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Industrial flares are units designed to safely dispose of waste hydrocarbon gases 

from chemical and petrochemical plants by burning gases to carbon dioxide and steam, 

which are then released to the atmosphere. There is still great uncertainty about flare 

efficiency and the resultant gas emissions under different operating conditions. For this 

reason, environmental agencies have encouraged the development of predictive models 

for flare gas combustion systems, so effective control and mitigation strategies can be 

implemented. The principal focus of this dissertation is to develop mathematical models 

of industrial flares that predict the efficiency of these industrial combustion systems. For 

this purpose, a computational fluid dynamics (CFD) simulation model is implemented to 

analyze the effects of variables such as ambient wind velocity, gas heating value, and 

steam injection on flare combustion efficiency. Some advanced chemistry and turbulence 

submodels are also implemented to describe the complex flare flow phenomena. 

Simulation results show that flares may represent an important source of gas emissions 



 vii 

due to inefficient operation at high crosswinds and large steam/fuel ratios. The predictive 

models presented in this work will allow for better estimation of the resulting gas 

emissions from industrial plants. Use of these simulation models will also yield economic 

savings for environmental studies compared to setting up expensive flare experiments. In 

addition, these predictive models allow for a detailed analysis of species concentration 

profiles and turbulent flow patterns within the flames, data which is not available 

experimentally. Furthermore, several instrumentation and control strategies for industrial 

flares are analyzed in this dissertation. A new approach for flare monitoring based on 

multivariate image analysis is proposed so that flare combustion efficiency can be 

measured in real-time. 
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CHAPTER 1 

Introduction 

 

Air pollution has long been recognized as a threat to human health as well as to 

the earth's ecosystems. The Industrial Revolution in Europe in the 19th century saw the 

beginning of air pollution as we know it today, which has gradually become a global 

problem. Nowadays, air pollution is aggravated because of four developments: increasing 

traffic, growing cities, rapid economic development, and industrialization.  

Hydrocarbon gas emissions to the atmosphere result from both human and 

industrial activities, and they have serious implications in the formation of smog, acid 

rain and the greenhouse effect. In particular, HRVOC (High Reactive Organic 

Compounds) emissions are believed to be the main contributor to the formation of 

dangerous pollutants such as ozone. One of the most important sources of industrial 

HRVOCs emissions from chemical and petrochemical plants are industrial flare systems.  

Industrial flares are units designed to safely dispose the waste gases from 

chemical and petrochemical plants by burning the hydrocarbon gases to carbon dioxide 

and steam that are released to the atmosphere. During the past 35 years, environmental 

agencies have established threshold standards for flare systems to mitigate potential 

hydrocarbon emissions from these units. In fact, prior to 1947, venting of unburned 

hydrocarbons to the atmosphere was standard industry practice. After 1947, regulation 

required hydrocarbons to be burned (or “flared”) due to serious health and safety hazards. 

Unfortunately, there is still great uncertainty about flare efficiency and the resultant 

emissions under different operating conditions. For this reason, environmental agencies 
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have encouraged developing predictive models for flare gas systems, so effective control 

and mitigation strategies can be implemented. 

The principal focus of this dissertation is to develop simulation models of 

industrial flares that predict the efficiency of these industrial combustion units under 

different operating conditions.  For this purpose, several computational fluid dynamics 

(CFD) models of flare systems are designed to analyze the effects of variables such as 

ambient wind velocity, gas heating value, and steam injection on flare combustion 

efficiency. Some advanced chemistry, turbulence and physical models are also 

implemented to describe the complex flare flow phenomena. The predictive models 

presented in this work will allow for better estimation of the resulting gas emissions from 

industrial plants. Finally, instrumentation and control strategies for industrial flares are 

analyzed based on these simulation models.  

 

1.1 AIR QUALITY PROBLEMS IN THE HOUSTON-GALVESTON AREA. 

The Houston-Galveston area (HGA) currently exceeds the National Ambient Air 

Quality Standard for ozone and the region has been designated as a severe non-attainment 

area. In fact, since 1999, Houston has exchanged titles with Los Angeles as having the 

most polluted air in the United States defined by the number of days each city violates 

federal smog standards. The Houston’s air quality problem is unique: 4.7 million people 

live and work in the Houston Metropolitan Statistical Area, and approximately 134 

million vehicle miles travel per year in the area. On top of that, the extensive industrial 

operations around the Galveston Bay and its unique weather patterns make the air 

pollution a challenging problem in this region. 

Analysis of routine monitoring data and data collected in air quality field 

programs reveals that episodic emissions from industrial sources could have a significant 
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impact on the regional air quality. In the summer of 2000, a large air quality field 

program was undertaken (TexAQS) in southeast Texas and the unique measurements that 

were deployed during that field program provided new insights into the magnitude and 

variability of ozone precursor emissions, specially the emissions from industrial facilities 

(point sources). Consequently, the State of Texas was charged with developing a State 

Implementation Plan (SIP) for reducing industrial emissions that lead to ozone formation. 

A crucial first step toward reducing air pollutant emissions is identifying the sources and 

source categories that contribute the most to the emissions.  

Thus inventories of the emissions that lead to ozone formation in the Houston-

Galveston area (HGA) have been continually updated and reviewed for decades (Allen et 

al., 2003). These emission inventories are datasets that contain information on 

atmospheric emissions from different kind of sources (chemical plants, refineries, 

operation units,…).  They are used as input for atmospheric chemistry dispersion models 

to study the chemical processes and the behavior of compounds in the atmosphere. From 

these emission inventories, important findings related to air quality problem in the HGA 

have been obtained (Allen et al., 2004). For example, emission events above typical 

permitted levels were found to account for a relatively small (<5%) fraction of total 

annual VOC (volatile organic compounds) emissions and a slightly larger fraction (12%) 

of HRVOC (highly reactive volatile organic compounds) emissions, but these events 

have the potential to cause significant perturbations in localized emission inventories. In 

addition, variability in emissions was found to have a significant impact on observed 

hydrocarbon concentrations, ozone formation rates, and peak ozone concentrations. 

Unfortunately, there is still a great uncertainty about the exact amount of 

hydrocarbon gas emissions that result from typical industrial operations. Among the 

different sources of industrial gas emissions, combustion flares represent complex 
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systems that require careful investigation. In fact, several studies have proposed that flare 

emissions of HRVOCs may be substantially underestimated by industry, which typically 

assume flares destroy 98% or 99% of the waste gases. These underestimated emissions 

could explain a significant portion of the discrepancy between self-reported plant 

emissions and monitor-reported concentrations of ambient pollutants. 

 

1.2 INDUSTRIAL FLARES AS AN UNDERESTIMATED SOURCE OF GAS EMISSIONS 

Major HRVOC emission sources in the Houston area are cooling towers, 

fugitives, vents and flares. Flare emissions are the second largest source after cooling 

towers. Several experimental studies over the past 20 years have evaluated flare 

efficiencies. These include major flare research programs by the U.S. EPA, the Alberta 

Research Council, and the University of Alberta. Other work includes various studies by 

European companies such as BP and Shell. These studies have consistently shown that 

appropriately designed and operated flares are highly efficient, converting 98-99.5% or 

more of the hydrocarbon feed to carbon dioxide and water. However, in certain 

situations, particularly for cases of incomplete liquid knock-out, low Btu flare gas, or 

high wind conditions, the efficiency could be lower. For example, the Alberta Research 

council found efficiencies as low as 62% for unpiloted field pipe flares, with no flame 

stabilization or wind protection, subjected to liquid hydrocarbon carryover. 

From 1981-86,  EPA worked with Energy and Environmental Research (EER, in 

Irvine, California) to quantity the efficiency of industrial flares under different 

conditions. Most of the work, particularly the initial testing, used propane and nitrogen 

under quiescent ambient correlations. Experimental and commercial flare tips up to 12-

inch diameter were used. A wide range of experimental conditions were examined 

including as heating values, effects of steam injection, and air to gas ratios. The main 



 5 

conclusion of the program was that stable flare flames and high (>98-99 percent) 

combustion and destruction efficiencies are attained when the flames are operated within 

operating envelopes specific to each flare head and gas mixture tested. Operation beyond 

the edge of the operating envelope results in rapid flame de-stabilization and a decrease 

in combustion and destruction efficiencies. See Pohl et al., (1986) and the EPA report 

(1984) for more details. 

The Alberta Research Council (ARC) (1996) supported research that showed that 

pure gas streams such as methane, propane, and commercial natural gas burned with a 

high degree of efficiency (98% or greater) under most conditions employed in laboratory 

or pilot plant tests. The greatest negative effect on efficiency resulted from the addition of 

liquid hydrocarbons droplets to the gas. The pilot plant tests, which used mixtures of gas 

and condensate (primarily heptane), also identified crosswinds as a potentially negative 

influence on flare efficiency. 

A second Canadian study by the University of Alberta (2000) found that flares 

burned very efficiently in stagnant air. As crosswind increases, however, the efficiency 

can decline. According to this study, combustion efficiency also decreased with 

decreasing Btu content of the gas and with decreasing diameter of the stack. In fact, 

larger diameter flares, or flares with higher exit velocities, would burn efficiently in even 

stronger winds, because of the stabilizing effects of increased exit velocity and stack 

diameter. Fuels with lower heat content however, were found to be much more 

susceptible to wind.  

The University of Alberta findings are consistent with those of both the EPA and 

ARC. All three studies found that in the absence of cross-wind and liquid droplets, 

experimental flares are extremely efficient. Both ARC and the University of Alberta 

performed further tests on experimental flares with hydrocarbon droplets in the gas, and 
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found that combustion efficiency declines. ARC followed this with field tests of flares 

with hydrocarbon droplets in the gas, and again found reduced efficiencies. All three 

studies identified the heating value of the gas a stabilizing factor. 

Therefore an extensive body of experimental studies about flare combustion 

efficiencies has been developed over the past two decades. Based on these studies it can 

be generally assumed that flares operate with high efficiency (98% and higher) when 

burning dry, high heat-content hydrocarbon gases, under low to moderate wind 

conditions. However, liquid droplets, low heating values in the gas stream, high 

crosswind and steam injection can reduce the efficiency of these units, resulting in 

significant hydrocarbon emissions to the atmosphere. This dissertation proposes a 

fundamental understanding of flare systems based on computational simulation. The 

proposed flare models will be used to validate previous results and to investigate 

important issues related to flare efficiency and gas emissions. 

 

1.3 RESEARCH OBJECTIVES 

The overall objective of this research is to develop simulation models that allow 

predicting the combustion efficiency of industrial flares and resulting gas emissions 

under several operating conditions. These simulation models will be based on 

fundamental understanding of the chemistry and turbulence phenomena occurring in 

these units. CFD will be used to model the complex flare fluid mechanic problem and 

numerically solve the governing equations that describe the flare phenomena.  

Therefore, the objectives of this dissertation are summarized as follows: 

1.- Build and validate CFD models for laboratory scale, nonpremixed flames that 

have been experimentally studied in detail. Once these small flare models are calibrated, 

some some industrial flare phenomena will be investigated. 
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2.- Develop CFD simulation models to understand the effect of steam and air 

addition into flares, trying to reproduce the conditions at which steam and air are added 

into industrial flare systems. These simulation models will investigate whether 

incomplete combustion of HRVOCs can occur due to oversteaming and overaerating of 

the flares, a common practice in current industrial operations.  

3.-  Develop three-dimensional, CFD simulation models to understand the effect 

of crosswind on flares, which is believed to significantly affect the combustion efficiency 

of these units. These simulation models will show whether incomplete combustion of 

HRVOCs can occur even at moderate/high crosswinds.  

4.- Extend the CFD models to simulate wind-tunnel flares that have been 

previously experimentally studied. Moreover, complex turbulence models (LES) within a 

massively parallel computing approach will be implemented to simulate the unsteady 

buoyant plume behavior, which results from the characteristic pulsating flow of industrial 

flares. 

5.- Propose a novel approach for flare monitoring and flare control based on 

Multivariate Image Analysis (MIA) of the flares. Our CFD simulation models could be 

used a first step to actual implementation. This approach would allow estimating the flare 

combustion efficiency in real time so effective control actions could be taken that 

mitigates the hydrocarbon emissions from industrial flares. 

 

1.4 OVERVIEW OF THIS DISSERTATION 

In this introductory chapter, the air-quality problems in the Houston-Galveston 

area are described and the role of industrial flares as a potential source of gas emissions is 

explained in detail. An overview of the previous experimental studies on flare 

combustion efficiencies is given that show the need for a more fundamental approach to 
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understand these combustion systems. Each of the research objectives is addressed in 

following chapters. 

Chapter 2 gives an overview of the flare system technology. Details of the 

applicable combustion models for flares are also explained, along with the principles of 

Computational Fluid Dynamics. Furthermore, simulation results for a series of non-

premixed combustion flares with increasing finite-rate effects are shown in this chapter. 

Chapter 3 proposes several simulation models for steam-assisted and air-assisted 

flares. First, the effects of steam and air injection on the turbulence, chemistry and 

thermodynamic state of the flare are analyzed. Then, simulation results are used to 

predict the impact of steam and air injection on the flare combustion efficiency and 

resulting gas emissions. 

Chapter 4 describes three-dimensional simulation models of small flares that can 

be used to quantitatively understand the impact of crosswind on industrial flare 

efficiency. The effect of increasing the fuel exit velocity under high crosswind conditions 

is also investigated in this chapter. 

Chapter 5 proposes a complex three-dimensional model for simulating wind-

tunnel flares. A detailed unstructured grid is formulated that is capable to predict the 

complex aerodynamic interactions between fuel, flare stack and crosswind. The effect of 

crosswind velocity on the flare efficiency is also analyzed. Furthermore, simulation of 

some large-scale, wind-tunnel flares is also shown in this chapter.  

Chapter 6 gives details of the application of Large Eddy Simulation (LES) models 

for flare combustion simulation. The LES transport equations are shown, and the 

complex computational procedure is explained in detail. Simulation results of the 

unsteady buoyant plume that result from large eddies within the flame are given. LES 

results are also compared to previous RANS results. 
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Chapter 7 proposes a new approach for flare monitoring based on multivariate 

image analysis (MIA) and principal component analysis (PCA). A critical review of 

current flare technology and their impact on flare efficiency is also given. The procedure 

for creating effective predictive regression models for flare combustion efficiency is 

explained in detail. The main outcome from this chapter is a novel approach for on-line 

monitoring of flare efficiency that could be used for control and mitigation strategies.  

Chapter 8 summarizes the main contribution of this dissertation and establishes 

some recommendations for future work. Several steps that could mitigate flare emissions 

are proposed, and finally a list of recommendations for industry and regulators are 

provided.  
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CHAPTER 2 

Computational Fluid Dynamics for Flare Combustion Simulation  

 

2.1 FLARE COMBUSTION TECHNOLOGY  

Industrial flares are combustion units designed to safely dispose the waste gases 

from chemical and petrochemical plants. There are two types of flares, elevated and 

ground flares. In elevated flares a waste gas stream is fed through a stack anywhere from 

10 to over 100 meters tall and is combusted at the tip of the stack leading to a large 

turbulent flame. This dissertation focuses on elevated flare since they are the most 

common type in industry.  

A series of elevated industrial flares are shown in Figure 2.1. 
 

 

Figure 2.1: Typical industrial elevated flares systems under flaring events. 

A typical flare system (John Zink, 2000) consist of (1) a gas collection header and 

piping for collecting waste gases from processing units, (2) a knockout drum 

(disentrainment drum) to remove and store condensable and entrained liquids, (3) a liquid 
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seal and  (4) a purge gas supply to prevent flash-back, (5) a flare stack, (6) a gas burner 

that helps prevent flash back, (7) gas pilots and an ignitor to ignite the mixture of waste 

gas and air, (8) a flare tip, and (9) steam nozzles. A schematic representation of a typical 

steam-assisted flare is shown in Figure 2.2. 
 

 

Figure 2.2: Diagram of a typical elevated, steam-assisted flare. 

Flaring is a high-temperature oxidation process since it is used to burn 

combustion components, mostly hydrocarbons, of waste gases from industrial operations. 

Natural gas, propane, ethylene, propylene, butadiene and butylenes constitute over 95 

percent of the waste gases flared. However, typical flare gas composition and flow rate 

are highly variable since these units are typically used for non-routine events, such as 

upsets, startup shutdowns, and plant emergencies. Flow rates at a large refinery could be 

from 100-200 pounds per hours for relief valve leakage but could reach a full plant 

emergency rate of 750 tons/hr. Normal process blowdowns may release 1000-2000 lb/hr, 
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and unit maintenance or minor failures may release up to 50 tons/hr. The required flare 

turndown ratio for this typical case is over 15,000 to 1. 

Flare efficiency is defined as combustion efficiency. Ideally, the gaseous 

hydrocarbons react with atmospheric oxygen at the flare tip to form carbon dioxide (CO2) 

and steam (H2O). In reality, during a combustion reaction, some stable intermediate 

hydrocarbon products are formed that can escape as emissions. Emissions from flaring 

include carbon particles (soot), unburned hydrocarbons, CO, and other partially burned 

and altered hydrocarbons. Also emitted are NOx and SO2, if sulfur-containing material 

such as hydrogen sulfide or mercaptans is flared. The fraction of hydrocarbon gases that 

is totally burned to CO2 is a measure of the flare combustion efficiency, and it is a 

complex parameter that depends on many operating and design conditions. 

Flares can also affect their environment by generating smoke and noise. 

Regulatory agencies typically define limits in the noise level and in the amount of time a 

flare can smoke. For this reason, it is sometimes necessary to inject an assist medium 

such as steam or air in order to achieve smokeless burning and to meet smoke emission 

regulations. Moreover, flare stacks are often the tallest structures in the plant, therefore, 

they have a significant visual impact in their surroundings. 

 

2.2 FLARE COMBUSTION MODELING 

The starting point to model any reacting flow problem is the set of governing 

transport equations for mass, species, momentum and energy.  Unfortunately, direct 

solution of these governing transport equations for industrial flares is very difficult. First 

of all, industrial flares are clearly turbulent, and direct numerical simulation of turbulent 

flows is not possible because of the wide range of time and length scales. Thus some type 

of turbulence model must be applied. Secondly, realistic chemical mechanisms for 
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hydrocarbon combustion cannot be described by a single reaction equation. Such models 

may include tens of species and hundreds of reactions which are known in detail for only 

a limited number of fuels. Hence some chemistry simplification must be made. 

Furthermore, it is necessary to deal with complex turbulence-chemistry interaction due to 

the sensitivity of reaction rates to local changes. 

2.2.1 Governing Transport Equations for Flares 

Traditionally, turbulence modeling has been accomplished in combustion 

problems using Reynolds Average Navier-Stokes equations (RANS). This approach 

assumes that turbulent flow variables can be decomposed into a mean and a fluctuating 

part, so the effect of the turbulent eddies is parameterized globally through some more-

or-less complex turbulence model. RANS models have been applied successfully in many 

practical combustion problems due to its simplicity and acceptable description of the flow 

behaviour. For most of the work presented in this dissertation, RANS model has been 

applied. Chapter 6 describes the application of a more sophisticated turbulence model 

(Large Eddy Simulations, LES) for flare simulation. 

The steady state, Reynolds-averaged Navier-Stokes equations are given below: 

Continuity equation  
 

0)( =⋅∇ vρ       (2.1)  
 

where ρ is the density of the fluid and v  is its ensemble-averaged velocity vector. 

Momentum conservation equation 
 

)''))((()( vvvvpvv T ρµρ −∇+∇⋅∇+−∇=⋅∇    (2.2) 
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where 'v  is the turbulent fluctuation of the velocity vector, µ  is the dynamic 

molecular viscosity of the fluid, and p  is the pressure. The overbars denote mean values. 

The Reynolds stresses, ''vvρ , are extra terms that stem from decomposing solution 

turbulent variables into the mean and fluctuating components; these terms must be 

modeled in order to close Equation (2.2). A common approach employs the Boussinesq 

hypothesis to relate the Reynolds stresses to the mean velocity gradients: 
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where the Einstein summation notation is being used; that is, ijδ  the Krönecker 

delta, tυ  is the eddy kinematic viscosity and k  is the kinetic energy of turbulence, 

defined by 
 

ii vvk ''
2

1=         (2.4) 

The Boussinesq approach is used in the ε−k  model, which is the turbulence 

model applied in this work. The advantage of this approach is the relatively low 

computational cost associated with the computation of the eddy viscosity. For the ε−k  

model, the eddy viscosity is obtained from the Prandtl-Kolmogorov relation:  
 

ε
υ µ

2kC
t =                  (2.5) 

 

where ε  is the rate of turbulent kinetic energy dissipation. 

