D-Smagorinsky, 

D-Smagorinsky-VarSct and OneEddy-0.05 models presenting the best results; but the question is 

whether it’s the performance of the model or if it is the grid resolution which has been selected so fine so 

that most of the flow structures are resolved. Therefore further analysis is required to check the grid 

dependency of each one of the turbulence model results. Since the major differences were found to be in 

He concentration predictions, this analysis is examined through comparison of He mass fraction results, 

shown in Figure 14 and Figure 15.  
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Figure 14 Grid dependency analysis with Mean He mass fraction results at height =0.2 m for different 

turbulence models 

 
Figure 15 Grid dependency analysis with RMS He mass fraction results at height =0.2 m for different 

turbulence models 

It is evident that the Smagorinsky-0.17 and OneEddy-0.094 models are highly grid sensitive, 

while D-Smagornsky and D-Smagorinsky-varSct are much less sensitivity to the grid resolution. In low 

much number buoyant flows, density multiplied by gravity appears as a source term in the momentum 

equation. Mass fraction of the flow becomes a key part, since density is directly related to mass. 

Buoyancy force results in mixing and therefore the density changes. This ends up to both mass and 

momentum equations being coupled and consequently resulting in a type of turbulence in the flow known 

as “Buoyancy generated turbulence” (Nicolette, Tieszen, Domino, & Black, 2005). Insufficient grid 

resolution with medium and coarse mesh prevents well prediction of buoyancy induced turbulence in the 

plume. Therefore transition from laminar flow regime to turbulent flow is not resolved which leads to more 

coherent motion and therefore higher mass fractions and velocities near the centerline (DesJardin, 
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O’Hern, & Tieszen, 2004). 
 

Even though results of Smagorinsky-0.1 differ for different grids, the coarse grid results are still 

within the experimental uncertainty level. Comparing the two D-Smagorinsky models lends support to the 

findings of the previous section that the variable Schmidt number seems inefficient for these simulations.  

 

The fundamental conclusion of this analysis is that the finer the cell size is, the less the effect of 

the turbulence model becomes. If a turbulence model works well at very fine resolutions, it cannot be 

concluded that it has succeeded in precise modeling; in fact its influence has been reduced. 

 

 

2.4 Numerical scheme 

2.4.1 Overview of Numerical Schemes 

It is well known that numerical dissipation is a key part in overall LES simulation dissipation 

(Gaitonde, 2008). Therefore it is crucial to choose the best numerical schemes to lower the errors as 

much as possible. High order numerical schemes are required to have less numerical errors when 

computing the resolved length scales. Since the sub grid scale motions are modelled based on these 

resolved scales, any errors in calculations will have a direct impact on the unresolved scales. 

 

As stated before, the focus of the current study is on discretisation scheme for convective part of 

the species transport equation. Even though some researchers propose use of upwinding with careful 

attention for LES solutions, others recommend some level of upwinding while having sharp gradient of 

species (Chen, Wen, Xu, & Dembele, 2014)as in our case where He enters a He free region. The level of 

upwinding is still an ongoing research. Therefore three different schemes, limitedlinear 1 (100% upwind), 

limitedlinear 0.25 (25% upwind and 75% linear), limitedlinear 0.5 (50% upwind and 50% linear) schemes 

are investigated in our study.  

 

2.4.2 Simulation Results 

It is imperative to have high order numerical scheme with sufficiently low numerical error while 

capturing resolved length scales. A set of simulations have been conducted to determine the impact of 

numerical schemes on the results, as represented in Figure 16 for the finest cell size and in Figure 17 for 

the coarse mesh. Except the Smagorinsky model with constant value of 0.17 other models clearly show 

how numerical scheme could impact the results. The difference between predictions increases as getting 

closer to the middle part of the domain. This is mainly in the region from -0.1 m to 0.1 m around the 

centerline where the limitedlinear 0.25 (25% upwind) gives the lowest results while the limitedlinear 1 

(100% upwind) predicts the highest values. It is not particularly surprising in light of the fact that in the 

middle of the plume the He concentrations are higher. This means densities are lower and therefore as a 

consequence of mass conservation velocities get higher. When implementing higher upwinding levels, 

the order of accuracy reduces; the plume is not so turbulent; therefore it doesn’t break up fast and due to 
buoyancy, velocities get higher. That is why the results increase when moving from limitedlinear 0.25 to 

limitedlinear 1.  

 

The main observation from the comparison between Figure 16 and Figure 17 is that the 

importance of numerical scheme diminishes when very fine mesh is used. It is again interpreted as a 

result of resolving more flow structures with the help of fine mesh. Interestingly, at the fine mesh no 

significant difference is observed between limitedlinear 0.25 and limitedlinear 0.5 scheme, suggesting the 

same performance for both of them. The same trend exists between stream wise velocities, shown in 

Appendix A - Figure 51 and Figure 52. 
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Figure 16 Comparison of different numerical scheme on the simulation results for average he mass fraction 
with different turbulence models at height =0.2 m, Grid resolution 1.5 cm 

 
Figure 17 Comparison of different numerical scheme on the simulation results for average he mass fraction 
with different turbulence models at height =0.2 m, Grid resolution 6 cm 

 

2.5 Simulation Uncertainty 

Any numerical simulation is accompanied by some uncertainties which could arise from geometry 

definition, boundary conditions, material property definition, numerical schemes and physical models, e.g. 

turbulence models, and probably from neglecting some physical processes. In this section we have tried 

to give an indication on the uncertainty level which could be expected if different people are asked to 

model the same case. Figure 18 and Figure 19 detail the data on the uncertainty contained in the current 

numerical simulation depending on the choice of turbulence models and numerical scheme. Results for 

different grid resolutions are also provided for comparison. 
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From the graphs one can note, as in the previous section, the uncertainties mainly exist in the 

middle of the graphs, where the shaded areas get wider. Moreover, as expected with the finest grid 

resolution shaded areas get narrower. As explained before, this is not a surprise as by reducing the cell 

size, more part of the flow filed is resolved. An implication of this is the more the mesh is refined, the less 

serious becomes which models or schemes are chosen by the user.  

 

 
Figure 18 Simulation uncertainty predicting the mean He mass fraction at height 0.2 m, blue) grid size=6cm, 

yellow) grid size=3 cm, red) grid size=1.5 cm 

 

 
Figure 19 Simulation uncertainty predicting the mean He mass fraction at height 0.2 m, blue) grid size=6cm, 

yellow) grid size=3 cm, red) grid size=1.5 cm 

To point out whether uncertainties are coming from numerical schemes or the choice of 

turbulence models, uncertainties are separately reported in Figure 20 and Figure 21. Plots for different 

turbulent models show the level of uncertainty depending on the choice of numerical scheme, while 

graphs for different numerical schemes depict the uncertainties due to the applied turbulence model. The 

most markeded differences were observed between D-Smagorinsky-varSct, Samgorinsky-0.17 and 

OneEddy-0.094. Results for D-Smagorinsky and OneEddy had very similar plots to the D-Smagorinsky-

varSct.  

 

Even though some studies have discovered higher impacts from numerical discretisation 

schemes in their results compared to the applied turbulence model (Adetokunbo A. Adedoyin, D. Keith 

Walters & Shanti Bhushan , 2015), based on the two following figures one could argue that both the 

numerical schemes and turbulence models are important. It is interesting to see if the Smagorinsky-0.17 

is selected no matter which numerical scheme is used, uncertainties are rather high and results are far off 

of the experiments. While the choice of dynamic model gives higher chance to have good predictions. 

Comparing the two static models with the dynamic model at different grid resolutions indicates that the 

good results would be obtained independent of the grid size and the choice of numerical scheme. From 

Figure 21 one could notice that the impact of numerical schemes is quite low if an appropriate turbulent 

model is not chosen.   
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Figure 20 Effect of Turbulence model on Simulation Uncertainty, blue) grid size=6cm, yellow) grid size=3 cm, 

red) grid size=1.5 cm at height 0.2 m



 

 

 
Figure 21 Effect of Numerical Schemes on Simulation Uncertainty, blue) grid size=6cm, yellow) grid size=3 

cm, red) grid size=1.5 cm at height 0.2 m 

 

2.6 Instabilities and puffing frequency 

Injection of a helium gas with low density into air creates a situation which technically is close to 

pool fires where buoyancy driven flows create Rayleigh Taylor instabilities. Close to the source the 

buoyancy forces are dominant whereas the flow accelerates due to piston like behavior of the plume 

caused by vortices development at far downstream of the source.  

 

Since the experimental set-up was developed in a way to avoid any turbulence in the inlet flow, 

fixed mass flowrates are also introduced to the simulations at the inlet to ensure there has been no 

source of turbulence introduced by the flow. Therefore quite literally vortices are formed owing to the 

buoyancy forces originating from two fluids with the lighter one penetrating to the heavier fluid. It can also 

be explained with the help of vortices. Misalignment between the pressure gradient and density gradient 

between the two fluid layers will cause a torque at the interface which in the end causes vortices. While 

the mushroom head vortices are formed another form of instability starts to develop, the Kelvin Helmholtz 

instability. These instabilities are also formed at the interface when the two fluid move with different 
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velocities. All these vortices help Helium to mix with the surrounding air and show a puffing behavior 

same as a fire plume (Maragkos G. , Rauwoens, Wang, & Merci, 2013). 

 

Instantaneous stream-wise velocity traces at centerline height of 0.5 m above the source inlet are 

shown in Figure 22 for the D-Smagorinsky-VarSct and Smagorinsky-0.17 turbulence models. Puffing 

cycles are clearly evident from the time between a maximum and minimum velocity peaks. In order to 

match the experimental results, simulation results are shifted and puffing frequency corresponds to the 

number of two consequent maximum and minimum peaks in the results. It is found that both the best (D-

Smagorinsky-varSct) and worst (Smagorinsky-0.17) turbulence model correctly reproduce 6 cycles, as in 

the experiments, over 4 seconds. Investigating the results for the same models at bigger grid resolutions, 

not presented here, did not show clear puffing frequencies. Moreover, with limitedlinear 1 scheme again 

not so clear puffing cycles were evident for D-Smagorisnky-varSct while Smagorisnky-0.17 showed the 

same 6 cycles as with the limitedlinear 0.5 scheme.  

 

 
Figure 22 Instantenous velocity over time in the centerline at height 0.5 m for D-Smagorinsky-Var Sct and 

Smagorisnky-0.17 turbulence models (with Limitedlinear 0.5 numerical scheme) 

 

In order to obtain the puffing frequency of the injected He plume fast fourier transform analysis is 

conducted on the streamwise velocity signal over time at height y=0.5 m right in the middle of the plume 

which are represented in Figure 23. Results are shown for limitedlinear 0.5 numerical scheme and for the 

finest mesh resolution. The highest peak indicates the puffing frequency which is shown on each of the 

graphs. The reported values for puffing frequency by O’Hern et al. (O’Hern T. J., Weckman, Gerhart, 
Tieszen, & Schefer, 2005) is 1.37+ 0.1, which would seem to highlight that the differences between 

numerically obtained frequencies by all models is in the order of the experimental results.  
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Figure 23  Power spectrum of streamwise velocity at  y = 0 . 5 m (in the middle of the plume) for different 
turbulence models 

In line with the experimental observations, vertical velocity and density plots, not shown here, 

presented periodic behavior over time with maximums from one coinciding with the other one’s 
minimums. As explained by O’Hern (O’Hern T. J., Weckman, Gerhart, Tieszen, & Schefer, 2005), in a 

fixed differential pressure field, velocity speeds up where the density is low.    
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CHAPTER 3 - COMBUSTION MODEL 

3.1 McCaffrey test Case 

Numerical simulations of the combustion modelling section are compared against methane pool 

fires experiments conducted by McCaffrey (McCaffrey, 1979). In his experiments non-premixed burning 

of natural gas (45 MJ/kg) was investigated by injecting methane from a 0.3 m square burner at different 

rates. Flow rates were controlled to end up with five different heat release rates (HRR), namely 14.4 kW, 

21.7 kW, 33.0 kW, 44.9 kW and 57.5 kW. Measurements include velocity and temperature of the burner 

centerline using bi-directional probe and thermocouple, respectively. Based on these values he 

recognised three distinct regimes in the flame. First, a continuously flame region, where velocity rises 

from zero to a value corresponding to the raised height to the power of ½ while temperature remains 

constant through the entire region. Second, an intermittent region, with approximately constant velocity 

and temperature profile with slope of -1 over height. Third, the plume region, where no flame exists and 

velocity changes with       and temperature difference with      . These form the correlations of 

McCaffrey for centerline temperature and velocity values. It was mentioned that the slope for velocity and 

temperature difference in the intermittent region might differ from his correlation and they are probably 

curve lines instead.  

 

It was also observed that with scaling the downstream distance with 2/5Q (i.e. Q is the heat 

release rate) all temperature rise data sets fall on a single curve, regardless of the associated heat 

release rate. The same trend was observed for velocity values if scaled with 1/5Q. Through this 

observation he concluded independency of the velocity and temperature difference in flame region from 

the hear release rate of the fire.  

 

Sensitivity simulation on the gross effect of a ceiling and also a floor represented no effect, at 

least on the centerline measurements, for both cases. Other measurements such as flame length, 

radiation fraction and time-averaged signal ratio are also made plus correlations given for mass 

entrainment and heat release rate in (McCaffrey, 1979). Since thermocouple temperatures were reported, 

for real flame temperatures results need to be increased by a factor of 20%. 

 

 

 

3.2 Numerical Set up 

As a second case methane pool fire experiments conducted by McCaffrey are simulated using 

the best turbulence model from the previous section. The idea is to investigate if the same model for non-

reacting buoyant plume succeeds in predicting the behaviour of a buoyant pool fire. The main objective of 

this part of the study is to report on the implementation of Eddy Dissipation Concept (EDC) model, mostly 

used in RANS simulations, in LES simulations. The standard combustion model in FireFoam, Eddy 

Dissipation Model (EDM), is also used for comparison. Explanation on the models is given in section  3.3. 

 

The computational domain consists of a 3 m x 3 m x 3 m square box in which the burner, 0.3 m x 

0.3 m, is located in the middle of the floor. As explained before the coarse mesh is generated with 

‘blockMeshDict’ dictionary in constant directory with cell size of 5 cm throughout the whole domain. 

Medium and fine meshes are generated using local refinement technique in ‘snappyHexMesh’ dictionary. 

The fine mesh, shown in Figure 24, employs 24 cells on the burner. The same mesh size, 1.25 cm, is 
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extended over flame and intermittent regions and cell sizes increase as moving outward, outside of the 

interested area (i.e. cell sizes of 2.5 cm in plume region and 5 cm in further away).  

 

As per experiments, different flow rates are employed corresponding to different level of heat 

release rates. While Maragkos et al. (Maragkos, Beji, & Merci, 2017), studying the same test case at 14.4 

kW and 33.0 kW and 57.5 kW, used constant radiatiave fraction of 20% for all their simulation, in the 

current study relevant radiative fractions as reported for each experiments are applied.  

 

  
Figure 24 Schematic overview of the whole domain mesh for the finest grid resolution (McCaffrey test case) 

 As a result of studies in section  2.4, “limitedlinear 0.5” are adopted for the numerical scheme of 

the convective part in the species transport equation. The rest of the “fvScheme” options are set as 

before, e.g. “backward” scheme for time, and “Gauss linear” for convective terms. Limitations on the 

minimum and maximum temperatures are set in “fvOption” dictionary in system directory by setting 
Tmin=280 and Tmax=2500 for “temperatureLimitsConstraintCoeffs”. The pressure equation is solved by 

a linear GAMG solver, set in the “fvSolution” dictionary and PISO algorithm is used for pressure-velocity 

coupling. 