Robustness, economy, and reasonable accuracy for a wide range of turbulent 

flows explain the popularity of this model in industrial flow and heat transfer simulations.  
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Energy conservation equation 

When considering heat transfer within the fluid and/or solid regions of the 

problem, it is also necessary to solve the energy equation. This equation is given in a very 

general form below: 
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where effk is the effective conductivity, iJ
r

is the diffusion flux of species i and h is 

enthalpy. 

Species transport equations 

Finally, for reacting systems the species transport equations must be solved. In 

general form, this equation is given by: 
 

( ) ( ) iiii RJYvY
t

+⋅−∇=⋅∇+
∂
∂ ρρ    (2.7) 

 

where iR  is net rate of production of species i by chemical reaction.  

As commented earlier, typical combustion reactions involve hundreds of species 

and reactions, which are known in detail for only a limited number of fuels. The CPU 

requirement to solve such problems rigorously increases in proportion with the number of 

species. This difficulty has motivated the development of reduced mechanisms that retain 

only the limited set of species and reactions necessary to capture the essential features of 

the chemistry. Some of these reduced kinetic mechanisms that are useful for flare 

simulation will be presented later in this dissertation. 

Finally, it should be noticed that buoyancy will not be considered for most of the 

simulations presented in this work. Notice that buoyancy may be important only for large 
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flames with low fuel velocities, although it also complicates the numerical solution of the 

problem. 

 

2.2.2 Turbulence Modeling: Standard k-ε Model  

Among the different turbulence models that can be applied within RANS, the 

simplest “complete models" are two-equation models in which the solution of two 

separate transport equations allows the turbulent velocity and length scales to be 

independently determined. The standard k-ε model falls within this class of turbulence 

model and has become the workhorse of practical engineering flow calculations in the 

time since it was proposed by Launder and Spalding (1972). Robustness, economy, and 

reasonable accuracy for a wide range of turbulent flows explain its popularity in 

industrial flow and heat transfer simulations. It is a semi-empirical model, and the 

derivation of the model equations relies on phenomenological considerations and 

empiricism.  

For the standard k-ε model, the turbulence kinetic energy, k, and its rate of 

dissipation, ε, are obtained from the following transport equations: 
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In these equations, kG  represents the generation of turbulence kinetic energy due 

to the mean velocity gradients. bG  is the generation of turbulence kinetic energy due to 

buoyancy. MY represents the contribution of the fluctuating dilatation in compressible 
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turbulence to the overall dissipation rate. Details on how to calculate these terms can be 

found in Fluent User´s guide (2005). ε1C  and ε2C  are constants and kσ  and εσ are the 

turbulent Prandtl numbers for k and ε, respectively.For this model, the default values are 

constants: 
 

ε1C =1.44  ,  ε2C =1.92    ,    µC =0.09      , kσ =1.0       and      εσ =1.3 

These values have been determined from several experiments and they have been 

found to work fairly well for a wide range of wall-bounded and free shear flows.  

2.2.3 Applicable Combustion Models 

In addition to model turbulence and chemical reactions, the interactions between 

turbulent fluid dynamics and chemical kinetics must be considered for flare systems. In 

fact, these turbulence-chemistry interactions can have significant effects on flame 

stability and pollutant formation in combustion systems. Several combustion models have 

been proposed over the last decades to model these turbulence-chemistry interactions. 

The ones below are especially suitable for flares. 

Non-premixed model (mixture fraction + PDF) 

This well-known model assumes that the species and enthalpy transport equations 

collapse into a single transport equation for mixture fraction, f, under some specific 

assumptions.  The mixture fraction can be directly related to species mass fraction, 

mixture density, and mixture temperature. Interaction of turbulence and chemistry is 

accounted for with a probability density function (PDF). This model also performs 

equilibrium calculations as infinitely fast chemistry is assumed. In simulation of large-

scale furnaces, this is the most common combustion model.  

Notice that the non-premixed modeling approach involves the solution of 

transport equations for one or two conserved scalars (the mixture fractions). Equations 
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for individual species are not solved. Instead, species concentrations are derived from the 

predicted mixture fraction fields. This greatly simplifies the computational work. A more 

detailed description of this model is given in Appendix A. 

Laminar flamelet model  

This is another classical approach for turbulent combustion, based on an ensemble 

of discrete, steady laminar flames, called flamelets. It is suited to predict moderate 

chemical nonequilibrium due to aerodynamic straining by turbulence. 

The laminar flamelet combustion model can be considered an extension of the 

mixture fraction + PDF model to moderate chemical non-equilibrium systems. This 

model approaches a turbulent flame brush as an ensemble of discrete steady laminar 

flames, called flamelets. The individual flamelets are assumed to have the same structure 

as laminar flames in simple configurations, and are obtained by experiments or 

calculations.  

Hence the flamelet concept views the turbulent flame as an ensemble of thin, 

laminar, locally one-dimensional flamelet structure embedded within the turbulent flow 

field. A common laminar flame used to represent a flamelet in a turbulent flow is the 

counterflow diffusion flame. This geometry consists of opposed, axisymmetric fuel and 

oxidizer jets. As the distance between the jets decreases and/or the velocities of the jet 

increases, the flame is strained and increasingly departs from chemical equilibrium. The 

species mass fraction and temperature fields can be measured in laminar counterflow 

diffusion flame experiments, or, most commonly, calculated.  

In the laminar counterflow flame, the mixture fraction, f, decreases monotonically 

from unity at the fuel jet to zero at the oxidizer jet. If the species mass fraction and 

temperature along the axis are mapped from physical space to mixture fraction space, 

they can be uniquely described by two parameters: the mixture fraction and the strain rate 
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(or, equivalently, the scalar dissipation). This reduction of the complex chemistry allows 

the flamelet calculations to be preprocessed, and stored in look-up tables. 

Thus using detailed chemical mechanisms, we can calculate laminar opposed-

flow diffusion flamelets for non-premixed combustions. The laminar flamelets are then 

embedded in a turbulent flame using statistical PDF methods. 

The advantage of the laminar flamelet approach is that realistic chemical kinetic 

effects can be incorporated into turbulent flames. However, the laminar flamelet model is 

limited to flames with relatively fast chemistry. The flame is assumed to respond 

instantaneously to the aerodynamic strain, and thus the model cannot capture deep non-

equilibrium effects such as ignition or extinction. 

A more detailed description of this laminar flamelet model and corresponding 

equations can be found in Peters (1984). 

Eddy Dissipation Concept model 

The Eddy Dissipation Concept (EDC) model is a more advanced combustion 

model that can theoretically be applied to model finite rate effects. The EDC model is a 

variation of the classical Eddy-dissipation model based on the work of Magnussen and 

Hjertager (1976).  In the classical approach rates of reaction were assumed to be 

controlled by the turbulence, so expensive Arrhenius chemical kinetic calculations could 

be avoided. For the EDC model the net rate of production of species i is given by the 

smaller (i.e., limiting value) of these two terms: the eddy-dissipation rate and the 

Arrhenius rate. That is, the net reaction rate is taken as the minimum of these two rates.  

In practice, the Arrhenius rate acts as a kinetic “switch", preventing reaction 

before the flame holder. Once the flame is ignited, the eddy-dissipation rate is generally 

smaller than the Arrhenius rate, and reactions are mixing-limited.  
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The EDC model assumes that reaction occurs in small turbulent structures called 

the fine scales. The volume fraction of the fine scales is modeled as (Gran and 

Magnussen , 1996) 

 
4/3

2k
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= υξ ξ      (2.10) 

where * denotes fine-scale quantities and 

        ξC = volume fraction constant = 2.1377  

          υ = kinematic viscosity 

Thus species are assumed to react in the fine structures over a time scale  
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ξ
υτ τC*  where τC  is a time scale constant= 0.4082 

Here combustion at the fine scales is assumed to occur as a constant pressure 

reactor, with initial conditions taken as the current species and temperature in the cell. 

Reactions proceed over the time scale *τ . ISAT (Pope, 1997) can accelerate the 

chemistry calculations by two to three orders of magnitude, offering substantial 

reductions in run-times. 

Hence the source term in the conservation equation for the mean species i is 

modeled as 
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where *Yi  is the fine-scale species mass fraction after reacting over the time *τ  

The EDC model can incorporate detailed chemical mechanisms into turbulent 

reacting flows. However, it requires more computational work than the mixture fraction 

and laminar flamelet models.  
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Composition PDF transport model  

This sophisticated combustion model can incorporate finite rate chemistry in 

turbulent flames, and accounts for complex chemistry with arbitrary chemical reactions 

(Pope, 1985). In fact, species concentration and temperature in turbulent flow are treated 

as random variables by using probability density functions (PDF). Then, Monte-Carlo 

methods are used to solve the transport equations.  

This approach appears to be a promising tool for combustion modeling because it 

has the ability to eliminate the closure problem. Its main advantage lies in the fact that the 

highly non-linear source term is well defined and does not call for additional modeling of 

turbulent fluctuations of species and temperature. However, these joint PDF methods are 

computationally very expensive, so they will not be considered in this dissertation. 

 

2.3 COMPUTATIONAL FLUID DYNAMICS FUNDAMENTALS 

Analytical solution of the governing transport equations for flare combustion 

systems is not feasible. Clearly, some numerical approach must be considered, but this 

numerical solution is also highly complicated because of the large number of equations 

and variables involved in combustion processes, the high-nonlinearities of some of these 

equations and the need to incorporate complex turbulent, chemistry, radiation models, 

etc. On top of that, the simulation domain that is necessary to simulate an industrial flare 

may be prohibitive in terms of computational work. 

CFD (Computational Fluid Dynamics) is a numerical tool to solve complicated 

fluid flow, heat transfer and chemical reaction models such as for the flare process. CFD 

is based on the numerical solution of the governing transport equations for mass, 

momentum, energy and species, and it represents one possible approach (in addition to 
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experimental and theoretical methods) available to solve fluid dynamic problems. CFD 

has gained in popularity in recent years due to the dramatic increase in computer power. 

Even though some text-books have been written on the subject of CFD and 

industrial combustion, they contain very little discussion of industrial flares. Baukal et 

al., (2001) have recently edited a book that presents many practical problems related to 

CFD applications to industrial combustion. It also collects relevant books, papers, and 

reports in this field. Oran and Boris (1987) have written a significant work on modeling 

reactive flows and have a brief section specifically on one-dimensional flame modeling. 

Oliemans (1991) edited a book on CFD for the petrochemical industry; but surprisingly, 

there was nothing on combustion, which is an important part of most petrochemical 

processes. Gosman (1998) has given a review of recent developments in the use of CFD 

for modeling general industrial processes. Warnatz et al., (1996) have written a brief 

treatise on various aspects of combustion including modeling and simulation, but have no 

discussion of industrial combustion processes. 

There have also been several books written on the more practical aspects of 

combustion. Stambuleanu’s (1976) contains information on actual furnaces, with much 

data on flame lengths, flame shapes, velocity profiles, species concentrations, and liquid 

and solid fuel combustion. Perthius (1983) provided significant discussion on flame 

chemistry. Khalil (1982) presented models for six large-scale industrial furnaces that had 

published experimental data for comparison. Other general references on combustion are 

Oran and Boris (1991), Larrouturou (1991) and Lilley (1998). 

There is a large body of experimental and simulation studies for the nonpremixed 

combustion flames. A comprehensive review on the subject of experimental data and 

single point measurements using laser Rayleigh and Raman scattering techniques is given 
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by Masri et al. (1990). In addition, Barlow and Karpetis (2004) have recently presented 

an excellent work on measurements for turbulent piloted flames. 

In terms of combustion modeling of nonpremixed flames, the laminar flamelet 

model has been applied and analyzed in detail by Sanders et al., (1997) and Ferreira 

(1996). The application of the eddy dissipation concept model (EDC model) has also 

been analyzed by several authors.  

Masri and Pope (1990) have proposed using the joint velocity mixture fraction 

PDF transport equation to calculate the velocity, turbulence, and mixture fraction fields in 

a series of piloted turbulent jet flames. This type of PDF methods have been proved to be 

very accurate in modeling nonpremixed flames like the ones considered in this chapter.  

Another interesting topics like the problem of differential diffusion in 

nonpremixed systems has being analyzed by Yeung and Pope (1993), Kronenburg and 

Bilger (1997) and Nilsen and Kosaly (1997). These authors have used DNS to gain a 

better understanding of the underlying physics in this type of flames. Pitsch et al. (2000) 

have presented a calculation of soot volume fraction in turbulent diffusion flames using 

unsteady laminar flamelets.  

The most common turbulence model used in all these calculations was the k- ε 

model and the Reynolds stress model (RSM). More references about simulation studies 

for nonpremixed flames can be found at Peters (2000). 

The flames considered in this chapter in order to understand flare phenomena 

have been previously simulated by several authors that used different approaches. Flame 

A, which is also known in the literature as DRL A flame, has been studied in detail. For 

example, Kim et al., (2005) analyzed the simulation of this flame using a second-order 

condition moment closure model (CMC) and results were in good agreement with 
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experimental data. RANS was used for turbulence modeling. Kempf et al., (2001) used 

LES (Large Eddy Simulation) to capture some important details in the flame. 

Likewise, Flame S has been simulated by Hewson and Kerstein (2001) by using a 

stochastic approach. For Flame D, many simulations studies have been presented over the 

last years and some of them have been collected at the TNF3 and TNF4 workshops (see 

TNF reference). In general, calculations show a wide spread in the results for the overall 

flow field as represented by the axial and radial profiles.  

Probably the best results for this flame were obtained by Xu and Pope (2000) 

using PDF calculations. These authors showed that the PDF method is capable of 

describing, quantitatively, the phenomena of local extinction and reignition (as functions 

of jet velocity and axial distance) that is observed in this flame 

 

2.3.1 The Final Volume Approach 

This work uses the commercial CFD software Fluent 6.2 as an integrated package 

that incorporates complex turbulence, chemistry, combustion and numerical models. 

Broadly, the strategy of Fluent (and any other CFD application) is to replace the 

continuous problem domain with a discrete domain using a grid. In this discrete domain, 

the governing transport equations are discretized and flow variables are solved only at the 

grid points. The values at other locations are determined by interpolating the values at the 

grid points. Hence the set of partial differential equations that define the system 

(Equations 2.1 to 2.7) are converted into a set of algebraic equations, which must be 

finally solved.  

Fluent uses a control-volume-based technique to convert the governing equations 

to algebraic equations. In the finite-volume approach, the integral form of the 

conservation equations are applied to each control, yielding discrete equations that 
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conserve each quantity on a control-volume basis. This discretization of the governing 

equations can be illustrated most easily by considering the steady-state conservation 

equation for transport of a scalar quantity φ . This is demonstrated by the following 

equation written in integral form for an arbitrary control volume as follows:  
 

∫∫∫ +⋅∇=⋅ dVSAdAdv φφ φΓρφ
rr

r

   (2.12)  

 
 

Where φΓ  and φS  are the diffusion coefficient for φ  and the source of φ  per unit 

volume respectively. 

This equation is applied to each control volume, or cell, in the computational 

domain. 

Discretization of the equation on a given cell yields: 
 

( )∑∑ +⋅∇=⋅
facesfaces N

f
fn

N

f
fff VSAA φφ φΓφρ

rr

   (2.13) 

 
 

Where Nfaces is the number of facer enclosing the cell, ( )nφ∇ is the magnitude of 

( )φ∇  normal to the face f , and fφ is the value of φ  through face f. 

 

2.3.2 CFD Solution Process 

Schematically, the numerical solution process consists of the following steps: 

1. Mesh of the domain into discrete control volumes using a computational grid. 

2. Discretization of the governing equations on the individual control volumes to 

construct algebraic equations for the discrete dependent variables (“unknowns”) such as 

velocity, pressure, temperature, and conserved scalars. 
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3. Linearization of the discretized equations so a system of linear equation can be 

obtained. 

4. Solution of the resultant linear equation system. 

Fluent solves the equation system iteratively, where a single iteration consists of 

the steps outlined below:  

a) Fluid properties are updated for each cell, based on the current solution. If the 

calculation has just begun, the fluid properties will be updated based on the initialized 

solution. 

b) The momentum equations are each solved in turn using current values for 

pressure and face mass fluxes, in order to update the velocity field. The solution of this 

and further linear system of equations is accomplished by using a multigrid technique. 

c) Since the velocities obtained in Step b) may not satisfy the continuity equation 

locally, a "Poisson-type'' pressure correction equation (obtained from the continuity 

momentum equation) is solved to obtain the necessary corrections to the pressure and 

velocity fields and the face mass fluxes such that continuity is satisfied.  

d) Where appropriate, equations for scalars such as turbulence, energy, species, 

and radiation are solved using the previously updated values of the other variables.  

e) A check for convergence of the equation set is made. 

 

These steps are continued until the convergence criteria are met. Then, simulation 

results should be analyzed and validated with experimental data. 

 

2.4. LAB-SCALE FLARES STUDIED 

The main difficulties in simulating industrial flares have been explained in 

previous sections. On top of those physical and mathematical problems, there is a serious 
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lack of industrial flare data that could be potentially used to validate any flare CFD model 

of these combustion systems.  

For this reason, as a first step to flare modeling, three different combustion flames 

of different sizes and compositions have been simulated in this chapter. These 

nonpremixed flames are lab-scale flames, although they present Reynolds numbers that 

are comparable to industrial flares. By simulating these small flares, useful understanding 

of some industrial flare phenomena will be presented in chapters 4 and 5. 

These small flares are part of the International Workshop on Measurement and 

Computation of Turbulent Nonpremixed Flames (TNF), and extensive experimental data 

on temperatures and composition are included (see TNF reference). The main 

characteristics of the flames are described below: 

 

FLARE A:  CH4/H2/N2 Jet Flame (DLR Stuttgart/TU Darmstadt/Sandia) 

Fuel composition: CH4 (22.1%), H2 (33.2%) and N2(44.7%) by volume. 

Fuel exit velocity:  42.15 m/s  (Re=15200) 

Nozzle diameter: 8mm 

LHV: 10.92 MJ/m3 

 

FLARE S: CO/H2/N2 Jet Flame (Sandia/ETH Zurich)  

Fuel composition: CO (40%), H2 (30%) and N2(30%) by volume. 

Fuel exit velocity:  76 m/s  (Re=16700) 

Nozzle diameter: 4.58mm 

LHV: 7.87 MJ/m3 

 

FLARE D:  CH4/Air Jet Flame (Sandia/ TU Darmstadt) 
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Fuel composition: CH4 (25%), Air (75%) by volume. 

Fuel exit velocity:  49.6 m/s  (Re=22400) 

Nozzle diameter: 7.2 mm 

Pilot composition: CO (0.4%), CO2(11%), H2O(9.4%), O2(5.4%), N2(73.8%)  

Pilot exit velocity: 11.4m/s 

Pilot nozzle outer diameter:18.2 mm 

LHV: 8.51 MJ/m3 

 

These three flares are characterized by increasing levels of finite rate chemistry, 

i.e., chemical kinetics. In fact, FLARE A can be considered a well-stabilized flame and 

close to local equilibrium at any point, so finite rate effects are not relevant. On the other 

hand, FLARE S presents some moderate level of non-equilibrium effects, so finite rate 

effect chemistry must be considered for its simulation. Finally, FLARE D exhibits some 

small localized regions of extinction, and finite rate chemistry becomes important for its 

simulation. 
 

2.5 SIMULATION RESULTS  

The computations were carried out using Fluent 6.2 after making the mesh in 

GAMBIT 2.0. The simulation was performed using a 2-D system axisymmetric model. 

Hence one half of the domain was modeled with CFD code to save computational work. 

Steady state time-averaged solutions were obtained. Pressure operation was taken as 1 

atm (101325 Pa). The flow has very low Mach number and therefore could be considered 

incompressible. Turbulence was modeled by using the classical k-ε turbulence model. 

The flow domain mesh was packed towards the axis of symmetry. An schematic 

representation of the simulation domain for Flare A is shown in Figure 2.3. 
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In order to describe the chemistry of the flames, appropriate chemical reaction 

mechanisms were included. For this purpose, CHEMKIN files with detailed kinetic and 

thermo information were successfully implemented in Fluent, and are briefly described 

below.  

FLARE A: A 19 species and 84 reactions CHEMKIN file (DRM19.che) based on 

the work of Kazakov and Frenklach (1994) was used. It was developed by truncation of 

the original GRI-Mech (Frenklach et al., 1995) with the objective of developing the 

smallest set of reactions to reproduce closely the main combustion characteristics 

predicted by the full mechanism GRI-Mech. 