 

The widely used radiation model which adopts finite volume discrete ordinate model (fvDOM) to 

solve the Radiative Transfer Equation (RTE) is applied. It includes attenuation and augmentation of 

radiation by absorption and emission. The model also accounts for variation of the radiation intensity over 

different angular direction and spatial location. For absorption-Emisson effect, the standard avail model, 

in “radiationProperties” dictionary, “greyMeanAbsorptionEmission” model, is used which acts as a 

constant radiative fraction approach by specifying the experiments reported radiative fractions into the 

“greyMeanAbsorptionEmissionCoeff”. The boundary condition for radiation intensity at all boundaries is 

set to “greyDiffusiveRadiation”. Using the fvDOM model, this boundary condition retrieves radiation 

temperatures from the temperature field boundary condition. 

 

Two combustion models, as stated above, are selected in “combustionProperties” dictionary and 
one step infinitely fast, irreversible chemical reaction is employed for both models setting 

“irreversibleinfiniteReaction” as reaction type in “reactions” dictionary. The boundary conditions are as 

summarized in Table 2. All the options are the same as in the previous case, for explanations on the 

exact meaning of each option the reader is referred to section  2.4.1.  
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Table 2 Boundary conditions assigned for McCaffrey test case in OpenFOAM terminology 

Patch Velocity Static Pressure Mass fraction (CH4) Temperature 

burner flowRateInletVelocity 

(A
1
 k/s) 

buoyantPressure 

(101325 kPa) 

totalFlowRateAdvectiveDiffusive 

 (1) 

fixedValue 

(293 K) 

floor fixedValue 

(0 kg/s) 

buoyantPressure 

 (101325 kPa) 

zeroGradient 

 (0) 

zeroGradient 

(293 K) 

sides pressureInletOutletVelocity  

(0 kg/s) 

 totalPressure 

 (101325 kPa) 

inletOutlet 

(0) 

inletOutlet 

(293 K) 

outlet inletOutlet 

(0 kg/s) 

buoyantPressure 

(101325 kPa) 

inletOutlet 

 (0) 

fixedValue 

(293 K) 

 

Simulations are set to run for 35 seconds and average values are taken over the last 33 seconds. 

Again the time step size is variable and controlled by maximum courant number of 0.9.  

 

 

 

3.3 Combustion Model 

Chemical reaction models are the key part of any fire simulation modelling allowing introduction 

of convection, diffusion and reaction source for each species into the computer simulation through the 

conservation equations. Species conservation equation, known as species transport equation, given in 

eq ?, includes from left to right, time and special derivatives, molecular and turbulent diffusion terms and 

finally the reaction rate term.  

    ̅ ̃       ( ̅ ̃ ̃ )    [ ̅ (          )   ̃ ]   ̇  ̅̅ ̅̅                 

 

The reaction rate appears as a source term and there are several turbulent combustion models 

with different approaches dealing with complexity of the problem, in which some of them such as Laminar 

finite-rate, Eddy Dissipation Model (EDM) and Eddy Dissipation Concept are currently employed in 

different CFD codes. Within the context of this study, Eddy dissipation model (EDM) and Eddy dissipation 

concept (EDC), are implemented for chemical reaction model.  

 

EDM, developed based on the work of Magnussen (Magnussen & Hjertager, 1977), is a perfect 

model when the reaction rate is so fast, such as burning mechanism of most of the fuels, so that the 

turbulence mixing is the determinant factor in reaction rate. Therefore that’s an ideal option for non-

premixed combustion and is used in many fire simulation applications. Even though, in premixed flames 

the model fails to account for the heat up time required for the species to reach their ignition temperature, 

it still gives promising results for any type of fuel air mixture as validated by many researchers .  

 

In EDM, mean reaction rate is controlled by turbulent mixing time scale, and the later is the 

dominant time scale. Therefore, the fuel mass reaction rate term is defined as: 

 

 
1
 Depending on the applied HRR, each simulation has specific flow rate which is calculated from division of released heat (e.g. 

HRR=14.4 kW) by the heat of reaction of the methane combustion (∆HR = 50.031 MJ/kg)   
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  ̇ ̅̅ ̅̅ ̅    ̅        ̃   ̃        

Where,      is a mixing time scale 

   is stohciometric mass ratio of oxidiser to fuel  ̃       ̃  are favre-averaged fule, oxidizer, respectively 

 

As the formula suggests the model can be easily implemented in every CFD code due to its 

dependency only on the known parameters. The standard version of the model already available in 

FireFoam considers, only, laminar and turbulent diffusion in the mixing time scale with the following 

formula:         [                      ] 
 

Where, 

Α is the laminar thermal diffusivity        = 2, is model constant      = 4, is model constant 

 

Eventhough Cdiff is not a universal constant and the value requires to be adjusted depending on 

the case, Maragkos et al. (Maragkos, Beji, & Merci, 2017) has already confirmed the independency of the 

results on this constant by perfoming a sensitivity analysis for McCaffrey’s fire plume. Therefore the 

original constant is applied for the purpose of the current work.  

 

The Eddy Dissipation Concept (EDC) model is an extension to the EDM model which 

incorporates detailed chemical kinetics into turbulent flames. It assumes reaction occurs at fine 

structures, in the order of Kolmogrov length scale ( at least in one or two dimensions) while mixing with 

surrounding fluid. The source term is defined as below: 

   ̇ ̅̅ ̅̅ ̅        [     ]          

 

With                ⁄
   and             ⁄

   

 

Where,  

* denotes fine scale quantities    is the species mass fraction of the fine scales after reacting over the time       is length fraction of the fine scales    is recation time scale in fine scales    = 2.1377, is volume fraction constant      = 0.4082, is a time scale constant 

 

EDM simplifies the problem to a single mixing process therefore is known as a simple and robust 

model. Nonetheless, it comes with some drawbacks in which the main are inability to model fire 

extinction, prediction of locally high temperatures and overestimation of fuel consumption (Pitsch, 2014). 

EDC, however, improves combustion modelling and fine structure treatment by modelling turbulence-

chemistry interactions and providing details on the chemistry. Consequently, it requires high calculation 
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time to solve chemical reaction mechanism for each iteration step (Prielera, Bĕlohradský, Mayr, Rinner, & 
Hochenauer, 2017), which forms the man disadvantage of the model.  

 

Several studies have focused on implementation of EDC, as being traditionally applied model in 

RANS, in LES simulations (McGrattan, Baum, & Rehm, 1998) (Chen, Wen, Xu, & Dembele, 2014) 

(Panjwani, Ertesvag, Rian, & Gruber, 2010). Since turbulent properties have impact on reaction progress 

in EDC, LES which provides improved prediction of turbulent flows seems more favourable for 

implementation of this model. Nevertheless, there are difficulties that arise when coupling the model with 

LES scheme due to problem in determination of the eddy characteristic time with LES.  

 

Direct implementation of basic EDC model as used in RANS into LES do not result in correct 

results (Panjwani, Ertesvag, Rian, & Gruber, 2010). Therefore modifications are required which have 

been addressed by some researchers in literature (Panjwani, Ertesvag, Rian, & Gruber, 2010) (Fureby & 

C. Löfström, 1994). The source code for the EDC model applied in the current study is developed by Dr. 

Maragkos. 

 

 

3.4 Grid Sensitivity Analysis 

As a start point grid sensitivity analysis is conducted to find the best resolution which exhibits 

proper description of the flow at relatively affordable computational time. Results for three grid sizes (fine, 

medium and coarse) are compared in the following figures.  

 

  
(a) (b) 

  
(c) (d) 

 
Figure 25 Variation of centerline mean stream-wise velocity a) 14.4 kW-EDC, b) 14.4 kW-EDM, c) 57.5 
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kW-EDC, d) 57.5 kW-EDM 

  
(a) (b) 

  
(c) (d) 

 
Figure 26 Variation of centerline Temperature a) 14.4 kW-EDC, b) 14.4 kW-EDM, c) 57.5 kW-EDC, d) 

57.5 kW-EDM 

 

Figure 25 shows grid sensitivity analysis for centerline velocity, scaled according to the 

McCaffrey’s proposal for two of the tests simulated (14.4 kW and 57.5 kW), for both EDC and EDM 

combustion models. The main observation is that the lower HRR, 14.4 kW, is more grid dependent and 

results with coarse mesh greatly deviate from medium and fine mesh, with coarse mesh highly under-

predicting the results while medium and fine results are in the same order. However, in higher HRR, 57.5 

kW, coarse and medium mesh results are comparable with some level of deviation from fine mesh. The 

same trends, similar for both combustion models, are observed in temperature graphs as depicted in 

Figure 26. 

 

It is interesting to see that bigger cell sizes resulted in higher temperatures (Except the coarse 

mesh in lower fire size). This observation replicates finding by Chen et al (Chen, Wen, Xu, & Dembele, 

2014) who recreated a methanol pool fire with EDC combustion model at different grid resolutions. Since 

SGS kinetic energy, as shown in Figure 27, is higher for bigger cell size which results in higher reaction 

rates (especially in the centerline). Direct consequence of higher reaction rate is higher temperatures 

(Chen, Wen, Xu, & Dembele, 2014).  

 



 

 
TITLE 

CFD simulation of medium /large scale fire plumes 

DATE  

30/05/2019 

PAGE 

54/86 

 
                                       (a)                           (b) 
Figure 27 Mean Kinetic energy 2D plots for 14.4 kW test case at a) fine, b) coarse mesh with EDC 

combustion model  

Comparisons are extended to instantaneous two dimensional temperature and stream-wise 

velocity plots, for 14.4 kW test case with EDM combustion model, represented in Figure 28 and Figure 

29, respectively. The velocity contours clearly show less turbulent structures in the coarse mesh, 

resulting in a relatively straight jet of flow. Direct consequence of less turbulent structures is less mixing 

which means less reaction and therefore, as evident from Figure 28, lower temperatures. 

 

 
       (a)    (b)                        (c) 

 
Figure 28 Instantenoues Stream-wise velocity contour plots for 14kW with a) coearse, b) medium, c) fine 

mesh with EDM combustion model  
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                           (a)                       (b)                        (c) 

 
Figure 29 Instantenoues temperature contour plots for 14kW with a) coearse, b) medium, c) fine mesh with EDM 

combustion model  

 

In total both EDC and EDM model simulation results with fine mesh compare favourably with 

experimental data. These satisfactory results, however, are against findings by (Hu, Zhou, & Zhang, 

2006) where EDC resulted in less accurate prediction of swirling diffusion flames in LES simulations. In 

fact they implemented the RANS based EDC directly into LES, without modification. While Panjawani et 

al. (Panjwani, Ertesvag, Rian, & Gruber, 2010) developed a proposal for modification of the model 

constant to be applied in LES scheme and successfully validated their results through comparisons 

against Sandia Flame D, methane fire test.    

 

3.5 Simulation results 

Simulation results of McCaffrey test case at all HRR levels, 14.4 to 57.5 kW, with D-

Smagorinsky-varSct turbulence model and limitedlinear01 0.5 numerical scheme for both EDM and EDC 

combustion models are reported in this section. Even though the EDC model can take into account 

intermediate chemical reactions, to reduce the computational time for each iteration, as what was done 

by Sedano et al (Sedano, López, Ladino, & Muñoz, 2017), only one step reaction is assumed here.  

 

As portrayed in Figure 30 and Figure 31 all simulations with different HRR levels collapse onto 

each other, once scaled as proposed by McCaffrey. The performance of EDM and EDC are the same. A 

closer inspection of the temperature results indicates slightly higher values, in the order of 10 to 100 K, 

with EDC model. Slightly higher temperatures are depicted with both models in intermittent and plume 

region which has resulted in lower velocities. In fact in contrast to the finding of the current research, 

EDM is known to result in higher temperatures mainly because of ignoring the production of intermediate 

species and dissociation reactions (Oberkampf & Talpallikar, 1996) and (Prielera, Bĕlohradský, Mayr, 
Rinner, & Hochenauer, 2017). 
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Figure 30 Variation of centerline mean stream-wise velocity with combustion model  EDM and EDC ( LES 
simulation with D-Smagorinsky-varSct and Limitedlinear 0.5 numerical scheme and fine mesh)  

 

Figure 31 Variation of centerline temperature with combustion model a) EDM, b) EDC (LES simulation with D-
Smagorinsky-varSct and Limitedlinear 0.5 numerical scheme and fine mesh) 

 
Temperature and stream-wise velocity of two extreme simulations cases, 14.4 kW and 57.5 kW 

are compared in Figure 32 and Figure 33. Inevitably, higher turbulent fluctuations and longer flames are 
observed for bigger fire size as also noticed by Maragkos et al. (Maragkos, Beji, & Merci, 2017).   
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                                   (a)                           (b) 

 
Figure 32 Instantenoues temperature contour plots for a) 14.4 kW, b) 57.5 kW HRR, ( With 
fine mesh, EDM combustion model and D-Smagorinsky-varSct turbulence model) 

 
                                   (a)                             (b) 

 
Figure 33 Instantenoues centerline stream-wise velocity contour plots for a) 14.4 kW, b) 
57.5 kW HRR, ( With fine mesh, EDM combustion model and D-Smagorinsky-varSct 
turbulence model) 

 
As detailed in Table 3, almost identical Heat Release Rates are obtained with simulations for 

both models. Only slightly higher results, less than 100 W, are collected using EDM model. Both models 
give the same results satisfactorily close to the experiments. 

 

 
Table 3 Comparison of Heat Release Rate results for different fire sizes with EDM and EDC models 

Fire size (Q) 14.4 kW 21.7 kW 33 kW 44.9 kW 57.5 kW 

Total HRR_EDC 

(W) 
14385 21659 32888 44737 57253 

Total HRR_EDM 

(W) 
14398 21679 32918 44784 57349 
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McCaffrey also looked into Buoyancy relation, as given below, and found interesting consistency 

level among different test cases with different fire sizes. He found that buoyancy relation is constant with 

an approximate value of 0.9 through the entire three regions. Figure 34 shows the Buoyancy relation 

values obtained with the current simulations applying EDC model. As the figure reveals, only the flame 

region results are consistent with the experiments while intermittent and plume regions show lower 

average values around 0.8. In fact higher simulation temperatures, as depicted in Figure 31, results in 

lower densities and therefore lower Buoyancy forces. As expected, due to lower temperatures in EDM 

model simulations, its results, not shown here, represented lower values compared to the EDC. 

                    √           
 

 

Reduction in buoyancy relation, mainly in the intermittent and plume region, while moving from 

smaller fire to bigger, 14.4 kW to 57.5 kW, is in agreement with experiments. It is attached to the more 

heat loss due to radiation and therefore less buoyancy force (McCaffrey, 1979). 

 

 
Figure 34 Buoyancy Relation magnitude with EDC combustion model (D-Smagorinsky-varSct turbulence 

model) at different fire sizes simulations 

 

Of particular interest is comparison of the flame length results. Instantaneous flame height results 

extracted from FireFoam are analysed and probabilities are included in length which together with 

minimum and maximum flame heights are shown in Figure 35. Details of the probability of instantaneous 

flame heights are given in Appendix B - Table 6 and Table 7. Comparisons are extended to McCaffrey’s 
experimental results as well as the results of Wang et al. (Wang, Chatterjee, & Ris, 2011) who have 

simulated the same test case with FireFoam applying One Eddy Eq turbulence model and EDM 

combustion model.  

 

As shown in the figure, while results are close to the values obtained by Wang et al (Wang, 

Chatterjee, & Ris, 2011), they under-estimate the flame height compared to the experiments. This is 

probably due to different techniques used in obtaining the flame height. In the current work the whole 

time duration of flame height results are analysed and the maximum probable length is reported as the 

flame length while in experiments McCaffrey shows images of 1 second photographs. What’s more 
interesting is that EDM predicts longer flames, align with Prielera et al. (Prielera, Bĕlohradský, Mayr, 
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Rinner, & Hochenauer, 2017) findings who compared EDM with EDC  for simulation of Oxygen Enhanced 

Combustion system. Prielera et al. explained it by comparing the two-step faster EDM mechanism with 

the four-step mechanism in their EDC model. However, this is not the case here, as we have adopted a 

single step reaction mechanism. It is interesting to look into time scales with different models.  