FLARE S: A CHEMKIN file (Drake67.che) that included detailed 22 species and 

67 reversible reactions was used. This reaction mechanism is based on the work of Drake 

et al. (1989). 

FLARE D: A CHEMKIN file (CH4-skel.che) that included 16 species and 41 

reactions was imported from a Fluent database.  

The simulation procedure followed was as follows. An initial solution for the 

three flames was obtained by using a simple combustion model in Fluent (mixture 

fraction model or flamelet model). From that initial solution, the Eddy Dissipation 

Concept (EDC) model was used to refine the results. To solve for the fine scales, the 

ISAT algorithm (Pope, 1997) was applied to the resulting transient system of equations. 

Notice that the EDC model can incorporate detailed chemical mechanisms into turbulent 

reacting flows, though it requires more computational effort than the mixture fraction and 

laminar flamelet models. 

Boundary conditions for the flame simulations are briefly summarized below. For 

the inlet streams (fuel inlet, pilot inlet, coflow of air,…), velocity inlet was used in Fluent. 

The species mass fractions were set based on the inlet gas compositions. The turbulent 
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parameters of turbulence intensity I and hydraulic diameter DH were specified to 

approximate turbulence. When considering the thick walls of the nozzles, they were set 

as wall boundary condition (metal material with heat flux activated). Moreover, boundary 

conditions at the outside must be defined to represent an unconfined boundary. This was 

typically achieved by using the pressure outlet condition in Fluent. Figure 1 shows a 

schematic representation of the flame and the simulation domain geometry used in Fluent 

to simulate Flame A. 

The segregated, steady state solver was used for all computations. After the 

preliminary solution was obtained with the non-premixed/mixture fraction approach, the 

species model was set up as an EDC model. The chemistry was updated at each flow 

iteration, and the energy equation was enabled. The standard k-ε viscous model was used 

with default values for the model constants. However, a well-known deficiency of the 

standard k-ε model is that it overpredicts the spreading rate of a round jet, so a slightly 

modified value of 1Cε  was entered for each flame ( 1Cε =1.56, 1.51 and 1.52 for Flame A, 

S and D respectively). A sensitivity analysis for this parameter is shown in Appendix C. 

The ISAT method was used to save computational work. The Absolute and 

Relative Error Tolerances were set as 1 610−× and 1 910−× respectively. The ISAT Error 

Tolerance was set as 1 410−× . The maximum storage capacity was set as 200 MB. The 

reference time step was set as 0.001. The number of trees and verbosity were set as 8 and 

0 respectively. A second order upwind scheme was used for all equations. The SIMPLE 

algorithm with multi-grid solver was used to couple pressure and velocities. Under-

relaxation factors were initially set as default values, although they were adjusted at the 

final iterations in order to get the solution converged.   
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Figure 2.3:  Schematic representation of the flame and geometry of the flow domain for 
Flare A. 

The flow was always initialized from fuel inlet conditions. Equation residuals 

were checked after each iteration for convergence. The convergence criterion based on 

residuals was set as 1 610−×  for each equation (continuity, x-velocity, y- velocity, energy, 

k, epsilon, species...). In order to validate the application of Fluent for steam and air 

addition simulation, the three flames previously discussed were simulated so the model 

predictions could be compared to existing experimental data. Figures 2.4, 2.5 and 2.6 

show the axial profiles of temperature (T), axial velocity (U) and important species mass 
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fractions ( χ ) for Flare A, S, and D, respectively. Results are shown as a function of x/D, 

where x is the axial position and D represents the burner diameter of each flame. 

Figures 2.7, 2.8 and 2.9 show the computed contours for temperature, mixture 

fraction and several species mass fractions for Flare A, S and D respectively. These 

figures give an idea of how the reactants are consumed within the flame.  Notice, for 

example, that the highest temperatures in Flame A (1910 K) are reached around 40-50 cm 

above the burner exit. Up to that point, oxygen is rapidly consumed so there is no oxygen 

in the flame interior. 
 
 
  
 
 
 
 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: Predicted (solid lines) and measured (dots) axial profiles of temperature, axial 
velocity and species mass fractions for CH4 and CO2 (FLARE A). 
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Figure 2.5: Predicted (solid lines) and measured (dots) axial profiles of temperature, axial 
velocity and species mass fractions for CO and CO2 (FLARE S). 

As we can see from these figures, the simulation results match the experimental 

data very well for the three flames. As commented earlier, the parameter 1Cε of the k-ε 

viscous model was slightly adjusted for each flame in order to better fit the experimental 

data. Improvement was also obtained after grid adaptation based on temperature 

gradients. Axial profiles were used as the main indicator of good agreement between 

simulation and experiment. Radial profiles were not a high priority, although they were 

also used for comparison (results are not presented here; see appendix B).  

These simulation results show that accurate simulation of lab-scale, non-premixed 

flames is possible using computational fluid dynamics. The agreement between the 

experimental data and the simulation results is very good. A set of flames with increasing 
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finite rate chemistry was used for validating the simulation models. From here, flare 

phenomena such as steam injection, air injection and high crosswinds can be studied and 

their impact in the resulting combustion efficiency can be quantified. This is shown in 

Chapters 3 and 4 of this dissertation. 

 
 
       
       
 
  
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 

Figure 2.6: Predicted (solid lines) and measured (dots) axial profiles of temperature, axial 
velocity and species mass fractions for CH4 and CO2 (FLARE D). 
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Figure 2.7 Computed contours for a) Temperature (K), b) Mixture fraction, c) O2 mass 
fraction and d) CO2 mass fraction  (FLARE A).    
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Figure 2.8. Computed contours for a) Temperature (K), b) H2O mass fraction, c) CO mass 
fraction and d) H2 mass fraction (FLARE S). 
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Figure 2.9: Computed contours for a) Temperature (K), b) CH4 mass fraction, c) CO2 

mass fraction and d) H2O mass fraction (FLARE D). 
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CHAPTER 3 

Simulation of Steam-Assisted and Air-Assisted Flare Combustion 
Systems 

 

Smoking flares represent visual evidence of atmospheric emissions from 

industrial plants, so smoke suppression has become an important issue of public concern. 

In fact, current environmental regulations limit the amount of time a flare can smoke. 

Steam-assisted and air-assisted flares are designed to provide smokeless combustion by 

adding steam or air into the combustion zone, which promote turbulence for mixing and 

educt more air into the flame. In addition, the injection of steam also presents beneficial 

chemistry interactions with carbon particles. On the other hand, experimental studies 

have shown that an excess of steam or air could dramatically reduce the flare efficiency, 

leading to large emissions of HRVOCs (highly reactive volatile organic compounds). 

This chapter is intended to improve understanding of the thermochemistry effects of 

steam and air addition into flares and their impact on the flare combustion efficiency. 
 

3.1 THE STEAM ADDITION AND AIR ADDITION PROBLEMS 

Steam-assisted flares are designed to provide smokeless combustion by adding 

steam into the combustion zone. However, the effect of steam injection into hydrocarbon 

flares is not quantitatively understood, since little fundamental research has been 

performed on this topic. Several experimental studies have been performed during the 

past 25 years. McDaniel (1983) used direct sampling to determine the combustion 

efficiency and hydrocarbon destruction efficiency for both air- and steam-assisted 

smokeless flares over a wide range of operating conditions. He found that low 
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efficiencies could result when excessive steam quenched the flame. Further studies by 

Pohl et al. (1986) showed that oversteaming could result in a flare operating outside its 

stable flame envelope; under these conditions the flame became unstable and low 

combustion efficiencies were obtained. 

However, not all plants have large amounts of steam available for use by the flare. 

Some plants prefer not to use steam to avoid freezing problems; other plants cannot 

commit water to make steam for smoke control, or do not have an installed boiler. To 

meet this need, air-assisted flares are used to produce smokeless combustion in industrial 

flares. 

Here we propose the application of computational fluid dynamics to quantitatively 

analyze the effect of steam and air addition into flares. The commercial software package 

Fluent 6.2 is applied for this purpose. A parametric analysis is carried out for several 

steam/fuel and air/fuel ratios, and temperature and species profiles are presented. 

Material balances compute the resultant combustion efficiency. The main goal of this 

chapter is to observe how incomplete combustion of hydrocarbons may occur at high 

steam/fuel or air/fuel ratios up to the point where the flame gets extinguished. In addition, 

our simulations show that the flame combustion efficiency is strongly related to the 

heating value of the fuel gas, and that inefficient combustion may occur for feed gas 

heating values below 7.45 MJ/m3 (200 Btu/scf), which has also been observed in 

industrial flares. 
 

3.2 STEAM ADDITION FUNDAMENTALS 

Steam addition into flares has been used for some time to reduce smoking by 

hydrocarbon flames. While steam injection is a well-known method for adding 
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momentum, steam also provides smoke suppression benefits due to gas dilution and 

participation in the chemistry of the combustion process (John Zink Company, 2000). 

A number of different techniques are used to inject steam into flares. A basic 

schematic representation of the existing techniques is given in Figure 3.1 for four 

different flare configurations. For example, design (d) increases the quantity of the steam 

added to improve smokeless capacity. 
 
 
       
                                                                                 
 
 
 
 
 
 

 
      a)                    b)         c)         d) 
 

Figure 3.1: Schematic representation of steam addition technology for a) non steam 
assisted flares, b) upper steam ring, c) upper steam ring + center steam tube 
and d) upper steam ring + center steam tube + inner steam tubes. 

3.2.1 Turbulence and mixing 

A diffusion flame receives its combustion oxygen by diffusion of air into the 

flame from the surrounding atmosphere. The high volume of fuel flow in a flare may 

require addition of more combustion air at a faster rate than simple gas diffusion can 

supply. Smoke can be produced when insufficient air is present in the flame.  

Steam jets have proved to be one of the most effective ways to mix air and waste 

hydrocarbon gases by increasing the turbulence in the reaction zone. High velocity steam 

injection nozzles increase gas turbulence, and this provides mixing between the air and 

the fuel gas for better combustion. The steam jets also educt more air from the 



 41 

surrounding atmosphere into the combustion zone. These jets act to gather, contain, and 

guide the gases exiting the flare tip, which prevents wind from causing flame pulldown 

(downwash) around the flare tip. Injected steam, educted air, and fuel gas combine to 

form a mixture that can burn without smoke. 

Therefore steam injection reduces the possibility of smoke formation by 

improving mixing of air and fuel and providing more oxygen for combustion. Increasing 

turbulence can only be provided by flares with steam jets.  

Air- and pressure-assisted flares may also be used for the same purpose. However, 

they are selected for smoke suppression in applications without available steam. 

Experimental data demonstrates these techniques are not as effective as using steam, 

which is due to the chemical interactions of the steam and fuel. 

3.2.2 Chemistry  

There are several mechanisms by which steam affects the flame chemistry. A 

brief description of these mechanisms is presented below: 

a) In smoking flames, steam reacts with hot carbon particles to form CO, CO2, 

and H2 from soot. Steam removes the carbon before it cools and forms smoke. Moreover, 

dissociation of steam at flame temperatures produces beneficial H- and -OH radicals, 

which helps convert the carbon into CH2- and -CHO radicals. These act to hold the 

carbon in the gaseous phase and inhibit solid carbon production. This function will not be 

similarly fulfilled by other inert gases. Finally, steam reduces both the temperature and 

partial pressure of the waste gas, thus reducing polymerization reactions and thermal 

cracking. 

b) Steam also reacts with intermediate combustion products to form compounds 

that readily burn at lower temperatures. Moreover, steam reacts through the water-gas 
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shift reaction (CO + H2O → CO2 + H2), increasing the conversion of carbon in the flame 

to CO2.  

c) Steam molecules may separate hydrocarbon molecules, preventing formation of 

long-chained oxygenated compounds that burn at a reduced rate. 

In previous research on analyzing the chemistry interaction of steam on a 

premixed flame, Muller-Dethlefs et al. (1976) experimentally studied this issue and 

claimed that the concentration of OH radicals play a major role in inhibiting carbon 

formation. According to this analysis, the concentration of OH radical is increased with 

steam addition and this excess of OH radicals reacts rapidly with the carbon particles 

during all phases of their growth, thus reducing carbon formation. The role of OH 

radicals in smoke suppression has also been studied by Zhao and Yamashita (2002). Soot 

formation is a very complex chemical phenomenon and is not well-understood from a 

mechanistic point of view. Some CFD codes use semi-empirical models that predict soot 

formation, though their validity must be carefully corroborated with experimental data. In 

any case, it is important to remark that smoke does not necessarily indicate a significant 

inefficient combustion. Seebold (2003) pointed out that soot formation typically 

contributes <0.5% to the unburned hydrocarbons so that combustion efficiency can be 

>99% even for smoking conditions. Therefore smoke, though being undesirable, may not 

represent the largest contribution to the combustion inefficiency and flare pollutant 

emissions. Steam injection is advantageous in the sense that it eliminates that smoke. 

However, excess steam addition may have a more important deleterious impact on the 

flare combustion efficiency, and therefore on the flare emissions. 

3.2.3 Thermodynamics 

So far we have discussed the beneficial effects of using steam in the mixing and 

chemistry of the flame. Adding steam to the flame has an immediate impact on the flame 



 43 

temperature because the steam also acts a heat sink. Excessive steam addition can 

decrease the temperature of the flame to the point where inefficiency becomes a concern. 

For large steam/fuel ratios, the flame can be extinguished so that unburned hydrocarbons 

are released to the atmosphere. Thus evaluating the thermodynamic effects of steam 

addition are crucial in analyzing the problem of oversteaming combustion flames. In fact, 

it was found that the decrease in combustion efficiency for oversteaming is similar to the 

overaeration in air-assisted flares (Zeeco, 2003). This clearly indicates that, at some 

point, the excess of steam simply acts a heat sink. 

Simulations presented later in this paper show that the effect of steam addition 

strongly depends on the heat content of the fuel gas. Lower heating values (LHV) are 

obtained by assuming that water vapor is obtained in the combustion products.  The LHV 

of a mixture of gases can be obtained from the individual LHVs. Gases with low heating 

values (low Btu gases) are more prone to inefficient combustion because low 

temperatures prevent the combustion reactions from being complete. This is why U.S. 

regulatory requirements impose a minimum LHV for steam-assisted flares. This 

minimum is based on the EPA/CMA (1983), EPA/EER (1985) and EPA/Dupont (1998) 

testing programs that were carried out to study the efficiency of industrial flares.  

Based on the results of these testing programs, environmental standards such as 

40 CFR § 60.18 state that industrial flares achieve 98% efficiency on gas streams with 

heat contents of 11.18 MJ/m3 (300 Btu/scf) or higher (notice this does not consider other 

factors like exit gas velocity and wind velocity). Below 11.18 MJ/m3, inefficient 

combustion may occur. Below 7.45 MJ/m3 (200 Btu/scf) the open flame cannot be 

sustained without supplemental fuel.  

In current flaring practices steam is typically added at a rate of 0.01 to 0.6 lb 

steam per lb of flare gas, depending on the carbon content of the flare gas. Typical 
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refinery flares use about 0.25 – 1.0 lb steam per lb of flare gas. In this chapter we 

simulate comparable values of steam/fuel ratios (S) up to the point where the flame is 

extinguished due to excess of steam. We will show that the impact of steam addition on 

the flame depends on the heat content of the fuel gases. 

In our CFD simulations, steam is mixed with the fuel gases before entering the 

reaction zone. Our goal is to develop simulation models that predict the combustion 

efficiency and relate those results to the LHV of the fuel gases 
 

3.3 AIR ADDITION FUNDAMENTALS 

Generally, the air-assisted flare burner consists of a gas burner mounted in an air 

plenum at the top of the flare stack. Relief gas is delivered to the burner by a gas riser 

pipe running coaxially up the center of the flare stack. Low-pressure air is delivered to 

the burner from one or more blowers located near the base of the flare stack. The air 

flows upward through the annular space between the flare stack and the gas riser. The 

first air-assisted flares were often designed to flare small to moderate flow rates. 

Although air assist is not usually used on large flares (because it is generally not 

economical when the gas volume is large, due to air compression costs), the number of 

large air-assisted flares being built is increasing. Air assist can not normally be retrofitted 

onto a flare designed for steam addition. 

The assisted air does not participate effectively in chemical reactions with carbon 

particles as in the steam addition case. However, the supplied air still adds momentum 

and turbulence to the reaction zone, which improves mixing and reduces the possibility of 

smoke formation. Moreover, additional air is induced into the waste gas, providing the 

oxygen necessary to augment smokeless capacity.  
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The amount of air added is typically a portion of the combustion air required. In 

fact, the blower supplies only a fraction of the combustion air required by the smokeless 

flow condition. For most designs, 15 to 50% of the stoichiometric air requirement is 

blown into the flame. The remainder of the required air is entrained along the length of 

the flare flame (John Zink, 2001). 

Advantages of air-assisted flares include  a) lower annual energy costs than 

conventional steam-assisted flares b) lower maintenance costs c) reduced maintenance 

problems associated with steam lines and control and freeze-up of condensate in cold 

climates, and d) extended flare life (forced air cools the flare tips). On the other hand, 

steam-assisted flares typically present greater smoke suppression capacity due to the 

chemical interactions of steam with carbon particles (soot). 
 

3.4 COMBUSTION EFFICIENCY 

The efficiency of a combustion process can be defined in a number of ways but is 

typically described as being either a combustion or a destruction efficiency (Bourguignon 

et al. 1999). Combustion efficiencies focus on the fully oxidized combustion products 

with the goal of completely oxidizing all of the fuel. In the case of hydrocarbon fuels, this 

means that all of the carbon in the fuel must end up as carbon dioxide and not as carbon 

monoxide, soot, or other hydrocarbons (e.g., aromatics, aldehydes, etc.) in order to be 

100% efficient. The combustion efficiency (ηc) used here is defined as the mass flow rate 

of carbon in the form of carbon dioxide produced by the flame, divided by the mass flow 

rate of carbon contained in the organic compounds of the flare stream. Although this 

definition could be better described as a carbon conversion efficiency, the term 

“combustion efficiency” is its traditional designation. Using CxHy to describe a general 

hydrocarbon fuel or fuel blend, this mass-based efficiency is: 
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Flameby  Produced CO in Carbon of Rate Flow Mass

yx

2
c =η   (3.1) 

     

Equation (3.1) implies that the CO2 being considered is only that produced by the 

flame and not that contained as part of the fuel stream. Combustion inefficiency, defined 

as (1- cη ), is thus a fractional indicator of the amount of hydrocarbon gases that are not 

completely oxidized to CO2 within the flame, so they are released unburned to the 

atmosphere. 

In order to compute the combustion efficiency of a particular flare simulation with 

Fluent, a material balance must be set up to the flame domain to compute the mass flux of 

important species. In Fluent, the species mass flow rate through a boundary (mi) is 

computed by summing the dot product of the density, the species mass fraction, the 

velocity vector, and the area projections over the faces of the zone.  

 
    Avxm i

cells
i ⋅=∑ ρ      (3.2) 

 

An important issue for computing correct species mass flows is to be able to 

reduce their residuals to very small numbers.  This prevents potential numerical errors 

from affecting the results. The carbon material balance must be satisfied within an error 

tolerance at any time to validate the computed species mass fluxes.  

 

3.5 SIMULATION RESULTS FOR STEAM ADDITION 

Simulations of the effect of steam addition on Flares A, S and D are presented 

below. These flares were previously presented in Chapter 2. Now the same calibrated 

models are used here except for the steam that is injected into the fuel gas. The chemical 

kinetic mechanism implemented earlier include steam and steam reactions. 



 47 

3.5.1 Steam Addition to FLARE A  

Table 3.1 shows the species mass fractions in the fuel stream for different values 

of S, where S is defined as the steam to gas ratio (i.e., S=kg H2O/kg gas).  
 
                Mass fractions 

S χ CH4 χ H2 χ N2 χ H2O 

0 0.212 0.040 0.749 0.000 
0.14 0.185 0.035 0.655 0.125 
0.24 0.171 0.032 0.605 0.192 
0.36 0.156 0.029 0.552 0.263 
0.47 0.143 0.027 0.507 0.322 
2.37 0.063 0.012 0.222 0.704 

Table 3.1: Species mass fraction in the fuel stream for different values of S.  

Table 3.2 shows the computed mass flows by Fluent at inlet and outlet boundaries 

for several species involved in the chemistry of the flame. The last column computes the 

combustion efficiency based on Eq. (3.1). 
 