 

Mean mixing time scales for fire size 44.9 kW, which showed the maximum deviation between 

two combustion model flame length results, are represented in Figure 36. It clearly depicts higher mixing 

time scales in EDM compared to EDC. High mixing time scale results in poor combustion (Maragkos, 

Beji, & Merci, 2017) and therefore more unreacted materials which will travel downstream and react 

further away from the source. This is the main reason behind the slightly higher temperatures and shorter 

flame heights obtained with EDC.  

 

To investigate the reason behind lower time scales with EDC one needs to look into reaction rates and 

also other time scales. Examination of mean reaction rates, see Appendix B - Figure 56, showed identical 

plots for both models, possibly due to implementation of one-step reaction mechanism for both models. 

On the other hand mean turbulent time scales, presented in Appendix B - Figure 57, depicted slightly 

higher values for EDC. This however is not surprising due to the added complexity in EDC model for 

incorporation of turbulent-chemistry interaction. In fact turbulence and chemistry have both direct and 

indirect impact on each other. They are coupled directly through density. On the other hand, sub-grid 

scale kinetic energy, as an output of the turbulence model and input to the combustion model builds the 

indirect connection between the two models.  SGS kinetic energy enters in EDM model for the calculation 

of the mixing time scale while in the EDC model it used for calculation of the size of the fine structures 

and the residence time in them (Maragkos, Beji, & Merci, 2017). Application of a dynamic turbulence 

model is expected to help in local calculation of mixing time scale and fine structures, therefore potentially 

resulting in better results. At fine structures residence time is much lower and mixing process takes much 

less time, therefore resulting in lower time scales in EDC model compared to EDM. 

 

 
Figure 35 Flame Height resutls for both EDM and EDC model compared with McCaffrey’s expeirmental 

results and Wany et al. simulations 
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                                                 (a)                       (b) 
Figure 36 Comparison of Mean mixing time scale with a) EDC, b) EDM combustion model at fire size 44.9 kW 

(Black lines indicate 100% air, white lines pinpoint iso-lines for indicated time scales) 



CHAPTER 4 - RADIATION MODEL 

4.1 Waterloo test Case 

Another target test from MaCFP test series is the medium-scale methanol pool fire experiments 

conducted at University of Waterloo (Weckman & Strong, 1996). The facility mainly consisted of a 30 cm 

burner fan filled with methanol at injection rate of 1.35 cm3/s located inside a cage at height of about 1 m 

from the ground ( to allow for free movement of air). The constant feeding system was set to adjust the 

fuel surface at a rim height of 1 cm. Nearly Steady state condition of the experiments was ensured 

performing the tests in a quiescent laboratory environment with well-controlled fuel inlet condition and 

measurements starting from 10 min after the first ignition. The photograph and schematic of the facility 

are shown in Figure 37 and Figure 38, respectively.  

 

 
 

Figure 37 Pool Fire Facility at University of Waterloo (MaCFP-github) 

 
 

Figure 38 Schematic of the buner system (Weckman & McEwen, 1991) 
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Variety of measurements has been conducted to characterise the fire plume. Direct photography 

was used to record turbulent and oscillatory behaviour of fire. Velocity was measured by Laser Droplet 

Anemometer in forward-scatter mode temperature measurements were performed using thin bare-wire 

thermocouples with no correction for thermal inertia or catalytic actions effects on thermocouple wire.   

In total 121 measurement positions were adopted to cover the whole flame, intermittent and plume 

zones. Due to both nature of the fire phenomena and also limitations in measurements techniques 5% 

error was reported for mean and rms velocity measurements and also mean temperature values, while 

issues with thermocouple tools caused 30% estimated errors in rms temperature measurements.  

 

 

4.2 Numerical Set Up 

The computational domain consists of a 1.5 m x 1.8 m cylindrical domain with the burner located 

at 0.3 cm above the lowest part of the domain. The O-Grid mesh is used with total stretching factor of 1.5 

from the centerline toward the top and sides of the domain. Due to time limitations grid sensitivity analysis 

is not conducted. Obviously smaller cell sizes and higher grid resolution could have resulted in better 

results.  

 

To add the effect of the rim, geometry of 1 cm pan rim is changed to 2 cm because of the 

surrounding mesh cell sizes of 2 cm. This could obviously impose some deviations from reality; however, 

the author believes inclusion of the rim with this configuration would result in better predictions compared 

to totally ignoring the rim.  

 

 
Figure 39 Schematic of computational domain and the implemented mesh resolution 

 

Simulation of Methanol pool fire as a liquid fuel requires modeling evaporation, however, it is not 

implemented in the current study as being too colmplex and out of the scope. Instead, Methanol is 

directly modeled as a gaseous fuel and therefore inlet temperature of the fue is set to the boiling point of 

Methanol, 338   by setting the temperature boundary condition at “T” (temperature) dictionary in constant 
directory to 338 K. As per experiments constant fuel rate is applied by setting “massFlowRate” for burner 
at “U” (velocity) dictionary, at the same directory, to 0.0010692 kg/s. This number comes from 

multiplication of the given constant volumetric flow rate as in the expeiments ( 1.35 cm
3
/s) by the density 
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of Methanol (792 kg/m
3
). Ambient temperature and pressure are set to 293 K and 101325 Pa as based 

on the experimtns.  

 

All numerical schemes are set , at “fvSolution” dictionary, same as in the other two previous 
cases, i.e. “backward” scheme for time, “Gauss linear” for convective terms and “limitedlinear 0.5” for 
convective part of the species transport equation. A linear GAMG solver is used for pressure equation 

and PISO algorithm is used for pressure-velocity coupling. 

 

The widely used radiation model which adopts finite volume discrete ordinate model (fvDOM) to 

solve the Radiative Transfer Equation (RTE) is applied. It includes attenuation and augmentation of 

radiation by absorption and emission. The model also accounts for variation of the radiation intensity over 

different angular direction and spatial location. For Absorption-Emission effect, two different models, 

Constant Radiative Fraction and Weighted-Sum-of-Gray-Gas model, are tested and their results are 

compared to realise which is the best model for radiation modelling of the current test case. Explanation 

on the radiation models are given in section  4.3. 

 

To apply the first one the standard available model, “greyMeanAbsorptionEmission” model, which 
performs as a constant radiative fraction approach by specifying a fixed number to constant global 

radiative fraction for the model coefficient, here 0.18 (Klassen & Gore, Structure and Radiation Properties 

of Pool Fires:Final Report, 1992), is used. The second model, “wsggmAbsorptionEmissionCone” is the 

modified version of weighted-sum-of-gray-gases model which accounts for the attenuation of radiation 

across a fixed or dynamic path length for fire plume. The fixed path length is set equal to half of the inlet 

diameter. While the dynamic version of the model, constantly changes the radiation path length as 

explained above. 48 solid angles are used for angular discretization (Maragkos, Beji, & Merci, 2019). The 

models are named CRF and WSGG, respectively. The boundary condition for radiation intensity at all 

boundaries is set to “greyDiffusiveRadiation”.  
  