S (CH4)in  (CH4)out (CO2)out  (CO)out  (CH2O)out (C2H4)out  (C2H6)out  ηc (%) 
0 28.50 0.16 77.40 0.50 0.00 0.02 0.01 98.76 

0.14 26.11 0.08 71.00 0.41 0.00 0.01 0.00 98.88 
0.24 24.31 0.10 66.00 0.41 0.01 0.01 0.00 98.72 
0.36 22.31 0.10 59.80 0.46 0.01 0.01 0.01 97.47 
0.47 20.49 0.10 54.7 0.55 0.00 0.01 0.00 97.08 
2.37 9.26 7.11 0.08 1.83 0.59 0.38 0.33 0.32 

Table 3.2:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of S. 

The corresponding carbon material balances are presented in Table 3.3. This table 

can be used to estimate the errors involved in computing the mass flows in Table 3.2 in 

Fluent. Notice that when S changes, we are keeping total mass flow the same in Fluent, 

so that affects the inflow rate of carbon, (C)in.  
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S (C)in  (C)out Error % 
0 21.4 21.5 0.4 

0.14 19.6 19.6 0.1 
0.24 18.2 18.3 0.2 
0.36 16.7 16.6 0.8 
0.47 15.4 15.2 0.9 
2.37 6.9 6.8 1.6 

Table 3.3:  Computed mass flow rates of carbon (10-5kg/s) and resultant errors in closing 
the material balance. 

Figure 3.2 shows a comparison of the axial temperature profile for different 

values of S in FLARE A. We see how the temperature of the flame decreases as the 

amount of steam in the fuel increases. Notice that for large values of S (e.g., S=2.37), the 

flame temperature is noticeably affected. In fact this is a much higher steam rate than 

recommended for flare operation. Figures 3.3 and 3.4 show the effect of steam addition 

on CH4 and CO2 concentration profiles along the flame axis respectively. We observe 

from these figures that the species concentrations apparently go to zero along the flame 

axis.  Even though these concentrations may be very low at x/D=50 (flame boundary), 

they are not exactly zero. In fact, these low concentrations at the boundaries are used to 

estimate the resultant combustion efficiencies. This is also the case for FLARE S and 

FLARE D. 

Figure 3.5 shows the temperature contours for FLARE A. This contour plot 

visualizes how the temperature and length of the flame decrease as steam is added to the 

point where the flame is totally extinguished for S=2.37. These contours are presented in 

a 2 m long domain. 
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Figure 3.2:  Axial profiles of T for different values of S (FLARE A). 

 
 
 
 
 
 
      

 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.3:  Axial profiles of CH4 concentration for different values of S (FLARE A). 
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Figure 3.4  Axial profiles of  CO2 concentration for different values of S (FLARE A). 

 
 

 

Figure 3.5:  Temperature contours for different values of S(=lb H2O/ lb gas); (FLARE A) 
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For this flame, Table 3.2 shows that the resulting combustion efficiencies are 

higher than 97% for values up to S=0.47 , while the flame is extinguished for S=2.37 

(e.g., oversteaming conditions)  

3.5.2 Steam Addition to FLARE S  

Table 3.4 gives the effective mass fractions in the fuel for different values of S, 

where S is defined as the steam to gas ratio (i.e., S= kg H2O/ kg gas).  
 

    Mass fractions 
S χ CO χ H2 χ N2 χ H2O 

0.00 0.554 0.030 0.416 0.000 
0.21 0.457 0.024 0.343 0.176 
0.36 0.409 0.022 0.307 0.263 
0.53 0.361 0.019 0.271 0.348 
0.71 0.324 0.017 0.243 0.416 
3.56 0.121 0.007 0.091 0.781 

Table 3.4: Species mass fraction in the fuel stream for different values of S. 

Table 3.5 shows the computed mass flow at inlet and outlet boundaries for several 

species involved in the chemistry of the flame and for the different steam/methane ratios. 

The last column computes the combustion efficiency based on Eq. (3.1). The carbon 

material balances for FLARE S are presented in Table 3.6.  

 
 

S (CO)in (CO)out (CO2)out ηc (%) 
0.00 61.63 3.93 90.18 93.12 
0.21 49.96 17.13 50.98 64.94 
0.36 44.01 15.63 44.46 64.29 
0.53 38.62 21.93 26.12 43.04 
0.71 34.27 15.26 30.32 56.30 
3.56 12.31 12.27 0.00 0.00 

Table 3.5: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of S. 
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S (C)in  (C)out Error % 

0.00 26.4 26.3 0.51 
0.21 21.4 21.2 0.78 
0.36 18.9 18.8 0.20 
0.53 16.6 16.5 0.18 
0.71 14.7 14.8 0.82 
3.56 5.3 5.3 0.33 

 

Table 3.6:  Computed mass flow rates of carbon (10-5kg/s) and resultant error in material 
balance. 

Figure 3.6 shows a comparison of the axial temperature profile for different 

values of S in FLARE S. As expected, the temperature of the flame decreases as the 

amount of steam in the fuel increases. However, simulations for steam addition show a 

very fast increase in temperature at the burner exit, which may be due to the water gas 

shift reaction (CO + H2O → CO2 + H2) occurring at the burner exit. Figures 3.7 and 3.8 

show the mass fraction profiles for CO2 and CO respectively, which exhibit low 

concentrations of CO at the burner exit as steam is added to the fuel. This may also be 

due to the water gas shift reaction. 

Figure 3.9 shows the temperature contours for FLARE S. This contour plot 

visualizes how the temperature decreases as steam is added to the point where the flame 

becomes extinguished for S=3.56. In this case the contour plot is given for a 1m long 

domain.  

Table 3.5 shows that the combustion efficiency of FLARE S is clearly affected by 

steam addition even for small values of S in FLARE S. For S=0.21 the combustion 

efficiency is as low as 64%, so an important percentage of the carbon monoxide leaves 

the flame unburned as steam is added to this flame. 
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Figure 3.6:  Axial profiles of T for different values of S (FLARE S). 

 
 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 3.7: Axial profiles of CO2 mass fraction for different values of S (FLARE S). 
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Figure 3.8:  Axial profiles of CO mass fraction for different values of S (FLARE S). 

 
     S=0 S= 0.21      S=0.36     S=0.53       S=0.71      S=3.56 

Figure 3.9: Temperature contours for different values of S (FLARE S). 
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3.5.3 Steam Addition to FLARE D  

Table 3.7 gives the effective mass fractions in the fuel for different values of the 

steam to gas ratio. 
 
     Mass fractions 

S χ CH4 χ O2 χ N2 χ H2O 

0 0.156 0.197 0.647 0.000 
0.04 0.151 0.190 0.625 0.034 
0.11 0.141 0.178 0.585 0.095 
0.18 0.133 0.168 0.550 0.149 
0.35 0.115 0.146 0.479 0.260 
1.76 0.057 0.072 0.235 0.637 

Table 3.7: Species mass fraction in the fuel stream for different values of S. 

Note that air is premixed to some extent with methane in FLARE D, so mass 

fractions of O2 in the premixed mixture are also given in Table 3.7. Table 3.8 shows the 

computed mass flow at inlet and outlet boundaries for several species involved in the 

chemistry of the flame. The last column computes the combustion efficiency based on 

Eq. (3.1). 
 
 

S (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out ηc 
0 33,52 4,81 0,18 0,01 94,74 1,48 0,01 97,3 

0.04 31,86 4,83 0,18 0,00 86,31 3,96 0,00 92,7 
0.11 29,01 4,83 0,18 0,05 78,64 4,18 0,04 92,2 
0.18 26,78 4,83 0,18 0,08 71,82 4,52 0,01 90,6 
0.35 22,18 4,83 0,18 10,31 19,36 10,67 1,21 23,7 
1.76 9,61 4,83 0,18 9,61 4,83 0,18 0,00 0,0 

Table 3.8: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of S. 

The carbon material balances are presented in Table 3.9.  
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S (C)in  (C)out Error % 
0 26.5 26.5 0.16 

0.04 25.3 25.2 0.20 
0.11 23.1 23.3 0.63 
0.18 21.5 21.6 0.50 
0.35 18.0 18.1 0.25 
1.76 8.6 8.6 0.00 

 

Table 3.9:  Computed mass flow rates of carbon (10-5kg/s) and resultant error in 

material balance. 

Figure 3.10 shows a comparison of the axial temperature profile for different 

steam to gas ratios in FLARE D.  We see how the temperature of the flame decreases as 

the amount of steam in the fuel increases. In this case, the flame temperature seems to be 

more sensitive to steam addition, and for S=0.35 we can observe a drop of 500 K in the 

maximum temperature of the flame. Again, for large values of S (e.g., S=1.76), the flame 

temperature is noticeably affected. Figures 3.11 and 3.12 show the effect of steam 

addition on CO and CO2 mass fraction profiles respectively. Note that for S=1.76 the 

CO2 concentration is too small, indicating that the CH4 is not combusted within the flame. 

Figure 3.13 shows the temperature contours for FLARE D. This contour plot 

visualizes how the length of the flame decrease as steam is added to the point where the 

flame becomes totally extinguished for S=1.76. The contour plot is given for a 0.5 m long 

domain. 

Table 3.8 shows that the combustion efficiency of FLARE D is drastically 

reduced at steam/methane mass ratios close to 0.35. At S=1.76, the flame is basically 

extinguished, resulting in unburned methane. 
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Figure 3.10:  Axial profiles of T for different values of S (FLARE D). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.11:  Axial profiles of CO mass fraction for different values of S (FLARE D). 

 
 
 
 
 
 
 



 58 

0.00E+00

2.00E-02

4.00E-02

6.00E-02

8.00E-02

1.00E-01

1.20E-01

1.40E-01

0 10 20 30 40 50 60 70

x/D

C
O

2 
m

as
s 

fr
ac

ti
o

n

S=0
S=0.04
S=0.11
S=0.18
S=0.35
S=1.76

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12:  Axial profiles of CO2 for different values of S (FLARE D). 

 

 

Figure 3.13:  Temperature contours for different values of S (FLARE D). 
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3.5.4 Analysis 

The errors involved in closing the carbon material balance are very small in all 

cases (Tables 3.3, 3.6 and 3.9). The largest errors are obtained for FLARE A, and that 

may be due to the fact that the simulation domain for this flame was much larger than the 

other two flames. This makes the computed mass flows at the outlet boundaries more 

susceptible to numerical errors. Nevertheless those errors should not affect the resultant 

combustion efficiencies for FLARE A significantly, hence we conclude that high 

combustion efficiency is obtained up to S=0.47.  

We observe that the effect of steam addition differs depending on the gas being 

flared. In fact, the combustion efficiency of a flame depends on different parameters like 

the gas composition, the gas exit velocity, the burner diameter, the air/fuel ratio, the 

crossflow of wind velocity, etc. For the flames analyzed here, most of these parameters 

are similar so only the gas composition changes significantly. It is important to comment 

that John Zink combustion engineers would not recommend steam addition for FLARE S 

(which is mainly composed by carbon monoxide), although for completeness we have 

analyzed the thermochemistry effects of steam addition in this flame. 

Next we consider the heat content of the gases being flared. Table 3.10 shows 

global LHV values (fuel + steam) of the gas mixtures for different values of S. Results 

are shown for the three flames considered in this paper. Clearly the steam content 

significantly affects the LHV of the gas and the resultant combustion efficiency.  

For FLARE A, we notice that the LHV of the gases is greater than 7.45 MJ/m3 for 

steam/methane ratios up to 0.47. For all these cases, high combustion efficiency is 

obtained and therefore the methane is considered to be totally burned within the flame. 

For S=2.37, the LHV of the gas (3.40 MJ/m3) becomes too small, so the flame is 

extinguished and the methane leaves the flame unburned. For FLARE S, high combustion 
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efficiency is obtained for LHV values greater than 7.45 MJ/m3. As long as the LHV goes 

below 6.71 MJ/m3, inefficient combustion is observed. For FLARE D, combustion 

efficiency greater than 90% is observed only for LHV greater than 6.71 MJ/m3.  At LHV 

5.68 MJ/m3, the flame is highly inefficient. For S=1.76, the LHV of the gas (2.43 MJ/m3) 

becomes so small so that the flame is extinguished. 

 
             FLARE A                  FLARE S      FLARE D 
 

S 
LHV 

(MJ/m3) ηc (%)  S 
LHV 

(MJ/m3) ηc (%)  S 
LHV 

(MJ/m3) ηc (%) 
0 10.93 98.76  0 7.87 93.1  0 8.52 97.3 

0.14 9.65 98.88  0.21 6.35 64.9  0.04 8.11 92.7 
0.24 8.95 98.72  0.36 5.62 64.3  0.11 7.41 92.2 
0.36 8.21 97.47  0.53 4.91 38.6  0.18 6.81 90.6 
0.47 7.58 97.08  0.71 4.37 56.3  0.35 5.68 23.7 
2.37 3.40 0.32  3.56 1.57 0.0  1.76 2.43 0.0 

Table 3.10: LHV and combustion efficiency table for the three flames 

Hence we observe that the combustion efficiency of turbulent combustion flames 

with steam addition is highly dependent on the resultant LHV of the gas mixture. In fact, 

the three flames analyzed here show consistent behavior for combustion efficiencies for 

similar values of the LHV. Thus the LHV can be used as a predictor of the combustion 

efficiency for a particular steam/fuel ratio under normal operating conditions. Generally 

speaking, high efficiency (> 90%) is observed for LHV greater than 7.45 MJ/m3. Below 

this point, the combustion inefficiency dramatically decreases to the point where the 

flame is extinguished, and the unburned hydrocarbons are released to the atmosphere. 

These conclusions are in agreement with industrial flares tests where open flames 

cannot be sustained without supplemental fuel for LHV below 7.45 MJ/m3, as noted 

before.  
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3.6 SIMULATION RESULTS FOR AIR ADDITION 
 

The analysis of air addition is restricted to FLARE D in order to perform a simple 

comparison to the steam addition case. We define here the air/fuel ratio as  
 

Sa = 
fuel of Kg

air assisted of Kg
     (3.3) 

The numerator of Eq. (3.3) does not account for the air that enters the system 

through the fuel and coflow of air streams.  

Two different scenarios were tested for the air-addition case, and the simulation 

domains for these two scenarios are shown schematically in Figure 3.14. In the first case, 

assisted air is injected directly into the fuel gas (Figure 3.14 a), which was also the 

configuration for the steam addition case. Hence when Sa changes, we are keeping total 

mass flow the same in Fluent, so that affects the inflow rate of carbon, (C)in. In doing so 

we can directly compare the impact of steam vs. air addition on the resulting combustion 

efficiency of FLARE D.  

In the second case (Figure 3.14 b), we simulated actual industrial flare conditions 

where air is added. For this purpose the simulation domain was changed to include a new 

nozzle, which raises the air coaxially to the fuel jet and pilot nozzles. Note that the fuel 

nozzle diameter, the pilot nozzle diameter and the assisted-air nozzle diameter were 7.2 

mm, 18.2 and 28.2 mm respectively for this case. The amount of air added to the flame 

was controlled by changing its inlet velocity (e.g., by changing the velocity boundary 

condition in Fluent). Air density was assumed to remain constant at the range of 

velocities tried here. Typical ambient air conditions were considered.  
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3.6.1 Air Added into Fuel 

Table 3.11 shows the values of Sa used for simulation and the effective species 

mass fractions in the fuel stream for different values of Sa. Notice that air already 

represented 75% of the fuel stream, so the mass fractions below reflect both the original 

air and the assisted air. Table 3.12 shows the mass flows computed by Fluent at inlet and 

outlet boundaries for several species involved in the chemistry of the flame. Values are 

given for increasing values of the assisted-air ratio Sa. The last column computes the 

combustion efficiency based on Eq. (3.1).  
 
     Mass fractions 

Sa χ CH4 χ O2 χ N2 

0 0.156 0.197 0.647 
0.04 0.151 0.198 0.651 
0.11 0.141 0.200 0.658 
0.18 0.133 0.202 0.665 
0.35 0.115 0.206 0.678 
0.80 0.087 0.213 0.700 
1.00 0.078 0.215 0.707 
1.30 0.068 0.217 0.715 
1.50 0.062 0.219 0.719 

Table 3.11: Effective species mass fraction in the fuel stream for different values of Sa 

(kg assisted-air/ kg gas). 

 

Sa (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  ηc (%) 
0.00 33.52 4.81 0.18 0.014 94.74 1.48 0.01 97.3 
0.04 32.44 4.81 0.18 0.015 94.98 4.42 0.00 92.6 
0.11 30.51 4.81 0.18 0.012 89.54 4.66 0.01 92.1 
0.18 28.94 4.81 0.18 0.000 85.08 4.68 0.01 91.5 
0.35 25.36 4.81 0.18 0.030 74.52 5.18 0.00 89.5 
0.80 19.58 4.81 0.18 0.004 57.66 5.90 0.07 85.3 
1.00 17.68 4.81 0.18 0.004 52.90 5.50 0.05 84.7 
1.30 15.52 4.81 0.18 0.002 47.65 5.20 0.05 84.3 
1.50 14.22 4.81 0.18 0.001 44.48 4.87 0.02 84.0 

Table 3.12: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of Sa. 
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Figure 3.14: Schematic representation of FLARE D with a) air added into fuel and b) air 
added coaxially to the burner. 

By comparing these results to the steam-addition case, we observe that addition of 

air does not affect the combustion efficiency so dramatically. In fact high efficiencies are 

still observed for large Sa values (Sa=1.50) while equivalent steam fuel ratios (S) lead to 

inefficient combustion.  Higher values of Sa may take the flame out of its flammability 

limits (lower flammability limit for CH4 is 5% concentration in volume), and this would 

prevent flame ignition under normal conditions. 
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3.6.2 Air Addition Coaxially to the Fuel. 

Now we analyze the effect of adding air to the flame coaxially to the center of the 

stack. As mentioned, a new simulation domain was defined so that an external nozzle was 

included in the domain to inject the assisted air. Table 3.13 shows the mass flows 

computed by Fluent at inlet and outlet boundaries for several species involved in the 

chemistry of the flame. Values are given for increasing values of the assisted air/steam 

ratio Sa. The combustion efficiency slightly increases for small values of Sa. This is likely 

due to the increasing of turbulence associated to the air injected coaxially, which helps to 

combust the hydrocarbons within the flame. For larger Sa values, the combustion 

efficiency decreases to the point where the flame is extinguished due to overaeration. 

Temperature contours for some values of the assisted air/steam ratio are shown in Figure 

3.15. 
 

Sa (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  ηc (%) 
0.0 33.52 4.81 0.18 0.01 94.74 1.48 0.01 97.3 
0.2 33.52 4.81 0.18 0.02 96.81 4.42 0.01 99.6 
0.4 33.52 4.81 0.18 0.02 96.90 4.46 0.01 99.7 
0.5 33.52 4.81 0.18 0.06 97.57 4.45 0.00 100.0 
1.0 33.52 4.81 0.18 0.03 96.57 5.20 0.04 99.3 
2.1 33.52 4.81 0.18 0.15 92.09 7.82 0.05 94.5 
2.6 33.52 4.81 0.18 0.08 89.65 9.61 0.04 91.8 
3.8 33.52 4.81 0.18 4.19 64.42 18.11 0.51 64.5 
6.1 33.52 4.81 0.18 32.67 8.87 3.66 0.26 4.4 

Table 3.13: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of Sa(kg assisted-air/ kg gas). 

Compared to the steam-addition case, inefficient combustion occurs at much 

larger Sa values. Based on this, air-assisted flares may be preferred over steam-assisted 

flares in order to guarantee a high combustion efficiency. However, steam-assisted flares 

present greater smokeless capacity (e.g., steam eliminates smoke more efficiently than air 
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due to its chemical interactions with carbon particles), so a final decision must consider 

both aspects (combustion efficiency and smokeless capacity). 

 

Sa = 0.4 Sa = 1.0 Sa = 2.1

Sa = 2.6 Sa = 3.8 Sa = 6.1  

Figure 3.15: Temperature contours for increasing values of Sa, where air is added 
coaxially to the burner. 

3.7 CONCLUSIONS FOR STEAM-ASSISTED AND AIR-ASSISTED FLARES 

In this chapter, CFD analysis has been used to simulate the effect of steam and air 

addition in turbulent combustion flames in order to understand industrial flare behavior. 