Table 4 Boundary conditions assigned for Methanol test case in OpenFOAM terminology 

Patch Velocity Static Pressure Mass fraction Temperature 

burner flowRateInletVelocity 

(0.0010692 k/s) 

buoyantPressure 

(101325 kPa) 

totalFlowRateAdvectiveDiffusive 

 (1) 

fixedValue 

(293 K) 

Burner 

wall 

fixedValue 

 (-) 

totalPressure 

(101325 kPa) 

zeroGradient 

 (0) 

fixedValue 

(338 K) 

Open pressureInletOutletVelocit

y 

 (0 kg/s) 

totalPressure 

(101325 kPa) 

inletOutlet 

(0) 

inletOutlet 

(293 K) 

outlet inletOutlet 

 (0 kg/s) 

buoyantPressure 

(101325 kPa) 

 inletOutlet 

 (0) 

inletOutlet 

(293 K) 

 

As noticed by Maragkos et al. (Maragkos, Beji, & Merci, 2017) who have simulated the same 

test, even though average quantities would converge at 30 seconds, averaging over 60 seconds is 

required to obtain convergence of rms results as well. They have used the same turbulent and 

combustion models with constant radiation fraction model. Due to time limitations current simulations are 

only conducted for 35 seconds and average values are taken over the last 33 seconds. The time step 

size is variable and controlled by maximum courant number of 0.9.  
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4.3 Radiation model  

Heat transfer through radiation depends on many factors such as temperature, reflectivity, 

emissivity, surface area and orientation of the medium which makes it a complicated phenomenon. That’s 
why radiation modelling has attracted a lot of attention and many studies have been devoted to establish 

accurate models over the past two decades (Yin, Singh, & Romero, 2017) (Maragkos, Beji, & Merci, 

2017) (Nakod, Krishnamoorthy, Sami, & Orsino, 2013).  

 

There are three radiation models available in OpenFoam, namely “NoRadiation model”, “finite 

volume discrete ordinates model” and “P1 model”. In order to remove radiation from enthalpy equation, 
the first option is used to disable radiation heat transfer. The second model known as fvDom solves 

radiative transfer equation (RTE) for a discrete number of finite solid angles.  

 

Even though the model comes with high CPU demand, it incorporates wavelength-dependent 

transmission and accounts for scattering, semi-transparent media, specularsurfaces, and wavelength-

semi-transparent media, specular surfaces. On the other hand, there is P1 model which doesn’t include 
directional dependence and therefore solves with less CPU demand. Some of the model limitations are 

treating all surfaces as diffusive media, possible over-prediction of radiation level from confined thermal 

heat sources or sinks and acceptable level of accuracy only for small optical thicknesses.  

 

Since absorption and emission effects are part of the radiation phenomena, their effect needs to 

be modelled for the selected radiation model. OpenFoam includes several absorption-emission models in 

which Constant Radiative Fraction and weighted-sum-of-gray-gasses (WSGG) models are investigated in 

the current study.  

 

The assumption that the whole flame has a constant radiative fraction is still used in many 

simulation applications (Maragkos, Beji, & Merci, 2017). This can be a reliable approach if reliable 

experimental data are available. OpenFoam software gives the opportunity to the user to enter single 

global radiative fraction number to the grey-Mean-Absorption-Emission. Through this approach radiation-

turbulence interaction need not to be feared for. Moreover, the dependency of the radiation source term 

in radiative transfer equation (RTE) on filtered temperatures is reduced (Maragkos, Beji, & Merci, 2017). 

This approach is by far the most widely used model since the RTE needs to be solved only once for the 

whole wavelength spectrum. 

 

Since wavenumber dependence was neglected, more refined models evolved. As an advance 

model, the wighted-sum-of-gray-gasses model was developed by Hottel and Sarofim (Hottel & Sarofim, 

1967). This model is regarded is an intermediate level between oversimplified gray gas model and 

complete narrow band model. The model assumes that the real gas is composed of several virtual gas 

components with a constant absorption coefficient. The total emissivity of the real gas is then modelled 

as:       ∑                    
 

Where,       (T) is the temperature dependent weighting factor      
 is the temperature independent absorption coefficient for the nth gas 

L is the effective path length 
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Weighting factors for flame species are available and reported in (Taylor & Foster, 1974) (Smith, 

Shen, & Friedman, 1982). “L” can be implemented either as a constant or a dynamically ad usted value 
through the progress of the simulations.  The recommended value for the constant L is half of the pool 

surface diameter. For dynamic calculation, L is obtained from the following formula: 

           

 

Where, 

V is the medium volume 

A is the surface area 

 

In the current simulations, WSGG model source code, developed by Dr. Maragkos, applies the 

formula with volume being sum of the all cell volumes where reaction takes place. The model is 

specifically developed for pool fires where a conical flame shape is a good approximation to find the 

corresponding surface area. This dynamic evaluation could be a valuable step toward predictive fire 

modelling as the user manipulation is not required anymore.  

 

It is known that radiation in fires comes from both gas phase, e.g. water vapour, carbon dioxide, 

hydrocarbon fuels, and particles, mainly soot, with different behaviours. The current study only focuses 

on the radiation of the gas phase on account of the fact that Methanol fire doesn’t produce a sooty flame, 
therefore with good approximation the soot radiation could be neglected. 

 

 

4.4 Simulation results 

Methanol pool fire test case is used to investigate prediction capability of all previously evaluated 

models for a new test case plus evaluating the two radiation models, namely CRF and WSGG. 

Qualitative comparison of the two radiation models is shown in Figure 40. 

 

As expected the difference in radiation modeling resulted in temperature value differences, with 

higher temperature obtained by WSGG model. Overall flame structure and mean reaction rates are the 

same for both model. Even though turbulence and radiation are coupled phenomena, the radiation 

impact on turbulence is much less (Soufiani, 1991), therefore rather similar flow behaviours are 

inevitable. Obtaining values of mean reaction rate at burner rim indicates that the flames are attached 

which is in line with observations of Maragkos et al. (Maragkos, Beji, & Merci, 2019) who have also 

considered this rim in their simulations. The maximum temperature found with WSGG model is about 

1500 K, while CRF model resulted in lower temperature around 1420 K.  As stated above, it is deemed 

that the radiation models are only responsible for these differences. To compare with experiments, 

maximum average thermocouple temperatures are investigated with prediction of 1214 K for CRF model 

and 1253 K for WSGG model. These predictions are acceptably close to the experiments (1330 K). 
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                                 (a)                       (b) 

Figure 40 Mean temperature contours for a) WSGG, b) CRF (white isolines indicate mean reaction rate 
contours) 

 

The maximum temperature value for WSGG model is 60 K higher than the reported value by 

Maragkos et al. (Maragkos, Beji, & Merci, 2019). Since they used the same set up, the same turbulence, 

combustion and radiation model, it is deemed that the differences are attributed to the grid resolution ,in 

which lower cell sizes in their simulations (0.5 cm), have resulted to closer values to the experiments. 

Therefore their results will be used as a representative fine mesh case for the current study. Indeed grid 

sensitivity analysis was required for the current study, however, time limitations did not allow to cover it. 

While experiments depict the location of maximum flame at 8 cm height, both models show it at 9.6 cm 

above the flame surface. 

 

Table 5 reports some of the important pool fire characteristics. Comparisons are made to the 

values reported by Maragkos et al. (Maragkos, Beji, & Merci, 2019) and also to the experimnets. Flame 

height results obtained applying the same methodolgoy as in  (Maragkos, Beji, & Merci, 2019), are also 

provided for comparisons.  

 
Table 5 Comparison of average Flame Height, Radiation intensity and puffing frequency of the simulations 
with experiments and simulations conducted by Maragkos et al.  

Case Flame Length (m) 

 
Puffing frequency (Hz) Radiation Fraction (  ) 

Experiments 30 (Sedano, López, Ladino, 

& Muñoz, 2017) - 50.8( 

(Klassen & Gore, 1992) 

2.8 (Weckman & Strong, 

1996) 

0.18-0.2 (Klassen & 

Gore, 1992) 

WSGG 22.7* (49.1**) 2.37 0.157 

CRF 22.5* (49.2**) 2.37 0.18 

Maragkos et al. 46.7 2.77 0.197 

*Obtained from FireFoam flame height tool  

**According to the concept of location of 99% of heat release rate (Maragkos, Beji, & Merci, 2019) 
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Since Weckman and Strong (Weckman & Strong, 1996) have not reported a spefici flame height, 

different values was found from literature. In fact it is difficult to accurately determine the flame height for 

methanol fire where non-sooty flame caues problem for clear visualisations. In (Klassen & Gore, 1992), 

which is a report on different set of experiments, for methanol tests with the same pan size the flame 

height is captured by video tapes and photographs. However, the author admits 10 to 40% uncertainties 

in the reported flame heights.  

 

Other than experimental representation, due to flickering and turbulent behavior of fire it is also 

difficult in simulations to have a universal definition for flame height. Marakgos et al. defined the average 

flame height as where the 99% of the total heat release rate is acheived (Flame heights are given for this 

definition in Table 5). Chen et al. (Chen, Wen, Xu, & Dembele, 2014) used stochiometric condition of a 

reference species. Sedano et al. (Sedano, López, Ladino, & Muñoz, 2017) determined flame height 

through four different techniques, using “Heskestad’s correlation”, “FireFoam’s flame height tool”,” imgae 
analysis” and “mixture fraction calculations”. The current study defines the average flame height based 

on the probablility of instantenous flame heights found from FireFoam’s flame height tool.  
 

With the applied strategy, flame heights are close to the values reported by (Sedano, López, 

Ladino, & Muñoz, 2017), while results with 99% heat release rate are consistent with results of (Klassen 

& Gore, 1992) and close to the predictions by Maragkos et al. (Maragkos, Beji, & Merci, 2019). 

 

In total both model predictions for flame height are in acceptable agreement with experiments 

depending on the definition used for flame height calculations. Probability distribution of instantaneous 

flame heights are given in Appendix C - Table 8. CRF model seems to produce slightly shorter flames. 

This is in line with lower flame temperatures found from 2 D plots represented before.  

 

Puffing frequencies are reported for the centerline at height 20 cm from the fuel surface. Both 

models resulted in the same frequencies both under-estimating the oscilation frequency of the 

expeiments. The reported value in (Maragkos, Beji, & Merci, 2019) is very close to the experiments, 

highlighting the importance of fine structures which have not been captured in our rather corse 

simulations. Even though current study fails to correctly capture the puffing frequency of the fire, some of 

the observations explained in the experiments can also be found here. Figure 41 presents the oscilation 

frequency for radial and axial veocities at 8 cm above the fuel surface and 8 cm away from the centerline. 

Clear peaks are observed in axial velocities, while no peaks exist in radial velocities same as in the 

experiments. Even though both models deviate from 2.8 Hz experiment value, the WSGG model is closer 

to the experiments. Pronounced peaks around the rim, not shown here, in axial and radial velocities are 

observed with both models.  
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Figure 41 Oscilation frequency prediction of vertical and radial velocities at height 8 cm and radial position 8 

cm with CRF and WSGG radiation models 

Prediction of radiation level is one of the main motives for this test case study. To obtain the 

radiative fraction integrated radative heat fluxes on all boundaries is divided by the total heat release rate 

(integrated heat release rate) inside the domain. As can be found from Table 5, as expected, CRF model 

resulted in the prescribed value of 0.18.  WSGG model, however, underestimated the radative heat 

fraction. Differences between total heat release rates are minor, 23058.2 W for CRF model and 23097.7 

W for WSGG model. As anticipated, the difference stems from the radative heat release rates. Even 

though WSGG model resulted in higher values on open boundaries, the radative heat fluxes on pool 

surface are nearly half of the values with CRF.  

 

A sensitivity analysis is conducted for determination of the path length in WSGG model. While 

the results so far used dynamically changing path length, a test case with fixed value showed no 

difference in results. In the light of the fact that the constant path length in this case was set to 

approximately half of the pool surface diameter. This is a number which is achieved with the dynamic 

model, therefore both model performed quite the same. Nonetheless, dynamic calculation of the path 

length is one step forward to predictive fire modelling as the tuning by user is not required any more. 

 

Mossi et al. (Mossi, Galarça, Brittes, Vielmo, & França, 2012) also reported low performance for 

WSGG, while using the model for a medium composed of soot, water vapor and carbon dioxide. They 

used Smith et al. (Smith, Shen, & Friedman, 1982) correlations and therefore attribute the low 

performance of the model to the old gas data considered by Smith et al (Smith, Shen, & Friedman, 1982).  
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Mean and rms axial velocities along the centerline are compared against experiments in Figure 

42. Both models give nearly the same results, given the radiation influence on turbulence is low. 

Deviations from experiments could have been reduced using finer mesh. Even though in section  2.3.3 the 

D-Smagorinsky-varSct turbulence model, was found to be less grid dependent, the grid dependency of 

the combustion model at relatively low heat release rates like here, 24.6 kW, is the main reason for 

discrepancies from the experiments. The mean axial velocities are over-predicted while rms values are 

under-estimated close to the fuel and far downstream, after 20 cm from the fuel surface, are over-

predicted.   

 

 
Figure 42 Mean and Rms axial velocity distribution over height (Dotted line: Rms, Solid lines: Mean) 

 

Direct consequence of less rms values up to 15 cm height (less turbulent structures) is less 

mixing which means less reaction and therefore, as can be found from Figure 43, temperatures are a little 

bit under-estimated in this region. Lower temperatures are obtained with CRF radiation model which 

indicates lower densities and therefore as a consequence of mass conservation lower velocities are 

observed for the same model. WSGG seems to better predict the centerline mean temperatures. Overall, 

good predictions are obtained for mean and rms velocity and temperature values with the current 

simulations.  
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Figure 43 Mean and Rms temperature distribution over height (Dotted line: Rms, Solid lines: Mean) 

 

  
Figure 44 Mean and rms Axia velocity profiles over radial distance at height left: 6 cm, right: 30 cm above the 

fuel surface (Dotted line: Rms, Solid lines: Mean) 

  
Figure 45 Mean and rms temperature profiles over radial distance at height left: 6 cm, right: 30 cm above the 

fuel surface (Dotted line: Rms, Solid lines: Mean) 
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Axial velocity distributions at two heights are compared in Figure 44. As depicted from the plots, 

predictions at lower heights are closer to the experiments. This is also true for temperature profiles, 

shown in Figure 45, while rms temperature values lie within the experimental uncertainty at both heights. 

Closer to the fire, buoyancy forces are stronger due to higher flame temperatures, therefore higher 

velocities are predicted at height 6 cm compared to height 30 cm.  

 

The outcome of the methanol test case suggest that for this test case, which consists of a 

relatively small pool fire with negligible soot formation, CRF model could perform as good as WSGG 

model. This is only true if accurate experimental values for radiative heat fraction are available to be 

implemented in the model. Therefore, WSGG model with a dynamically determined radiation path length 

provides a promising tool to reduce user manipulation and move toward more predictive fire modelling.  
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CONCLUSION 

The specific motivation of the present numerical study is three-fold: 

First, to study different phenomena involved in pool fire simulations. The primary concerns were 

turbulence, combustion and radiation modeling.  

 

Second, to evaluate the predictive capabilities of the models on how accurate could be the results when 

using CFD software for prediction of buoyancy-driven fire plume behaviors. 

 

Third, to introduce the best models for predictive fire modeling and validation of the model for different 

test cases. 

 

Dynamic, Dynamic Smagorinsky and Dynamic Smagorinsky Variable Sct, and static, Constant 

Smagorinsky and One Eq Eddy, turbulence models together with different numerical schemes, 

limitedlinear 1, limitedlinear 0.5 and limitedlinear 0.25, were studied at different grid resolutions. Most of 

the grid dependencies were observed in mass fraction results. This is owing to the fact that mass 

concentrations strongly depend on the mixing level created by small motions which might not be 

considered important when studying the velocities. Even though some literature studies showed 

importance of numeical schemes in simulations, in the current study both the turbulence models and 

numerical schemes were found to be important. Dynamic Smagorinsky and Smagorinsky with Cs=0.1 

created comparably the same results. The same observation was made when comparing the results of 

Dynamic Smagorinsky and Dynamic Smagorinsky Variable Sct. Even thoguh similar, the fact that 

dynamic models without user input were successful in fire behavior simulation, makes them an ideal 

models. More importantly, the results with dynamic models with different numerical schemes and at high 

grid resolutions were in the level of experimental uncertainties. this even gives more credits to use these 

dynamic models when moving toward totally predictive fire modeling.  