The effect of steam and air addition on the resulting combustion efficiency was analyzed 
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for the flares considered in Chapter 2 (Flares A, S and D). Simulations show that 

incomplete combustion of hydrocarbons may occur at high steam/fuel and air/fuel ratios 

up to the point where the flame becomes extinguished. For the steam addition case, our 

results show that inefficient combustion can be predicted based on the global heating 

value of the fuel gas. In fact, inefficient combustion occurs at heating values below 7.45 

MJ/m3, which has also been observed in industrial flares. Hence, based on our simulation 

models, potential control strategies could be developed to compensate for the LHV of the 

gases below the recommended lower limits and to reduce hydrocarbon emissions for 

flares. 

Compared to the steam-addition case, the resulting combustion efficiencies of air-

assisted flares are much higher at comparable gas-assisted/fuel ratios. Our results show 

that air added coaxially to the burner nozzle initially improves the combustion efficiency 

due to increasing of turbulence in the reaction zone. However when the amount of air 

added is excessive, flame temperature is also affected, resulting in inefficient combustion. 

These simulation models are intended to predict potential hydrocarbon emissions 

from industrial flares, which represent an important source of gas emissions in chemical 

and petrochemical plants. Moreover incomplete combustion due to oversteaming or 

overaeration occurs very frequently in current industrial practice to prevent smoke 

formation. Development of mitigation strategies could be based on accurate flare models. 

It is also important to comment on the importance of other operating conditions to 

ensure a high combustion efficiency.  For example, flare gases can also experience blow-

out if the exit velocity gets too high. This is why the maximum exit velocity of the gases 

at the flare tip must be limited to prevent blowout of the flame. Another important factor 

is the wind velocity, which reduces the flame size and affects the resultant efficiency. 

This will be analyzed in Chapter 4 of this dissertation.  
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CHAPTER 4 

Three-dimensional Simulation of Flares under Crosswind Conditions 

 

Crosswind is an important factor affecting the combustion efficiency of industrial 

flares. In fact, several studies have shown that crosswind may compromise the expected 

98% efficiency level. In order to understand the effect of crosswind in flare operation, a 

3D simulation of FLARE D (see Chapter 2) has been performed by using the commercial 

software Fluent 6.2.  The flame is simulated at the exit of a vertical burner and 

perpendicular to the airflow, a configuration that is relevant to continuous gas flaring in 

the atmosphere. First, this CH4 + air flame is simulated with a three-dimensional model 

for quiescent conditions and temperature and concentration profiles were compared to 

experimental data. Then simulations are performed to study how combustion efficiency 

may be affected by increasing the crosswind velocity. We have also analyzed the effect 

of crosswind at higher jet velocities. Our results show that high momentum flames, which 

can occur during upset conditions of industrial flares, are more sensitive to the crosswind 

problem as the jet velocity increases. The ultimate goal of this model is to obtain a 

quantitative understanding of how crosswind may affect the flare emissions from 

chemical and petrochemical plants. 

 

4.1 THE CROSSWIND PROBLEM 

Industrial flares are open combustion systems that may be greatly affected by 

meteorological conditions, which in turn impact flare flame size and flare destruction 

efficiency. One variable that affects flame destruction efficiency is the wind speed 

surrounding the flare. When the flame size is less than optimal, flares do not burn as 
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efficiently and therefore destroy less pollutants than would be destroyed using standard a 

98-99% destruction efficiency rate. What the flame does not destroy is released into the 

air and may violate emission standards. 

Published research on the combustion efficiencies of jet diffusion flames burning 

in an open environment is limited. Moreover, the resulting combustion efficiency of 

turbulent combustion flames (and specially flares) still remains controversial due to the 

difficulty associated with making accurate field measurements. In a study by Pohl et al. 

(1986) gaseous hydrocarbon fuels were issued from 0.076 to 0.305 m diameter vertical 

pipes and burned in near quiescent conditions. The entire plume of combustion products 

was collected, sampled, and analyzed to calculate the combustion efficiency. They 

concluded that if the flames were stable (which was a function of the exit velocity and 

heating value of the fuel gases), the efficiencies were greater than 98%. Other 

investigators introduced wind that blew perpendicular to the fuel jet as another 

experimental parameter (Kuipers et al. 1996; Bandaru and Turns, 2000; Johnson and 

Kostiuk, 2000). They noted that crosswinds in the range of 1 to 15m/s can significantly 

reduce the combustion efficiency. 

Further studies (EIP 2002) showed that combustion efficiencies of some industrial 

flares may decrease rapidly as wind speed increases from 1 to 6 m/sec. Unfortunately, 

wind speeds in industrial areas such as Houston-Galveston are frequently very high and 

that may compromise the standard 98-99% destruction efficiency rate. For example, data 

taken from the National Weather Service (2002) indicates that average annual wind speed 

for Port Arthur, TX, equaled 4.3 meters per second. Wind speeds in Port Arthur can 

sometimes exceed 11.2 m/s.  

According to these studies, theoretical considerations and observational evidence 

suggest that flare combustion efficiency typically may be in the range of 70% at low 
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wind speeds. They should be even less at higher wind speeds. Additionally, flare stacks 

typically usually stand anywhere from 10 to 100 meters tall. Wind speeds near the flare 

flame (located at the tip of the flare) are typically much stronger than ground wind 

speeds. If this is true, then even lower destruction efficiency rates could be assumed for 

these units.  

There are several mechanisms for inefficient combustion to occur in flames under 

crosswind conditions.  As flame size decreases, flame efficiency also decreases because 

more air is entrained into large flames than small flames and consequently more oxygen 

is available and more heat can be dissipated by large flames, resulting in greater 

combustion efficiency. On the other hand, observations by Johnson and Kostiuk (2000) 

suggest that flames at crosswind conditions exhibit a stripping away and dilution of part 

of the fuel stream before it encounters a source of ignition to begin its reaction. Evidence 

for this includes composition analyses of gases in a wind tunnel, which show unburned 

hydrocarbons in the form of the fuel, as well as visual observation of local extinction in 

the flame.  

Hence it is important to quantitatively analyze the effect of crosswind on 

industrial flares and its impact on the resulting combustion efficiency.   

 

4.2 SIMULATION MODEL FOR FLARES UNDER CROSSWIND. 

In order to simulate the crosswind effect into flares, a 3D model of FLARE D (see 

Chapter 2) was developed. This flame is a turbulent combustion flame that exhibits some 

small localized regions of extinction. The fuel stream of FLARE D contained CH4 (25%) 

and air (75%) by moles. Average fuel exit velocity was 49.6 m/s and the Reynolds 

number ws Re=22400. The fuel jet with diameter D=7.2 mm was accompanied by an 

annular pilot (Dp=18.4 mm) that burned a lean premixture of C2H2, H2, air, CO2, and N2 
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with the same nominal enthalpy and equilibrium composition as methane/air at the same 

equivalence ratio. The pilot gas exit velocity was 11.4 m/s. The annular pilot was 

surrounded by a slow coflow of air (Uc =0.9 m/s). The burner exit was positioned 

approximately 15 cm above the exit of the vertical wind tunnel in the laboratory, yielding 

an unconfined flame. The temperatures of fuel gas, pilot and coflow were approximately 

291 K, 1880 K and 294 K, respectively. Typical ambient pressure conditions were 

present.  

The simulations are performed using the commercial software Fluent 6.2. As a 

first step, FLARE D was simulated for quiescent conditions (e.g., no wind) in order to 

calibrate the flame. Simulation results are compared to extensive experimental data on 

temperatures and composition reported in the literature. After the flame is calibrated for 

no wind, the crosswind velocity will be progressively increased (from 0 to 10 m/s) and its 

effect on the combustion efficiency will be studied.  

A simple schematic representation of the 3D simulation domain is shown in 

Figure 4.1 (the dimension of the burner is exaggerated for visual purposes). A cylindrical 

geometry was used to simulate the flame domain. The wind is forced to flow from the left 

side of the cylinder in the y direction. In doing so it flows perpendicular to the exit plane 

of the gas (plane xy). Only steady state solutions were obtained. Turbulent fluctuations in 

those steady state solutions were not considered so only time-averaged results are shown. 

Pressure operation was taken as 1 atm (101325 Pa). The flow has very low Mach number 

and therefore could be considered incompressible. Turbulence was modeled by using the 

classical k-ε turbulence model. Radiation was not considered based on the low level of 

hydrocarbon fluorescence observed in the experiments. 
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Figure 4.1:  3D model for the simulation of crosswind in FLARE D. 

In order to simulate open combustion, the computational domain was taken 

approximately as 0.72 m diameter in its base and 0.72 m long in the z direction. This 

domain was previously defined and meshed by using GAMBIT 2.0 for a 3-D model, and 

this mesh is shown in Figure 4.2. Notice that weighting factors were used to concentrate 

the grid at the symmetry axis and near the jet exit. This ensures that the regions with large 

gradients in velocity and concentration are accurately predicted. The initial mesh had 

about 474,352 cells. Other grids were checked for grid independence and produced 

similar results. 

Boundary conditions were specified as follows: for the fuel inlet, pilot inlet and 

coflow of air inlet, velocity inlet was used in FLUENT. The species mass fractions were 

set based on the inlet gas compositions. Typical air composition was assumed for the 

coflow. The turbulent parameters of turbulence intensity, I, and hydraulic diameter, DH 
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were specified to approximate turbulence. The thick walls of the nozzles were set as wall 

boundary condition (aluminium material with heat flux activated). Moreover, boundary 

conditions had to be defined to represent the unconfined combustion flame. For the upper 

side in Figure 4.1, pressure outlet boundary condition was assumed with gauge pressure 

equal to zero, and backflow turbulence intensity, hydraulic diameter, temperature and gas 

composition equal to 10%, 0.17 m, 300 K and typical air composition respectively. The 

half left side of the cylindrical domain was set as velocity inlet to simulate the entrance of 

crosswind into the domain (for quiescent conditions, it was set as pressure outlet). The 

half right side was set as pressure outlet with similar conditions to the upper side.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2:  Upper and front view of the meshed domain in Fluent 6.2. 

In order to describe the chemistry of the flame, an appropriate chemical reaction 

mechanism had to be implemented. For this purpose, a CHEMKIN file (CH4-skel.che) 

that included 16 species and 41 reactions was imported into Fluent 6.2. This mechanism 

file can be obtained from Fluent.  
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The segregated, steady state solver was used for all computations. After the 

preliminary solution obtained with the non-premixed/mixture fraction approach, the 

species model was set as EDC model with volume fraction constant = 2.1377 and time 

scale constant =0.4115. The chemistry was updated at each flow iteration. The energy 

equation was enabled. The standard k-epsilon viscous model was used with default 

values for the model constants. However, a well-known deficiency of the standard k-

epsilon model is that it overpredicts the spreading rate of a round jet, so a modified value 

of 1Cε =1.52 was entered to match the experimental results. 

The ISAT (In situ adaptative tabulation) method was used to save computational 

work. The Absolute and Relative Error Tolerances were set as 1 610−× and 9101 −× , 

respectively. The ISAT Error Tolerance was set as 4101 −× . The maximum storage 

capacity was set as 200 Mb. The reference time step was set as 0.001. The number of 

trees and verbosity were set as 8 and 0 respectively.  

A second order upwind scheme was used for all equations. The PRESTO model 

for pressure discretization was used. The SIMPLE algorithm with multi-grid solver was 

used to couple pressure and velocities. Under-Relaxation factors were set as default 

values. The flow was initialized from fuel inlet conditions. Equation residuals were 

checked after each iteration for convergence. The convergence criterion based on 

residuals was set as 1 610−×  for each equation (continuity, x-velocity, y-velocity, energy, 

k, epsilon).  
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4.3 RESULTS FOR CROSSWIND EFFECT 

4.3.1 Three-dimensional FLARE D Simulation  

As commented earlier in this chapter, we simulated FLARE D for quiescent 

conditions so the model predictions could be compared to existing experimental data. 

Figure 4.3 shows the axial profiles of temperature, CH4 and O2 mass fraction respectively 

along the axis of the 3D cylindrical model. Results are shown as a function of x/D, where 

x is the axial position and D is the burner diameter of the flame. Once the flames were 

calibrated, the simulation models were used for crosswind simulation.   

As can be seen from these figures, the simulation results satisfactorily match the 

experimental data within the limitations of the 3D model used and the boundary 

conditions specified. Moreover, the time scale constant of the EDC model was slightly 

adjusted to stabilize the flame. Some improvement was also obtained after grid 

adaptation based on temperature gradients. Axial profiles were used as the main indicator 

of good agreement between simulation and experiment. Radial profiles were not a high 

priority, although they were also used for comparison. 
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Figure 4.3: Predicted (solid lines) and measured (dots) axial profiles of temperature and 
species mass fractions for CH4 and O2.; experimental data from Barlow and Frank (1998). 



 76 

4.3.2 Increasing Crosswind Velocity. 

Table 4.1 shows the mass flows computed by Fluent at inlet and outlet boundaries 

for several species involved in the chemistry of the flame. Values are given for increasing 

values of the crosswind velocity U (m/s). The last column computes the combustion 

efficiency based on Eq. (3.1).  

As we can see from this table, at low crosswind velocities the flame is rather 

efficient at converting fuel to CO2 ( cη >94 %), but the combustion efficiency significantly 

decreases for crosswinds about 3 m/s. In fact, increasing unburned hydrocarbon and CO 

emissions are observed as the crosswind velocity increases to the point where the flame is 

almost extinguished at U=10m/s. At this high crosswind velocity, the resulting 

combustion efficiency is very low ( cη =37.9%), so a large fraction of the methane is not 

burned to CO2 within the flame and it escapes to the atmosphere. 
 

U(m/s) (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  cη (%) 

0 32.65 4.94 0.18 0.00 89.98 3.75 0.00 94.4 
0.3 32.65 4.94 0.18 0.00 89.61 3.92 0.01 94.0 
1.0 32.65 4.94 0.18 0.02 87.54 5.36 0.11 91.7 
3.0 32.65 4.94 0.18 2.18 70.12 15.42 0.30 72.4 
5.0 32.65 4.94 0.18 5.05 57.66 16.68 0.58 58.5 
10.0 32.65 4.94 0.18 12.53 39.05 12.73 2.40 37.9 

Table 4.1:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of crosswind velocity U (m/s). 

Carbon material balances are presented in Table 4.2, which shows the mass flow 

rates of carbon computed by Fluent 6.2 at inlet and outlet boundaries. This table can be 

used to estimate the errors involved in computing the mass flows in Table 4.1 in Fluent.  

Figures 4.4 and 4.5 show the contour plots for temperature and molar 

concentration of CO2 along the flame central plane (e.g., the plane extended along the 

wind direction which contains the flame axis). These plots are very informative in 
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visualizing the flame shape, the flame size and the resulting combustion efficiency. As 

expected, flames in crosswind are bended towards the wind direction, and they have 

shorter lengths than vertical straight-jet flames. Increasing crosswind velocities 

significantly affects the flame size and shape to the point where the flame is almost 

extinguished at U=10m/s. The CO2 concentration profiles are also noticeably affected by 

high crosswinds. 

 
U(m/s) (C)in  (C)out Error % 

0 33.4 35.1 4.65 
0.3 33.4 34.4 2.86 
1.0 33.4 34.8 4.02 
3.0 33.4 34.2 2.17 
5.0 33.4 33.9 1.34 
10.0 33.4 33.3 0.27 

Table 4.2:  Computed mass flow rates of carbon (10-5kg/s) and resultant errors in closing 
the material balance. 

The shorter lengths of flames in a crossflow are a result of the increase air 

entrainment and mixing rates associated with the crossflow configuration. The lower 

combustion efficiencies may be due to the stripping away and dilution of part of the fuel 

stream before it encounters a source of ignition to begin its reaction, as discussed by 

Johnson and Kostiuk (2000). Figure 4.6 shows a 3D plot of the high temperature points 

(1000 - 2000 K) within the flames for different crosswind velocities. Note that only 

points within this temperature interval are plotted here. We observe that the number of 

high temperature points in the flame (where combustion reactions are more likely to 

occur) are significantly reduced at high crosswinds. Consequently the flames at 

crosswind are observed shorter than their equivalent straight-jet flame counterpart. From 

these figures we also note that a significant amount of fuel may potentially strip away 

from the burner exit, especially at U=10m/s.  
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The main goal here was to show how CFD could be used to estimate flare 

combustion efficiencies under crosswind conditions. Validation of these results with real 

flare data is not an easy task due to the difficulty associated with making accurate field 

measurements on flares. Moreover, our conclusions on the crosswind effect must be 

restricted to the cases studied here (gas composition, jet velocity, burner diameter…). 

However, our results are in very good agreement with those of Leahey and Preston 

(2001). They studied the effect of crosswind on high velocity jets of different gas 

mixtures (mainly CH4) and concluded, based on theoretical considerations and 

observational evidence, that flare combustion efficiencies typically may be ~70% at low 

wind speeds (U ≤ 3.5 m/sec). They should be even less at higher wind speeds. As 

mentioned before, EIP studies (2002) have also yielded comparable numbers. Our results 

show the same trend on the efficiency of turbulent flames under crosswind conditions.  

 

4.4 INCREASING GAS EXIT VELOCITY AT HIGH CROSSWINDS. 

The data presented in the section 4.3 have shown that the crosswind speed is 

extremely important in determining the efficiency of a flare. Those results were obtained 

for a fixed fuel jet exit velocity Vj =49.6 m/s. Next we analyze the effect of crosswind at 

higher jet velocities. Some authors (Johnson and Kostiuk, 2000) have experimentally 

shown that higher exit velocities make flames less susceptible to the crosswind effect. 

Based on this, it may be concluded that one possible solution to the crosswind problem in 

flares is to increase the gas exit velocity. However, this general trend of higher 

efficiencies at increased gas velocities needs to be considered within the context of the 

exit velocities tested and the prevailing flow regimes (i.e., low momentum flames). High 

momentum flames operate in a different way: increasing the gas exit velocity may lead 

the flame to near blowoff limits and even to extinction if the gas velocity gets too high. 
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U=0 U=0.3 U=1.0

U=3.0 U=5.0 U=10.0
 

Figure 4.4: Temperature contours (K) for different values of U (m/s) 

 

U=0 U=0.3 U=1.0

U=3.0 U=5.0 U=10.0
 

Figure 4.5: Concentration CO2 (kmol/m3) for different values of U (m/s) 
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Figure 4.6: Maximum temperature points [1000-2000 K ] in the flame for different values 
of U (m/s); only points within this temperature interval are plotted. 
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U(m/s) R
1.0 2192.4
3.0 243.6
5.0 87.7

10.0 21.9

U(m/s) R
1.0 2695.8
3.0 299.5
5.0 107.8

10.0 27.0

U(m/s) R
1.0 3208.3
3.0 356.5
5.0 128.3

10.0 32.1

U(m/s) R
1.0 4366.8
3.0 485.2
5.0 174.7

10.0 43.7

U(m/s) R
1.0 3765.2
3.0 418.4
5.0 150.6

10.0 37.7

In a practical sense, studies on low momentum flames apply to steady flares, but 

not to emergency flaring operations where the amount of gas being sent to the flare may 

be very large. We note that high HRVOC emissions are believed to occur from flares 

operating under upset conditions, so the study of high momentum flames is more relevant 

in this sense. 

Here we make use of the fuel jet to crosswind momentum flux ratio (R) defined as 

2

2

U

V
R

air

jj

ρ
ρ

=       (4.1)  

where ρ is density and Vj and U are the gas and crosswind velocities respectively. 

This ratio has been typically used to characterize the flow modes of jet flames in 

crosswind (Huang and Wang, 1999). Table 4.3 shows the resulting momentum flux ratios 

for increasing crosswind velocities (U) and different jet velocities (Vj) As we can see 

from this table,  R assumes very high values in all cases (R>10). Hence, within the range 

of crosswind velocities studied in this work, the flames we are studying can be 

considered to be high momentum flames.  
   

     

     

 
 
 
Vj=49.6m/s       Vj=55m/s         Vj=60m/s             Vj=65m/s    Vj=70m/s 

Table 4.3: Momentum flux ratios (R) for increasing crosswind velocities and different jet 
velocities. 

Notice that high momentum ratios do not produce “burner-tube, wake-stabilized” 

flames, which are relevant to low momentum ratios (Huang and Wang, 1999). Wake-

stabilized flames present a standing vortex on the downstream side of the burner tube. In 
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fact, at very low momentums, a significant "downwash" may even occur as a portion of 

the combusting gases verge on being drawn into the low-pressure region on the 

downwind side of the stack, which creates an ignition source that helps to stabilize the 

flame. The downwash effect near the burner tip becomes unimportant for high-

momentum flames so that very little mixture is brought to that region.  

Table 4.4 shows the computed mass flows and the resultant combustion 

efficiencies at increasing values of the crosswind velocity for Vj= 55 m/s. The same 

results are given for Vj= 60 m/s, Vj= 65 m/s and Vj= 70 m/s in Tables 4.5, 4.6, and 4.7 

respectively. 

 

U(m/s) (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  cη (%) 

1.0 36.20 4.94 0.18 0.17 96.36 7.52 0.38 91.6 
3.0 36.20 4.94 0.18 2.63 72.53 16.87 0.27 67.7 
5.0 36.20 4.94 0.18 5.78 63.05 16.96 0.28 58.2 

10.0 36.20 4.94 0.18 13.66 42.67 15.84 0.89 37.8 

Table 4.4: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of crosswind velocity at Vj=55m/s 

U(m/s) (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  cη (%) 

1.0 39.49 4.94 0.18 0.21 103.52 8.17 0.26 90.5 
3.0 39.49 4.94 0.18 2.51 78.85 18.64 0.53 67.9 
5.0 39.49 4.94 0.18 6.18 65.79 20.34 0.71 55.9 
10.0 39.49 4.94 0.18 15.32 44.87 17.56 1.04 36.7 

Table 4.5:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of crosswind velocity at Vj=60m/s 

U(m/s) (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  cη (%) 

1.0 42.78 4.94 0.18 0.09 110.74 10.12 0.50 89.7 
3.0 42.78 4.94 0.18 2.68 83.72 21.36 0.40 66.8 
5.0 42.80 4.94 0.18 6.57 66.38 26.78 3.45 52.1 
10.0 42.78 4.94 0.18 16.21 45.93 20.81 1.21 34.8 

Table 4.6:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of crosswind velocity at Vj=65m/s 
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U(m/s) (CH4)in  (CO2)in  (CO)in  (CH4)out (CO2)out  (CO)out  (CH2O)out  cη (%) 

1.0 46.07 4.94 0.18 0.07 118.00 11.54 0.36 89.0 
3.0 46.07 4.94 0.18 2.91 88.23 24.14 0.65 65.6 
5.0 46.07 4.94 0.18 26.12 32.11 17.78 1.83 21.4 
10.0 46.07 4.94 0.18 20.87 31.02 24.78 3.20 20.5 

Table 4.7:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for different values of crosswind velocity at Vj=70m/s 

The trend followed by each flame is similar regardless of the gas exit velocity; as 

the crosswind velocity increases, the combustion efficiency progressively decreases to 

the point where most CH4 is not burned within the flame. Moreover, increasing the gas 

exit velocity does not have a very significant effect on the combustion efficiency for 

low/moderate crosswinds (U<3m/s). This is clearly illustrated in Figure 4.7, which shows 

the temperature contours for increasing  jet velocities at a fixed crosswind velocity of 

U=1m/s. The temperature profile does not seem to change significantly except that the 

flame becomes slightly more vertical as the jet velocity increases. The resulting 

combustion efficiency also decreases slightly from 91.6% to 89 % as we increase the jet 

velocity to 70m/s.  

 

Vj=49 m/s Vj=60 m/s Vj=70 m/s
 

Figure 4.7: Temperature contours (K) for increasing jet velocities and fixed crosswind 
U=1m/s 
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Barlow and Frank (1998) showed that increasing the jet velocity of FLARE D up 

to 74m/s results in a increasing level of local extinction, while increasing the jet velocity 

beyond 99m/s moves the flame near its blowoff limit (e.g., severe extinction was 

observed in the experiments). They called these two cases FLAME E and FLAME F 

respectively.  Therefore increasing jet velocities in FLARE D should make this flame 

more sensitive to crosswinds due to the approximation to near-blowoff conditions. 

In fact, Table 4.7 shows that for jet velocity Vj=70m/s,  a crosswind velocity of 

U=5m/s is capable of reducing the combustion efficiency to very low values (21.4%), 

which represents half of the efficiency obtained  for the same crosswind and jet velocity 

Vj=49.6 m/s. The temperature contours for the limit case of Vj=70 and U=10 m/s are 

given in Figure 4.8, which clearly shows a large non-reaction zone in the flame just 

above the burner exit. Figure 4.9 shows the CO2 molar concentration contours. 

Undoubtedly a large fraction of the CH4 escapes the flame without burning under these 

conditions. The resulting combustion efficiency is 20.5%. 

 

                

Figure 4.8: Temperature contours (K) for Vj=70m/s and crosswind U=10 m/s 
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Figure 4.9:  Concentration CO2 (kmol/m3) contours for Vj=70m/s and crosswind U=10 
m/s 

Thus increasing the gas exit velocity for very high momentum flames makes them 

more prone to inefficient combustion under crosswind conditions. In general the effect of 

crosswind on a flame also depends on parameters such as the heat content of the fuel gas 

and the burner diameter. Flames with low Btu/scf values are much more susceptible to 

the effects of crosswind and exhibit higher inefficiencies at much more moderate wind 

speeds. FLARE D (25% CH4 with 75% air) has a heat content value of approximately 

228.6 Btu/scf. At this low heat content, the flame is slightly unstable and prone to 

inefficiency at low/moderate wind speeds. The low heating value of the fuel gas in 

FLARE D, together with the high jet velocity, is what makes this flame highly sensitive 

to crosswind. Idealistically, we could develop a model for flare efficiency under 

crosswind conditions which accounted for the heating value of the gas, the jet velocity 

and the burner diameter. This model could be used for operational control purposes. 
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4.5 CONCLUSIONS FOR THE EFFECT OF CROSSWIND IN FLARES 

In this chapter we have analyzed the effect of crosswind on a turbulent 

combustion flame, analogous to the operation of industrial flares. First, a well-studied 

flame (FLARE D) was used for simulation in a 3D grid, and the simulation results for no 

crosswind match the experimental data within the limitations of the 3D model used and 

the boundary conditions specified. Then, we progressively increased the crosswind 

velocity from 0 to 10 m/s while keeping the jet velocity constant. Flames subjected to 

crosswind were shown to bend toward the wind direction as expected, and they were also 

observed to be shorter than their equivalent straight-jet flame counterpart. Results show 

that moderate crosswind velocities may significantly reduce the resulting combustion 

efficiency. We also note that a significant amount of fuel may potentially strip away from 

the burner exit at high crosswinds, leading to potential hydrocarbon emissions. Moreover, 

we have analyzed the effect of crosswind at higher jet velocities.  Simulations show that 

increasing the jet velocity for high momentum flames makes them more prone to 

inefficient combustion under crosswind conditions. This is due to the near blowoff 

conditions at very high jet velocities, which made them very sensitive to crossflow. This 

type of operation is typical of industrial flares under upset conditions. 

These results are important for several reasons. First, we have seen that CFD can 

be applied to simulate the behavior of flares under crosswind by defining an accurate 3D 

grid and by utilizing a correct combustion model. Second, the trends we have obtained 

agree with theoretical and observational evidence for industrial flares. Our results have 

identified the tendency for a strong rise in inefficiency at high wind speeds under 

crosswind conditions. Finally, these simulation models could be used for potential 

operational control strategies in trying to increase the flare efficiency under crosswind by 

manipulating the heat content of the gases or the gas exit velocity. 
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CHAPTER 5 

Wind-Tunnel Flare Simulation 

 

Several flare experimental studies exist for flares burning in wind tunnels. In 

these experiments, the entire plume of combustion products was collected, sampled and 

analyzed to calculate the flare combustion efficiency. This chapter wants to simulate 

some of these wind-tunnel flare experiments as an approximation to industrial, large scale 

flares. For this purpose, three-dimensional computational models are developed and 

suitable turbulence and chemistry models are applied to simulate the complex flare 

combustion phenomena and flame downwash occurring in these flares. Simulation results 

are in very good agreement with experimental data, and they both show that inefficient 

combustion occurs at high crosswinds. Therefore this work proves that CFD can 

successfully simulate these wind tunnel flare experiments. The resulting simulation 

models could be used to estimate the hydrocarbon emissions from chemical and 

petrochemical flares at crosswind conditions, an environmental issue of great importance 

in air pollution models.  
 

5.1 MOTIVATION FOR WIND-TUNNEL FLARE SIMULATION 

The effect of high crosswinds into small flares was investigated in Chapter 4. It 

was observed that flares at crosswind conditions may exhibit a fuel stripping away and 

dilution of part of the fuel stream before it encounters a source of ignition to begin its 

reaction.  Moreover, increasing crosswind reduced the flame size, resulting in lower 

combustion efficiency because less oxygen is entrained into smaller flames, and flare 

combustion efficiency may decrease rapidly as wind speed increases from 1 to 6 m/s. 
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Experimental evidence suggests that flare combustion efficiencies typically may be in the 

range of 70% at low wind speeds, and could be even lower at higher wind speeds.  

Unfortunately, there is still great uncertainty about industrial flare efficiency and 

the resulting emissions under crosswind conditions. Published research on large-scale jet 

diffusion flames burning in an open atmosphere is limited (Kuipers et al., 1996; Strosher, 

1996). In fact, collecting representative samples from flames burning in an open 

atmosphere is very difficult. In addition, on-line measurements on these systems is 

complicated by the size and turbulence of the flames, which are typically located at the 

tip of stacks anywhere from 10 to over 100 meters tall to prevent dangerous conditions at 

ground level.  

For all these reasons, several experimental studies of reduced scale, turbulent 

diffusion flares located within a wind-tunnel facility were made very recently. By using a 

closed-circuit wind tunnel, samples of the combustion gases were easily collected and 

analyzed, so the flare combustion efficiency could be determined.  

This chapter proposes the application of Computational Fluid Dynamics (CFD) to 

simulate these wind-tunnel flare experiments. Notice that it is very challenging to 

perform combustion simulations for large scale flares. The total number of grids needed 

to capture all the combustion details makes the computational work almost prohibitive for 

large flares. Employing three-dimensional (3D) models significantly increases the 

computational work. Even so, the lack of experimental data for industrial flares makes it 

very difficult to validate potential simulation results. Thus CFD is restricted to the 

simulation of wind-tunnel experiments in this dissertation in order to compare model 

predictions with experimental data. This allows us to validate our results by direct 

comparison with experimental data. Validated simulation models could be used to 

estimate the actual hydrocarbon emissions from chemical and petrochemical plants.  
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The commercial software Fluent 6.2 is used in this chapter.  The wind-tunnel 

experiments were studied at the University of Alberta, and they consisted of natural gas 

was burned at crosswind velocities ranging from 1.0 to 11.0 m/s in a 0.0221 m diameter 

burner. In addition, simulation results for a second set of wind-tunnel experiments that 

have been experimentally studied at CANMET Energy Technology Centre - Ottawa, are 

presented here. This second set of wind-tunnel experiments are characterized by larger 

burner diameters, in some cases comparable to industrial flare diameters.  
 

5.2 WIND TUNNEL CONFIGURATION 

A set of low-momentum, natural gas diffusion flames located in a closed-loop 

wind tunnel were studied experimentally at the University of Alberta and the National 

Research Council of Canada. Measurement of experimental combustion efficiencies are 

reported by Johnson and Kostiuk (2000). Detailed description of the experimental set up 

and results is given at a final report by Kostiuk et al., (2004). A schematic representation 

of the wind tunnel is given in Figure 5.1 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: Schematic of a closed-loop wind tunnel facility (all dimension in meters) at 
the University of Alberta. Reprinted by permission of Elsevier Science from 
Johnson and Kostiuk (2000). 
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The basic information about the experimental setup is given below; refer to the 

references above for a more detailed description. 

The experimental flames were established at the exit of a burner tube mounted 

vertically in the wind tunnel and perpendicular to the airflow. In the vertical section 

downstream of the flame and in the upper section of the tunnel, a series of supplementary 

fans were used to ensure that the plume of combustion products was fully mixed into the 

wind tunnel air before sampling. The wind tunnel was sufficiently large that, during a 

typical 5 to 10-minute test, the concentration of hydrocarbons in the tunnel remained 

small and the effects of reburning were completely negligible. 

From a simulation point of view, only the test section around the burner (e.g., the 

box that followed the contraction section) is strictly relevant. The dimensions of this box 

are 2.44 m wide by 1.22 m high by 11.8 m long. However, a 5 m long box is enough to 

capture the flame behavior, so unnecessary computation work could be avoided by 

reducing the simulation domain. The floor of the wind tunnel was constructed with 19 

mm thick plywood, while downstream of the flare the tunnel was covered with 30-gauge-

aluminium sheeting to protect it from possible direct flame impingement. The walls along 

the test section were primarily Plexiglas. The ceiling upstream of the flare was 

constructed with 19 mm thick plywood, but downstream of the flare the ceiling was made 

of 19 mm thick ceramic panels that could safely resist the accidental impingement of the 

flame or hot combustion products. 

The diffusion flames were established at the exit of a 24.6 mm o.d. (22.1 mm i.d.) 

pipe that extended 47 cm into the wind tunnel. The experimental setup also included a 

65% blockage ratio perforated plate “turbulence plug” with 3 mm diameter holes, which 

was placed inside the pipe thee diameters upstream of the exit. The purpose of this plug 

was to create velocity profiles similar to turbulent pipe flow expected in full-scale 
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industrial flares, independent of the actual flow velocity in the laboratory scale flares. 

However, computer simulation of that perforated plate is very difficult to perform and 

may introduce numerical errors in the solution process. Thus the turbulence of the fuel 

gas was adjusted in our simulation to match the experimental turbulence intensity 

measured 5 mm above the exit plane of the burner tube (see Kostiuk et al., (2004)). 

For these experiments, the jet exit velocity of the fuel, Vj, was held approximately 

constant at 2 m/s and the crosswind speed U was varied from 1 to 11 m/s. The external 

cold-flow Reynolds number (Re) ranged from 1570 to 17,270 as the crosswind increased 

from 1 m/s to 11 m/s. Under these conditions, the flow regime on the outside of the pipe 

flare could be considered to be in the regime of having a laminar boundary layer 

separation. The turbulent fluctuation in the core flow of the tunnel was found to be 

consistently less than 0.4% except at low wind speeds (<2 m/s), where the intensity rises 

to about 1.8%. 

The fuel gas used was sales grade natural gas (95.2% CH4, 2.1% C2H6, 1.7% N2, 

0.8% CO2, 0.2% other, by volume). In order to guarantee ignition, the experiments used a 

retractable hydrogen jet diffusion flames that was previously ignited using a manual high-

voltage spark system. Once the hydrogen flame was correctly positioned, the flow of 

flare gas was easily ignited. After the flare was ignited, the flow of hydrogen was turned 

off and the ignition system was retracted. Ignition can be simulated in Fluent 6.2 by 

patching a high temperature region near the burner tip, which helps to switch on the 

combustion reactions in the same way as a spark helps ignites an actual flame. 
 

5.3 GENERATING THE MESH 

When using CFD to model fluid flow, one must first use a separate mesh 

generation package, or pre-processor, in order to set up the proper geometry for 
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simulation.  For this study, Gambit 2.0 was used to create the mesh and the grid. In this 

section we describe the issues involved in generating a mesh for these wind-tunnel 

models. A high-quality mesh is crucial in order to correctly simulate the experimental 

results, so the procedure will be described in detail in this section. The solution process in 

Fluent 6.2 is addressed in detail in the following section.  

Figure 5.2 shows a basic schematic representation of the box used for simulation 

of the wind tunnel. Basically, the wind enters the domain from the left side of the box, 

and leaves the box (along with the combustion products) at the right side. The burner is 

located 2 meters inside the box, and it is positioned exactly in the middle plane. 

Moreover, a 0.5 m radius cylindrical flow domain was artificially created around the 

burner to concentrate the grid around the burner walls. The cylinder walls do not have 

any physical meaning, so they are ignored in the solution. 
 

Wind inlet Wind outlet

5 m

1.22 m

2.44 m2 m

1.22 m

Burner

 

Figure  5.2: Schematic representation of the box used for simulation. 

Given the dimensions of the box, a bottom-up procedure in Gambit was followed. 

Hence the first step was to recreate the bottom of the geometry by entering the coordinate 

vertices into Gambit.  Then the vertices were connected to create the edges and faces. 

The extrusion of those faces produced the volumes. Once the vertices, edges, faces and 

volumes are created, actual meshing process can begin.  A few different options for mesh 
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generation are available within Gambit, and it was decided to start meshing the bottom 

and then extend that meshing to the entire volume with the Cooper algorithm. For the 

burner interior face, the Quad-Pave meshing scheme was used with 50 intervals. In doing 

so, Gambit creates an unstructured face mesh consisting only of quadrilateral mesh 

elements. Likewise, the burner wall face was meshed by using the Quad-Map Scheme 

and two intermediate intervals. From here, so-called “size functions” were applied in 

order to mesh the flow domain faces. Size functions are similar to boundary layers in that 

they control the mesh characteristics in the proximity of the entities to which they are 

attached. For the cylindrical flow of 0.5 m radius, a size function was created with a start 

size of 0.0005 m, a growth rate of 1.1 and a size limit of 0.02 m. Likewise, a size function 

was attached to the bottom of the box with start size of 0.02 m, a growth rate of 1.2 and a 

size limit of 0.1 m. One the size functions were created, one can then generate the actual 

mesh along these faces. Figure 5.3 shows the resulting mesh at the bottom of the box as 

seen from a top view. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3: Representation of the meshed faces at the bottom of the box; top view. 
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In applying the Cooper algorithm to mesh the volumes, Gambit treats the volume 

as consisting of one or more logical cylinders, each of which is composed of two end 

caps and a barrel. The Cooper scheme resulted in hexahedral meshes. The total number of 

intervals in the axial direction was chosen as 80, which was considered detailed enough 

to capture the axial gradients on the flame. Linking parallel vertical edges for meshing 

greatly reduced undesirable cell skewness in the final model. 

A schematic representation of the final mesh is given in Figure 5.4, where the 

interior cells are hidden for visual purposes. The mesh is highly concentrated around the 

burner because larger gradients are expected in this zone. Moreover, a slightly denser 

grid is applied to the bottom half of the box because flame downwash is expected for 

most of the simulations (i.e., the flame will go downwards in high crosswind). We can 

also distinguish in this figure the artificial outer cylinder created to help concentrate the 

grid around the burner. Finally the mesh attached to the burner wall is shown in a two-

dimensional plane, which clearly illustrates the fine spacing near the walls that will be 

necessary to simulate boundary layer formation in Fluent. 

The final three-dimensional grid had 321040 cells and 990713 faces, and it was 

successfully checked for skewness. After meshing, boundary zones were created on the 

geometry.  These zones are used later by Fluent to specify the boundary conditions.  For 

this study, the front and rear of the box were specified as “velocity inlet” and “pressure 

outlet” respectively. The remaining sides of the box along with the burner walls were 

specified as separate zones called “walls”. The interior zones, including the outer 

cylinder, were specified as “fluid” zones, so the conservation equations are solved in 

those cells. Once the mesh and zones were created, the mesh was then imported into 

Fluent. Once in Fluent, the file was read, properties and materials were defined, and 

boundary conditions were set. This is described in more detail in next section. 
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Figure 5.4: Representation of the three dimensional meshed domain.  

5.4 SIMULATION MODEL 

The first step taken after importing the mesh geometry into Fluent involves 

checking the mesh/grid for errors.  Checking the grid ensures that all zones are present 

and all dimensions are correct.  It is also important to check the minimum volume and 

make sure that it is not negative. The grid can also be displayed to ensure that the mesh 

generation is qualitatively reasonable.   

To simulate the combustion flame within the wind tunnel, the model properties 

must be specified. Model properties include the internal Fluent solver type, turbulence 
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model, the combustion model, the number and types of species to be used in the 

combustion model, the species/material fluid and thermal properties, the operating 

conditions and the boundary conditions.  The following settings were applied: 

5.4.1 Solver 

The simulations were performed using the 3D segregated solver, so the governing 

equations of continuity, momentum, and species transport were solved sequentially. 

Implicit formulation was chosen; only steady state solutions were obtained. A second 

order upwind scheme was used to solve all equations. The SIMPLE algorithm (Patankar, 

1980) was used to couple pressure and velocities. 

5.4.2 Turbulence  

For modeling turbulence, several options are available in Fluent 6.2. For this 

particular work, the realizable k-epsilon model was selected and default values were 

assumed for the model parameters. At very low jet-to-wind momentum flux ratios, the jet 

fluid issuing from the burner tip may be severely deflected by the transverse stream. 