 

The dynamic model, Dynamic Smagorinsky Variable Sct, was validated and compared against three 

different buoyant plume experiments and was found acceptably successful in all of them. In the next step, 

two different combustion models, namely Eddy Dissipation Model and Eddy Dissipation Concenpts were 

studied. Both of the models agreed well with the experiments with Eddy Dissipation Concept showing 

only slightly closer flame temperature results compared to the experiments. This is in fact connected to 

the direct and indirect impact of turbulence and combustion on each other. Turbulence improves mixing 

and therefore increases the combustion reaction rate. The choice of the correct turbulence model 

potentially resuted in the same resuts. It is possible that if EDC capability for incorporating intermediate 

and dissociation reactions was utilised, differences could have been higher. Nonetheless, this needs to 

be confirmed by extra simulations in future works.  

 

Radiation modeling was invetigated by comparing the Constant Radiative Fraction and Weighted-

Sum-of-Gray-Gas models. As expected, the Weighted-Sum-of-Gray-Gas model resulted in better fire 

plume predictions. Nonetheless, CRF model also showed qualitatively good prediction of the most of the 

fire flame characteristics. This is owing to the accurate available experimental data. For both models 

results showed some deviations from experiments which is mainly attributed to the large grid resolution of 

the case set up. Therefore it is recommended to perform grid sensitivity analysis in future work. The path 

length in WSGG was set to either be a fixed value or dynamically adjusted values considering the 

fluctuating behaviour of the fire flame. Results did not show distinctive improvements. Novertheless, 

dynamic calculation of the path length eliminated the requirement for inlet input from the user. Therefore, 
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WSGG model with a dynamically determined path length provides a promising tool to reduce user 

manipulation and move toward more predictive fire modelling.  

 

 

 

 



FUTURE WORK 

Based on the work done up to this point, the following future works are recommended: 

 

Since evaporation and soot modeling which have been neglected in this work play an important role 

in fire modeling, it is recommended to start the fire plume study considering these models as well. 

 

The models, for turbulence, radiation and combustion need to be validated for other test cases so 

that a general recommendation can be extracted.  

 

Sensitivity analysis of the EDM model constant could change or increase the accuracy of the model, 

which requires further simulations.  

 

The one step combustion reaction was a rough estimation. Detained chemistry would impact the 

results and therefore is recommended to be studied in more detail.  

 

Due to time limitations, grid sensitivity analysis was not conducted for the radiation modeling case. It 

is recommended to choose smaller cell sizes, even up to 0.5 cm, in the fire plume region. The turbulence-

radiation interaction should also be explored in more detail.  
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APPENDICES 

Appendix A  

Sandia Helium Plume test case 
 

 

   

a) LimitedLinear 1 b) LimitedLinear 0.5 c) LimitedLinear 0.25 
 

Figure 46 Density weighted time-averaged cross-stream velocity at height 0.2 m for different numerical 
schemes(Smagorinsky-0.1) 

a) LimitedLinear 1 b) LimitedLinear 0.5 c) LimitedLinear 0.25 
 

Figure 47 Density weighted time-averaged cross-stream velocity at height 0.6 m for different numerical 
schemes(Smagorinsky-0.1) 

 

   
(a) (b) (c) 

 
Figure 48 Average RMS He mass fraction for different turbulent models over the inlet at a) height =0.2 m, b) 

height=0.4 m, c) height=0.6 m (numerical scheme limitedLinear 0.5) 



 

 
TITLE 

CFD simulation of medium /large scale fire plumes 

DATE  

30/05/2019 

PAGE 

81/86 

 

   
(a) (b) (c) 

 
Figure 49 RMS streamwise velocity for different turbulent models over the inlet at a) height =0.2 m, b) 

height=0.4 m, c) height=0.6 m (Numerical scheme: limitedLinear 0.5) 

 

   
(a) (b) (c) 

 
Figure 50 RMS cross-stream velocity for different turbulent models over the inlet at a) height =0.2 m, b) 

height=0.4 m, c) height=0.6 m (numercial scheme limitedLinear 0.5) 

 

Figure 51 Comparison of different numerical scheme on the stream wise velocity results with different 
turbulence models at height =0.2 m, Grid resolution 1.5 cm 
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Figure 52 Comparison of different numerical scheme on the stream wise velocity results with different 
turbulence models at height =0.2 m, Grid resolution 6.0 cm 

 
 

 
Figure 53 RMS He mass frcation results for Smagorinsky-0.1, limitedlinear 0.5 numerical scheme, from left to 
right, at height: 0.2m, 0.4 m, 0.6 m 

 
Figure 54 RMS Cross-stream velocity results for Smagorinsky-0.1, limitedlinear 0.5 numerical scheme, from 
left to right, at height: 0.2m, 0.4 m, 0.6 m 
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Figure 55 RMS stream-wise velocity results for Smagorinsky-0.1, limitedlinear 0.5  numerical scheme, from 
left to right, at height: 0.2m, 0.4 m, 0.6 m 

 

 

 

 

 

 

 



Appendix B  

McCaffrey test case 
 

 
            (a)                          (b) 

 
Figure 56 Comparison of Mean reaction rates with a) EDC, b) EDM combustion model at fire size 44.9 

kW (Black lines indicate 100% air, white lines pinpoint iso-lines for indicated time scales) 

 

 

                  (a)                            (b) 

 
Figure 57 Comparison of Mean turbulent time scale with a) EDC, b) EDM combustion model at fire size 44.9 

kW (Black lines indicate 100% air, white lines pinpoint iso-lines for indicated time scales) 
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Table 6 Probability distribution of intantenoues flame height for EDC model 

 Probability 

Fire 

size 

(kW) 

0.05-

0.15 m 

0.15-

0.25m 

0.25-

0.35m 

0.35-

0.45m 

0.45-

0.55m 

0.55-

0.65m 

0.65-

0.75m 

0.75-

0.85m 

0.85-

0.95m 

0.95-

1.05m 

14.4 12.36 45.70 28.70 11.36 1.55 0.32 0.00 0.00 0.00 0.00 

21.7 1.45 30.38 29.11 17.28 12.71 6.95 1.66 0.45 0.02 0.00 

33.0 0.00 5.92 21.15 22.92 16.24 13.63 10.32 6.12 2.73 0.98 

44.9 0.00 0.40 7.10 16.45 17.59 15.56 14.53 11.35 8.89 6.99 

57.5 0.00 0.00 0.95 9.39 15.51 15.30 15.59 14.17 12.46 13.62 

 

 
Table 7 Probability distribution of intantenoues flame height for EDM model 

Probability 

Fire size 

(kW) 

0.15-

0.25m 

0.25-

0.35m 

0.35-

0.45m 

0.45-

0.55m 

0.55-

0.65m 

0.65-

0.75m 

0.75-

0.85m 

0.85-

0.95m 

0.95-

1.05m 

14.4 46.65 29.25 12.86 2.42 0.04 0.00 0.00 0.00 0.00 

21.7 16.16 30.79 22.47 17.91 9.98 1.60 0.25 0.11 0.00 

33.0 4.04 17.54 22.49 17.07 14.16 11.56 8.03 3.46 1.65 

44.9 0.01 3.70 12.65 19.36 18.67 14.97 14.24 9.25 6.03 

57.5 0.00 0.67 4.05 10.83 16.09 17.76 14.34 13.12 15.41 

 

 

 



Appendix C  

Waterloo test case 
 

 
Table 8 Probability distribution of intantenoues flame height for different radiation models 

 

 

 Probability 

Model 0.05-

0.15 m 

0.15-

0.25m 

0.25-

0.35m 

0.35-

0.45m 

0.45-

0.55m 

0.55-

0.65m 

0.65-

0.75m 

0.75-

0.85m 

0.85-

0.95m 

0.95-

1.05m 

CRF 9.00 45.46 28.84 13.82 2.56 0.04 0.00 0.00 0.00 0.00 

WSGG 1.19 15.46 30.07 22.11 18.10 10.74 1.81 0.23 0.10 0.00 