Under these conditions, a significant "downwash" may occur as a portion of the 

combusting gases verge on being drawn into the low-pressure region on the downwind 

side of the stack (Huang and Chang, 1994). In fact, at high crosswind, industrial flares are 

observed to present a standing vortex on the downstream side of the burner tube. Notice 

that flame downwash creates an ignition source that helps to stabilize the flame, so this 

phenomenon is not necessarily associated with very low combustion efficiencies as 

discussed later in this paper. A more detailed explanation for the fuel stripping 

mechanism under these conditions is given by Johnson et al., (2001). A sketch of 

common flow structures at low-momentum jet diffusion flames in a crosswind is shown 
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in Figure 5.5. This figure illustrates the three regions that are typically identified in this 

type of flames (Gollahalli, 1975). 

 

 

Figure 5.5: Sketch of flow structures in a low-momentum jet diffusion flame in  
crosswind. 

Simulation of flame downwash is complicated by the aerodynamic interactions of 

the transverse air flow, burner tube, and deflected fuel. Moreover, flame downwash is 

associated with boundary layer formation in the burner tube (Huang and Wang, 1999). 

That is why the k-epsilon turbulence model by itself is not capable of predicting this 

phenomenon. More sophisticated models like LES (Large Eddy Simulation) can solve the 

fine details of the flow, but LES is computationally very expensive, even on pc clusters, 

and it might be infeasible for practical applications.  

Fluent 6.2 offers two approaches to simulate the boundary-layer formation 

attached to the wall. In one approach, the viscosity-affected inner region is not resolved. 
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Instead, semi-empirical formulas called "wall functions'' are used to bridge the viscosity-

affected region between the wall and the fully-turbulent region. In another approach, the 

turbulence models are modified to enable the viscosity-affected region to be resolved 

with a mesh all the way to the wall, including the viscous sublayer. The latter is called 

“Enhanced wall-treatment” in Fluent, and it is the option applied to this work. In any 

case, a very fine mesh near the burner tube must be defined to correctly simulate 

boundary layer formation. The cells attached to the burner walls in this work were 0.5 

mm long with a growth rate of 1.1, which was shown to be sufficient to capture the flame 

downwash phenomenon. 

5.4.3 Combustion 

Fluent 6.2 offers several combustion/reaction models that are applicable to this 

problem. The Laminar Flamelet model was applied because it greatly reduces the 

computational work of other complex models as EDC (Eddy Dissipation Concept model), 

Composition-PDF (Probability Density Function model), etc, while still keeping the 

necessary degree of accuracy. Moreover, the most difficult part of modeling these 

particular flames likely rely on the turbulence flow patterns rather than very complex 

chemistry reactions, so the Laminar Flamelet model seems very appropriate in this case.  

Using a detailed chemical mechanism, laminar opposed-flow diffusion flamelets 

were calculated in Fluent. The chemical mechanism implemented in this work was GRI 

3.0 (Smith et al., 2005), which contained 325 reactions and 53 species for natural gas 

combustion simulation. The laminar flamelets were then embedded in a turbulent flame 

using statistical PDF methods. The laminar flamelet approach is advantageous because 

realistic chemical kinetic effects can be incorporated into turbulent flames. A more 

detailed description of this laminar flamelet model and corresponding equations can be 

found in Peters (1984). 
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In order to increase the accuracy of the Laminar Flamelet model, the default 

number of laminar flamelets points was raised to 70, and the maximum number of 

laminar flamelets was changed to 20. Furthermore, the number of mixture fraction points 

for the PDF calculations was set at 50, and the number of mixture fraction variance points 

was set as 30. Adiabatic calculations were performed. 

5.4.4 Energy  

Radiation effects were not considered for these simulations because natural gas 

flames are not considered to be highly radiative. In addition, the wind tunnel walls would 

retain the potential radiative heat losses that may occur in the flame. Thus only adiabatic 

calculations were performed in all cases studied in this work. The temperature at each 

point of the domain is calculated from the PDF tables in the Laminar-Flamelet model. 

5.4.5 Boundary Conditions 

Proper specification of the boundary conditions is a vital step in accurately 

modeling a complex reacting flow system like this. In Fluent 6.2, boundary conditions 

must be specified at each surface defined in the mesh generation process.  

Burner walls and wind tunnel walls were defined as “walls” in Fluent, so no-slip 

boundary conditions are assumed and conservation equations are not solved on these 

surfaces. Aluminum material was selected for these walls, which is assumed to have 

similar physical properties to the actual wind tunnel and burner materials.  

For the gas inlet surface, the “velocity inlet” boundary condition was applied. 

Input specifications include the mean mixture fraction (equal to unity for fuel streams) 

and the fluid velocity magnitude, which is reported for each experiment by the authors. 

The flow direction was assumed to be normal to the boundary.  The applied temperature 

was 300 K. The turbulence conditions of the flow were given by the hydraulic diameter 
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(0.0221 m) and the turbulence intensity (15%). As mentioned before, a turbulence kinetic 

energy of 0.03 m2/s2 was fixed within a 8.8 mm radius zone inside the nozzle. This was 

intended to match the experimental turbulence intensity that resulted from the perforated 

plate located near the burner exit. This “artificial” turbulence was found to slightly 

improve the agreement between experimental data and simulation results. 

For the wind inlet surface, the “velocity inlet” boundary condition was also 

applied. Standard ambient air conditions were specified with temperature equal to 300 K. 

Mean mixture fraction was taken as zero. The turbulence intensity was specified as low 

as 0.2% due to the high uniformity of the crosswind velocities observed by the authors at 

the experiments.  

For the wind outlet surface, the “pressure outlet” boundary condition was used, 

and this pressure was 1 atm. Potential backflow was assumed to have similar conditions 

to the wind entering the system. 

5.4.6 Executing Fluent   

Each case must be initialized before the Fluent code begins iterating toward a 

converged solution.   Initializing the case essentially provides an initial guess for the first 

iteration of the solution.  Here the flow was always initialized from fuel inlet conditions. 

The final initialization step is for the user to enter the maximum number of iterations, 

after which the simulation begins. For the modeling performed in this study, the number 

of iterations ranged between 2000 and 3000, depending on the case being run and how 

long it took to converge. Typical simulation time was 48-72 hours by applying additional 

procedures described below. 

One of the main reasons a combustion calculation can have difficulty converging 

is that large changes in temperature cause large changes in density, which can in turn 

cause instabilities in the flow solution. Fluent allows one to under-relax the change in 
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density to alleviate this difficulty. The default value for density under-relaxation is 1.0, 

but for this work the results were greatly improved by starting the simulations with a 

density under-relaxation of 0.7. Once the simulation converged for this case, the under-

relaxation value for density was increased to 0.8 and the problem solved again. This 

procedure was repeated until convergence was achieved for under-relaxation values of 

0.95-1.00. 

Residuals were monitored by the Fluent solver and checked for convergence after 

each iteration. The convergence criterion was specified such that the scaled residuals for 

continuity, momentum and species equations were forced to be within 10 -4 to stop the 

simulation.   

In order to compute the combustion efficiency of a particular flame, a material 

balance was set up for the flame domain to compute the mass flux of important species. 

Boundary cells at the wind outlet surface were refined to correctly calculate the integral 

values in that zone.  

 

5.6 SIMULATION RESULTS 

Six different cases for natural gas combustion are simulated in this section. They 

are listed on Table 5.1 as identified by Johnson and Kostiuk (2000). This table shows for 

each case the jet exit velocity (Vj), the crosswind velocity (U) and the experimental fuel 

jet to crosswind momentum flux ratio (R) defined in Equation (4.1). As we can see from 

this table, momentum flux ratios are smaller than crosswind cases analyzed in Chapter 4, 

so flames are expected to bend over more significantly this time. 
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Case Vj (m/s) U (m/s) R 
B 2.08 1.33 1.43 
C 2.10 2.76 0.34 
D 2.09 4.09 0.15 
E 2.11 5.49 0.085 
F 2.11 8.27 0.038 
G 2.09 11.05 0.021 

 

Table 5.1: Cases used for simulation and corresponding jet exit velocity (Vj), crosswind 
velocity (U) and experimental fuel jet to crosswind momentum flux ratio 
(R).  

In this chapter, two-dimensional contour plots are given at the middle plane of the 

wind tunnel, which is illustrated in Figure 5.6. 
 

Wind inlet
Wind outletMiddle plane

 

Figure 5.6: Schematic representation of the middle plane used to plot results. 

In Figure 5.7 (left side) a series of long-exposure photographs of the overall 

position and size of the flame for the experiments are shown. On the right side of this 

figure we can see the corresponding simulation results for contour plots of temperature. 

Notice that temperature contours can be used as a good estimator of the photographs 

(e.g., high temperature can be associated with high luminosity), although they do not 

necessarily match completely.  It is worth noting that the experimental flames, especially 

at low crosswinds, are slightly more vertical than the simulated flames. This visual 
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discrepancy is likely due to buoyancy effects, which were not accounted for in the 

simulation work. 

Furthermore, these simulated temperature contours represent only the steady state 

solution of the problem, so in reality turbulent fluctuations would eventually affect the 

shape and position of the flames.  Finally experimental results show that as the crosswind 

velocity is increased, downwash begins to occur as a portion of the combustion gases 

verge on being drawn into the low-pressure region on the leeward side of the stack. This 

phenomenon is also observed in the simulation results.   

Simulation results for contours of CO2 mass fraction are given in Figure 5.8. 

Clearly the amount of CO2 produced in the flame is affected by increasing wind speed, 

which in turn should affect the resulting combustion efficiency as shown in next section.  

For both experimental flames and simulations, the flame structures described in 

Figure 5.5 become apparent. In fact, three different zones are observed in Figure 5.9, 

which corresponds to case E in Figure 5.7. A planar stationary vortex attached to the 

burner tube defines the first zone; the long axisymmetric tail of the flame forms the third 

zone; and the junction that connects these two main parts of the flame defines the second 

zone. The size of the axisymmetric tail is reduced as the crosswind velocity increases, 

while the recirculation zone grows down the tube as more flow is drawn into the low-

pressure region. Ultimately, at very high crosswinds, the main tail of the flame would be 

extinguished and only the recirculating vortex would remain. 
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EXPERIMENTS             SIMULATION 

 

Figure 5.7: Long-exposure photographs of the experimental flame (left side) and 
simulation results for temperature contours along the middle plane (right 
side). As we move from downwards, the crosswind velocity is increased 
from 1.33 m/s (case B) to 11.05 m/s (case G). Reprinted by permission of 
Elsevier Science from Johnson and Kostiuk (2000). 
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Figure 5.8: Simulation results for contours of CO2 mass fraction at the middle plane. 

 

Figure 5.9: Simulation of the three zones for flame under crosswind (case E). 
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A better understanding of the downwash phenomenon can be obtained by 

analyzing the simulated velocity vectors in the middle plane. Figure 5.10 displays these 

velocity vectors, which indicate the magnitude and direction of the flow velocity at each 

point near the burner wall for cases B and G. A recirculation zone near the burner exit is 

clearly observed so the flow turns backwards in this zone. This recirculation zone 

enlarges as the crosswind velocity increases from 1 to 11 m/s. Hence at high crosswind 

velocities, a large portion of the fuel is drawn downwards. 
 

 

Figure 5.10: Velocity vector field in the middle plane for cases B and G.  

Thus the shapes and positions of the flames observed in these simulations give a 

qualitative estimation of the flame behavior under crosswind. However, it is important to 

compute the resulting combustion efficiencies and to compare them to the experimental 

measurement. Table 5.2 shows the computed mass flows by Fluent at inlet and outlet 

boundaries for several species involved in the chemistry of the flame. The last column 

computes the combustion efficiency based on Equation (3.1). 
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Case (CH4)in  (CO2)in  (C2H6)in  (CH4)out (CO)out  (CO2)out  (C2H6)out  ηc (%) 
B 49.947 1.343 2.063 0.00 1.130 142.66 0.00 98.5 
C 49.947 1.343 2.063 0.00 0.003 145.18 0.00 100.3 
D 49.947 1.343 2.063 0.00 0.002 146.72 0.00 101.4 
E 49.947 1.343 2.063 0.00 0.002 141.23 0.00 97.5 
F 49.947 1.343 2.063 0.00 2.541 137.94 0.00 95.3 
G 49.947 1.343 2.063 0.00 7.317 132.38 0.00 91.4 

Table 5.2:  Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for the simulated cases. Case C and D predict efficiencies slightly over 
100% due to numerical errors. 

A graphical comparison between experimental and simulated combustion 

efficiency is shown in Figure 5.11. 
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Figure 5.11: Comparison between experimental data and simulation results for 
combustion efficiency at increasing crosswind velocities. Experimental data 
is obtained from Johnson and Kostiuk (2000). 

As observed in Figure 5.11, the experimental data and simulation results are in 

very good agreement by considering the complexity of these three-dimensional 

simulations. Initially, the efficiency is slightly higher because more air is entrained into 
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the flame. However as the crosswind velocity grows larger than 5.49 m/s (case E), the 

combustion efficiency decreases and degrades significantly with further increases in the 

wind speed (cases F and G). Both experiments and simulations confirm these results. 

Notice that simulated combustion efficiencies exhibit the same trend as the experimental 

data, with a maximum efficiency located around 4 m/s crosswind velocity. Mismatches 

between simulations and experiments are on the order of 1 to 2%, so these CFD models 

successfully simulate the wind tunnel experiments.  

A flame bent over with the windward side of the flame detached from the stack, 

or a flame base trapped in the recirculating flow in the wake of the stack, is not sufficient 

to cause significant inefficiencies, which was also pointed out by Johnson and Kostiuk 

(2000). In fact, this recirculating zone seems to help stabilize the flame so the resulting 

combustion efficiency is higher than expected at high crosswinds. For high momentum 

flames where flame downwash does not occur, the combustion efficiency may be more 

sensitive to high crosswinds as shown in Chapter 4. 
 

5.7 LARGER-SCALE WIND TUNNEL FLARE SIMULATION 

In this section we apply CFD for the simulation of a set of wind-tunnel 

experiments that have been experimentally studied at CANMET Energy Technology 

Centre - Ottawa. These experiments are part of a more extensive study of flare 

combustion systems under crosswind conditions in closed-loop wind tunnels, but only 

three particular cases are considered here for simulation.  

The experimental setup was similar to the wind tunnel experiments of Johnson 

and Kostiuk (2000), so only relevant differences will be given here. First of all, the flare 

test facility in this case was not closed loop, and the methodology for measuring 

efficiency was different. Secondly, the basic dimensions for the box section (i.e., the 
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section after the contraction of Figure 1) were 8.230 m long by 1.219 m width by 1.82 m 

height. Natural gas was used as a fuel and its composition was (by volume), 95.33% CH4, 

2.1% C2H6, 0.13% C3H8, 1.8% N2, 0.62% CO2 and 0.02 C4H10.  Table 5.3 describes some 

physical parameters of the three flames studied in this work, including the case number, 

the Run Label, the total mass of fuel sent to the burner, the nominal pipe diameter 

(Schedule 40) and the pipe length. The last column lists the experimental combustion 

efficiency measured by the authors of the experiment. 
 
 

Table 5.3: Specification of the three CANMET wind tunnel experiments (Gogolek, 
2005). 

The variable air conditions in the wind tunnel are given in Table 5.4, including 

pressure, temperature, wind speed and relative humidity.  
 

Table 5.4: Air conditions at the CANMET wind tunnel experiments. 
 

As observed in Table 5.3, the pipe dimensions for cases 2 and 3 are relatively 

large (the pipe diameter for case 3 is comparable to some industrial flare diameters), 

which makes their computer simulation more challenging than the previous cases.  

The simulation procedure employed was essentially the same discussed. 

However, larger simulation domains have to be defined for cases 2 and 3 due to their 

larger scale. Hence the length of the simulation box was set as 5.0, 6.0 and 7.0 meters for 

Case P (KPa) Temp (°C) Wind Speed (m/s) Relative Humidity (%) 
1 100.7 -5.8 9.34 70 
2 103.1 -1.8 5.27 76 
3 102.3 15.1 9.97 29 

Case Run Label Total mass fuel 
(Kg/h) 

Pipe diameter  
(inches) 

Pipe Length 
(inches) ηc (%) 

1 FTF030305_CE5 15 1 24 97.54 
2 FTF030408_CE2 15 4 36 99.78 
3 FTF030414_CE5 10 6 36 98.71 
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cases 1, 2 and 3 respectively. This required a larger number of cells in the domain. 

Moreover, the grid concentration around the burner was increased for cases 2 and 3 in 

order to capture in detail the physics of these flames. A schematic representation of the 

grid model from a top view is presented in Figure 5.12 for case 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.12: Representation of the meshed model box for case 3; top view. 

The final number of grid cells for cases 1, 2 and 3 were 255,520 cells , 566,720 

cells  and 988,960 cells respectively. 

The applied models, parameters and procedures applied in Fluent were very 

similar to previous simulations. Only boundary conditions differ significantly in order to 

fit the new physical conditions for fuel and air. The simulation time increased 

significantly due to the large number of cells, especially for case 3. Convergence was 
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achieved after progressively increasing the under-relaxation factors for density from 0.7 

to 1.0.  

Figure 5.13 shows the contour plots for temperature (left side) and CO2 (right 

side) at the middle plane of the simulation box. Unfortunately photographs are not 

available for these experimental flames. A significant downwash can be observed for 

cases 2 and 3, which is likely due to the high crosswind velocity and the larger burner 

surface where the flame is attached.  
 

 
 

Figure 5.13: Contours of Temperature (left side) and CO2 mass fraction (right side) at the 
middle plane for CANMET wind-tunnel experiments.  

 



 112 

The velocity vectors for the three corresponding simulations are displayed in 

Figure 5.14. As expected, these vectors reflect how the flow moves downwards and 

becomes trapped in the recirculation zone. For case 3 most of the flow exiting the burner 

moves to this zone. 
 

 

Figure 5.14: Velocity vectors and recirculating region at the middle plane for CANMET 
wind-tunnel simulations. 

Table 5.5 shows the computed mass flows by Fluent at inlet and outlet boundaries 

for several species involved in the chemistry of the flame. The last two columns show the 

experimental combustion efficiency based on Eq. (3.1), and the simulated combustion 

efficiency obtained with Fluent. 
          

Case (CH4)in (CO2)in (C2H6)in (CH4)out (CO)out (CO2)out (C2H6)out 
ηc (%) 

Experimenta
l 

ηc (%) 
Simulation 

1 380.229 6.782 15.696 0.002 19.183 1075.988 0.000 97.54 97.56 
2 380.229 6.782 15.696 0.000 0.000 1095.620 0.000 99.78 99.35 
3 253.471 4.522 10.464 0.000 0.000 726.718 0.000 98.71 98.85 

Table 5.5: Computed species mass flows (10-5kg/s) and resultant combustion efficiency 
for CANMET wind-tunnel simulations. 
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High combustion efficiencies are observed in both experiments and simulations in 

spite of the high crosswinds. This means that most of the fuel is burned within the 

recirculating flow in the wake of the stack. Clearly the agreement between experimental 

results and simulation data is excellent, and this agreement is even better than in previous 

wind-tunnel cases. The reason for this may be that turbulence boundary conditions were 

known for these CANMET wind-tunnel experiments. In fact, for the wind-tunnel 

simulations studied in Section 5.6, it was necessary to add artificial turbulence because of 

the perforated plate at the experimental set up, which may introduce some errors in the 

computations.  
 

5.8  CONCLUSIONS FOR WIND-TUNNEL FLARE SIMULATION 

CFD analysis has been successfully applied to simulate a set of closed-loop wind-

tunnel experiments in order to understand industrial flare behavior and potential gas 

emissions from these units. The Laminar Flamelet model was shown to be accurate 

enough to capture the characteristics of the flame. A thin boundary layer was defined to 

simulate flame downwash, a phenomenon associated with low-momentum flares under 

high crosswind.  

Results show that high crosswind velocities affect the resulting combustion 

efficiency (in terms of total combustion to CO2). However, for low momentum flares 

(e.g., low gas/crosswind ratios) like these ones, a significant amount of fuel may be 

trapped in the recirculating zone near the burner wall, which helps stabilize the flame and 

avoids fuel stripping away from the burner exit without burning. This makes the resulting 

combustion efficiencies higher than expected. For high momentum flares (e.g., high 

gas/crosswind ratios), the flame is unlikely to attach to the stack, so lower combustion 
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efficiencies are observed even at high crosswinds (see Chapter 4)). Both experimental 

results and simulations confirm this. 

We also simulated larger diameter flares under crosswind that were part of a 

different set of wind-tunnel experiments. In this case, the computational work increased 

due to the larger simulation domain and larger number of cells. Agreement between 

experimental results and simulations was very good in all cases.  

Computational Fluid Dynamics is shown to be a convenient tool to simulate flares 

burning in wind tunnel facilities. Use of simulation in the study of flare units yields 

economic savings compared to expensive wind tunnel experiments. Moreover, CFD 

allows for the possibility of detailed analysis of species concentration profiles and 

turbulent flow patterns within the flame, which may not be available experimentally. 
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CHAPTER 6 

Large Eddy Simulation (LES) for Flare Combustion Systems 

 

Industrial flares are characterized by highly turbulent reacting flows, so a wide 

range of length and time scales are present in these systems. In this chapter, LES (Large 

Eddy Simulation) is implemented in order to simulate a series of wind-tunnel flares that 

burn CH4 at increasing crosswind velocities. LES, which is a complex turbulence model 

that solves for the large eddies in the flow, gives a good prediction of the dynamics of the 

flame shape and the resulting unsteady buoyant plume. This capability is in contrast to 

the classical RANS models, which only produces a time average representation of the 

flare dynamics. In this chapter, LES results are compared to actual photographs of 

experimental flares, and the observed flame shapes and sizes are in very good agreement 

with the experimental data. Moreover, some physical phenomena like radiation, soot 

formation and buoyancy are also included in the LES simulations. On the other hand, 

these particular LES models do not accurately predict the experimental combustion 

efficiencies observed in the experiments as in the RANS case, so the final decision about 

what model to use depends on the particular flare phenomena that are being investigated. 

For example, LES is used to produce simulations that are analyzed for image properties 

in Chapter 7.  
 

6.1 TURBULENCE MODELING: DNS, RANS AND LES 

The mathematical description of the flow patterns observed in industrial flares is 

very complex due to the highly reactive, turbulent flow present in these combustion units. 

Typically, some assumptions must be made about the turbulence, the chemistry and the 
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turbulence-chemistry interactions present in the system. Unfortunately, turbulence 

modeling remains one of the open problems in fluid mechanics in spite of the significant 

number of theoretical, experimental and numerical studies on this topic.  

Traditionally, turbulence modeling has been accomplished by either Direct 

Numerical Simulation (DNS) or RANS modeling (Reynolds Average Navier-Stokes). 

DNS is based on solving the whole range of length and time scales present in the flow. 

However this technique is computationally very expensive and completely intractable for 

industrial flare simulation. On the other hand, RANS modeling assumes that turbulent 

flow variables are decomposed into a mean and a fluctuating part, so the effect of the 

turbulent eddies is parameterized globally through some selected complex turbulence 

model. RANS models have been applied successfully in many practical problems due to 

their simplicity and generally correct description of the flow behavior. However, RANS 

fails to give any information on the frequency distribution of the turbulent eddies, so this 

model is not valid to describe the unsteady, pulsating behavior of the buoyant flames 

observed in industrial flares. Hence simulating the characteristic flame shapes observed 

in these industrial systems require a more sophisticated approach. 

Large-eddy simulation (LES) is a technique intermediate between DNS and 

RANS, which relies on computing accurately the dynamics of the large eddies while 

modeling the small, subgrid scales of motion. In fact, turbulent flows are always 

characterized by eddies with a wide range of length and time scales. The largest eddies 

are typically comparable in size to the characteristic length of the mean flow. The 

smallest scales are responsible for the dissipation of turbulence kinetic energy. LES is 

based on the consideration that, while the large eddies are flow dependent (e.g., they 

depend on the geometry of the system), the small scales tend to be more universal as well 

as isotropic. Furthermore, small eddies react more rapidly to perturbations, and return to 
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equilibrium quickly. Thus, the modeling of the subgrid scales is significantly simpler than 

that of the large scales, and can be more accurate.  

Nevertheless, while only large scales are resolved with this technique, LES 

remains a computationally intensive technique. In fact, the motion of the large scales 

must be computed accurately in time and space, so fine grids (or high-order schemes) and 

small time-steps are typically required.  Moreover, to accumulate the averaged statistics 

needed for the engineering design and analysis, the equations of motion must be 

integrated for long times.  

For this reason LES is implemented in this work in a massively parallel 

environment with the aid of computational tools that are scalable. Over the past years, the 

Combustion and Reaction Simulation (CRSIM) research group at the University of Utah 

has been developing a massively-parallel LES code (ARCHES), which is linearly 

scalable up to 1000 processors, in a component-based framework called Uintah 

Computational Framework (UCF). The UCF provides the framework for large-scale 

parallelization of different applications (Davison et al., 2000). 

 

6.2 LES GOVERNING TRANSPORT EQUATIONS 

The governing equations employed for LES are obtained by filtering the time-

dependent Navier-Stokes equation in either Fourier (wave-number) space of 

configuration (physical) space. The filtering process effectively removes the eddies 

whose scales are smaller than the filter width or grid spacing used in the computations. 

The resulting equations thus govern the dynamics of large eddies.  

A filtered variable (denoted by an overbar) is defined by Equation (6.1) 

 

    ∫=
D

'dx)'x,x(G)'x()x(
~ φφ     (6.1) 
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where D is the fluid domain, and G is the filter function that determines the scale 

of the resolved eddies. In most commercial CFD codes, the grid itself is used for the 

filtering operation.     

Thus the resulting filtered Navier-Stokes equations used for LES simulation are 

these: 
 
Continuity equation: 

     0)v~(
t

=⋅∇+
∂
∂ ρρ

      (6.2)  

 

where ρ  is the density of the fluid and v~  is its filtered velocity vector, defined on 

a three-dimensional domain. 
 
Momentum conservation equation: 
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where p~  is the pressure and σ~  is the stress tensor due to molecular viscosity  
 
Mixture fraction conservation equation: 

Since a mixture fraction model is used to handle the turbulence-chemistry 

interactions, all the species transport equations collapse into a single equation for the 

mixture fraction: 
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where Z
~

 is the filtered mixture fraction and zD
~

 is the molecular diffusion 

coefficient. 
 
Energy conservation equation: 

The equation for enthalpy is given in a very general form below: 
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where h
~

 is the thermal diffusion coefficient and qrad is the radiative flux vector. 

The unresolved subrid scale Reynolds stress (momentum equation), the scalar 

mass flux (mixture fraction equation), and the turbulent energy flux (enthalpy equation) 

are modeled using the Smagorinsky approach (Mason, 1994). In this formulation, the 

subgrid scale fluxes in the momentum and mixture fraction transport equations are given 

by, 
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Moreover, 
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where tυ is the subgrid kinematic eddy viscosity and tD is the subgrid eddy 

diffusivity.  

The eddy viscosity is given by the Smagorinsky model as 
 
    SC 2

t ∆υ =       (6.9) 

where C is the Smagorinsky constant and ∆  is the filter width. The subgrid 

diffusivity tD is determined from 
 
    ttt Sc/D υ=       (6.10) 
 

where tSc is the turbulent Schmidt number and assumed to be a constant in the 

current calculation. Similarly, turbulent energy diffusivity is computed assuming a 
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constant turbulent Prandtl number. The Smagorinsky constant is set to 0.17 for all 

calculations. A value of 0.4 is used for both the turbulent Prandtl and Schmidt number 

constants. 

More information about LES can be found in Pope (2000) and Lesieur et al., 

(2005). 

 

6.3 LES COMPUTATIONAL PROCEDURE 

This work focuses on applying LES to the wind-tunnel flares studied in Chapter 5. 

Therefore a total of six flare cases are analyzed: cases B, C, D, E, F and G, as named by 

the authors of the actual flare experiments for increasing crosswind velocities (see 

Chapter 5 for more information). First, the computational procedure is explained in more 

detail. Then, some results are given that show the capabilities of LES to simulate the 

experimental flare dynamics. 

In nonpremixed combustion, the chemical reactions associated with combustion 

are normally fast compared to the subgrid scale mixing of fuel and oxidizer, thus limiting 

the rate of reaction. Under this assumption and the assumption of equal diffusivity of all 

species, state variables such as temperature, density and species concentrations will be 

expressed as functions of mixture fraction (Z), a conserved scalar. In order to include the 

effect of enthalpy loss by radiation on the state space variables, an additional parameter 

(heat loss) is also included. Heat loss is a normalized variable, which describes the 

amount of sensible enthalpy lost/gained by heat transfer. Furthermore, a non-adiabatic 

equilibrium model is applied to relate the instantaneous state space variables with the 

mixture fraction and heat loss.  
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Subgrid scale mixing is modeled by assuming a β-PDF shape in the mixture 

fraction. Filtered values of the state variables are computed by convoluting the variables 

over this prescribed PDF shape. Computing the shape of the β-PDF requires the mean 

and the variance of the mixture fraction values. Since no transport equation for the 

subgrid scale variance is solved, it is modeled using the assumption that the subgrid scale 

variance production and dissipation rates are in equilibrium (Pierce and Moin, 1998).  

ARCHES was originally developed to address gaseous combustion problems, 

specially fires and explosions. The presence of the flare pipe in the domain is accounted 

for by the Material Point Method (MPM) (Guilkey and Weiss, 2002).  MPM uses 

material points (i.e., point masses) to describe the state (i.e., velocities, temperatures, 

stresses) of the solid. In this work, the state of the solid is kept fixed, and so the only 

effect of MPM, as far as the solid is concerned, is in describing its geometry. The 

momentum and heat transfer exchange due to the fire-structure interaction are accounted 

for in the fluid phase, but not in the solid phase. In other words, the temperature rise in 

the solid pipe is neglected. This is acceptable since the pipe has a high heat capacity, and 

therefore it would take a long time for the temperature of the pipe to rise significantly. 

The pipe does, however, radiate heat to the fire, through its specification as a boundary at 

298 K. The fire radiates energy to the pipe, and this heat loss is calculated, along with the 

convective heat transfer implicit in the presence of the wall cell. 

The filtered equations are discretized on a 3-dimensional, structured, Cartesian-

staggered grid using a second-order differencing scheme. An explicit second order strong 

stability preserving Runge-Kutta time integration scheme (Gottlieb et al., 2001) is used 

for advancing the variables in time. A low-march number variable density formulation 

(Najm et al., 1998) is used for the present calculations. In this approach, the intermediate 

velocity is computed from the pressure-free momentum equations. The Poisson equation 
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for pressure is then obtained from mass conservation considerations. After the pressure 

equation is solved, the intermediate the velocity is corrected to obtain velocity field 

satisfying mass conservation.  

Radiation is considered in this study through the Discrete Ordinates (DO) method 

(Fiveland and Jessee, 1995). The variables of interest in radiative heat transfer analysis 

are the distributions of radiative heat flux vectors and the radiative source terms. The 

radiative heat transfer equation (RTE) must be solved in order to obtain the distributions 

of these quantities. Soot is included in calculating the radiative properties along with the 

gases participate in radiative heat transfer such as CO2 and H2O. 

One of the important characteristics of the flares addressed here is that 

combustion occurs in an open domain. Because the open domain must be modeled with a 

finite numerical domain, pressure-based open domain boundary conditions are employed 

on all the boundaries except for inlet and crosswind boundary. At the inlet boundary, the 

boundary condition is a constant specified mass flux with initially constant velocity 

profile. At the crosswind boundary, a constant crosswind velocity across the boundary is 

specified.The computational grid in most cases consisted of 500,000 cells, with uniform 

spacing in each direction. The dimensions of the simulation domain were 1 m long, 1 m 

tall and 1 m wide. A schematic representation of the box domain is shown in Figure 6.1. 

The mesh resolution was 50×100×100. Typical computational run time varied between a 

minimum of 24 hours (for the low crosswind cases) to a maximum of 504 hours (for the 

high crosswind cases). Simulation time varied between 3 to 4 seconds in most cases. The 

reaction model implemented was based on the laminar flamelet approach. These 

flamelets were obtained from the GRI3.0 reaction mechanism (Smith et al., 2005). A 

total of 16 nodes and 32 processors (e.g., 2 processors per node) in parallel Linux cluster 

were used for this work. 
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Figure 6.1: Schematic representation of the box used for simulation. 

6.4 LES SIMULATION RESULTS  

All the simulation results shown here are displayed in a 2D plane using a volume 

rendering approach, which allows the visualization of three-dimensional data by 

computing 2-D projections of a colored semitransparent volume. This allows a more 

realistic visualization of the actual flare flames.  

Figure 6.2 shows the flame shapes obtained from LES simulation (left side) 

versus the photographs of the actual flare experiments (right side) for increasing values of 

the crosswind velocity (cases B to G). The simulated flare images were extracted after the 

flame was fully developed and reached a quasi-steady state. Clearly LES is capable of 

predicting the turbulent eddies within the flame and the overall behavior of the buoyant 

plume. This turbulence model also capture the buoyancy effect that lifts the flame from 

its horizontal position as observed in the experiments. Smoke formation is also observed 

in the simulations.  
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Notice that only long-exposure photographs of the experimental flames are shown 

here. On the other hand, simulation results are instantaneously in nature, so experimental 

and simulated images do not necessary match due to the fast turbulence fluctuations in 

the flame. Nevertheless, LES simulations still provides a good idea of the resulting flame 

shape and size as since the flame shape is dominated by large scale structures in the flow. 

As observed at both experiments and simulations, increasing the crosswind 

reduces the flame size and generates flame downwash (i.e., a portion of the combusting 

gases verge on being drawn into the low-pressure region on the downwind side of the 

stack). This downwash effect produces a flame that is fully attached to the wake region 

and is referred to being wake stabilized. When this occurs, the buoyancy has negligible 

effect on the flame shape and the flame is almost aligned horizontally. Figure 6.3 shows 

in more detail some of these flare phenomena predicted by LES for case B.  

In this work, the combustion efficiency will be estimated through Equation (3.1) 

after integrating the species concentrations at the inlet and outlet boundaries of the 

simulation domain. It is worth noticing that the LES simulations are unsteady simulations 

in nature, so the combustion efficiency must be integrated over time according to Eq. 

(6.11) in order to provide an average value. 
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Equation (6.11) was numerically integrated using both trapezoidal and Simpson’s 

rule. The two methods produced very similar results. 
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Figure 6.2: Flame simulation results (left side) and long-exposure photographs of the 
experimental flame (right side) As we move downwards from the top, the 
crosswind velocity is increased from 1.33 m/s (case B) to 11.05 m/s (case G) 
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Figure 6.3: Some flare phenomena predicted by LES for Flare B. 

Note that the instantaneous values for combustion efficiency, )t(cη , always 

follow a periodic oscillation after an initial transient period of about 1 second. This can 

be observed in Figure 6.4, which shows the time history of the combustion efficiency for 

Flame B. For this particular case, Eq. (6.11) was integrated between t0= 2s and t1 = 10s to 

produce an average combustion efficiency. In most cases, an integration interval between 

t0= 2s and t1 = 4s was sufficient to predict the average efficiency. 

The observed periodic oscillations in Figure 6.4 are due to the pulsating flow that 

is characteristic of turbulent combustion flares. Moreover, the reason why instantaneous 

combustion efficiencies are sometimes above 100% is that the time evolving flame can 

burn up some of the unburned fuel from previous time in the history of the flame. This 

does not happen for the RANS cases studied (see Chapter 5), because no time-dependent 

effects are included. 
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Figure 6.4: Time evolution of the combustion (or carbon) efficiency for Flare B. 

For all the flare cases considered here, numerical integration was performed in 

order to evaluate the resulting combustion efficiency. Results are shown in Table 6.1, and 

the simulated values are compared to the experimental values observed in the laboratory. 
 

Case ηc (%) 
Experimental 

ηc (%) 
Simulation 

B 99.4 96.17 
C 99.3 95.05 
D 99.7 94.77 
E 99.2 95.62 
F 96.5 95.33 
G 88.6 95.09 

Table 6.1:  Experimental and simulated combustion efficiencies for the different flares 
considered in this work. 

As we can see from Table 6.1, overall predictions of combustion efficiency are 

fair (errors are always smaller than 7%), but the code also fails to predict the trend 



 128 

observed by the experimental study (e.g., significant combustion inefficiency is expected 

at high crosswinds like case F or G). In fact, the simulated combustion efficiency for case 

G is around 10% higher than the experimental result. This indicates this simulation work 

was very successful in predicting the flame shape and turbulent eddies, but it failed to 

obtain an accurate prediction of the combustion efficiency. 

One reason the experimental and simulated values differ may be the need for a 

larger simulation domain. Figure 6.5 shows the volume-rendered CO mass fraction in the 

plume for flare B. It is observed from this figure that CO may run out of space to totally 

burn to CO2 within the simulation domain. This indicates that the selected simulation 

domain may not be large enough so that the important chemical reactions have enough 

time to go to completion. Increasing the size of the box domain (and thus the number of 

grid cells in the computation) may produce a more accurate representation of burnout 

from the simulation. However, this would increase the computational time significantly, 

so clearly a trade-off exists between accuracy and computational resources. 
 

 

Figure 6.5: Volume-rendered CO mass fraction in the plume for flare B 
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Compared to previous RANS simulation of these particular wind-tunnel flares 

(see Chapter 5), this LES model seems to be more successful in predicting the turbulent 

eddies that determine the flame shape and size. The model is also capable of predicting 

complex flare phenomena like buoyancy and soot formation. However, the RANS 

simulations, which were steady-state in nature, produced a more accurate prediction of 

flare combustion efficiencies. One reason for this may be the previously mentioned 

problem with the simulation domain size for the case of LES. On the other hand, the grid 

defined for the RANS simulation may be more convenient in order to simulate 

combustion flares. In fact, the unstructured grid implemented for RANS simulations was 

much more flexible. Cell size was reduced near the flame axis and at the burner exit 

plane since these regions account for the largest gradients within the system; however, a 

coarse grid was defined at the outlet boundaries of the domain to reduce computational 

efforts.  

On the other hand, a structured grid was implemented for LES simulations, so the 

cell size had to be regular along the domain. Hence the cell size could not be too small in 

order to avoid prohibitive computational times with LES. The minimum cell size was 

also limited for the need to incorporate a flare stack through the Material Point method, 

which requires at least two cells within the walls to operate correctly.  
 

6.5 CONCLUSIONS FOR LES SIMULATION. 

A series of wind-tunnel flares have been simulated by using a LES model in order 

to predict the dynamic behavior of the flare flames. A three-dimensional, structured, 

Cartesian staggered grid was defined and an unsteady, explicit solver was used to solve 

the filtered equations defined by LES. Massively parallel environment was implemented 
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on pc clusters at the CRSIM research group, University of Utah, to handle the intensive 

computations. 

Results show that LES is capable of predicting the flame shape and size with great 

detail, so the unsteady buoyant plume is well captured with this model. In fact, LES 

results were compared to the actual photographs of the experimental flares, and the 

observed flame shapes and sizes are in very good agreement with the experimental data. 

All the simulation results shown here were displayed in a 2D plane using a volume 

rendering approach, which allowed for a more realistic visualization of the actual flare 

flames. Several flare phenomena like radiation, buoyancy, flame downwash and smoke 

formation were also predicted by this LES model.  

Compared to previous RANS simulations, LES yielded worse predictions of the 

average combustion efficiency observed at the flare experiments. This may be due to 

several problems in defining the simulation domain and also the grid for the LES case. 

Therefore each model has different capabilities for flare simulation, so its selection 

should depend on the particular flare phenomena that are being investigated. 
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CHAPTER 7 

Multivariate Image Analysis (MIA) for Flare Combustion Monitoring 
and Control 

 

As shown in previous chapters, industrial flares may represent one of the most 

important sources of gas emissions from chemical and petrochemical plants, so 

environmental agencies such as EPA have encouraged development of efficient control 

and mitigation strategies for these units. This chapter reviews the existing control 

technologies implemented in flares and their potential impact on flare combustion 

efficiency and resulting emissions. A critical analysis of these control systems is 

performed, and recommendations are given based on simulation studies of industrial 

flares in this dissertation. In addition, a new approach for flare monitoring is proposed 

based on multivariate image analysis of the flares. This technique seems to be a 

promising tool for on-line measurements of flare combustion efficiencies, which is one of 

the main limitations in implementing flare control strategies. 
 

7.1 FLARE CONTROL TECHNOLOGIES. 

Several control technologies are currently available for industrial flares that aim 

to guarantee a safe and efficient combustion of the waste gases. For most flares, control 

mechanisms are implemented into a) the ignition/pilot gas system, b) the purge gas 

system, c) the auxiliary fuel gas system d) the knock-out and liquid seal and e) the assist 

gas injection system.  

These flare control technologies are briefly described below, and their potential 

impact on flare efficiency is explained. Special attention is paid to the assist gas control 

system due to its significant impact on flare combustion efficiency and resulting gas 
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emissions. The final arrangement of these control systems depends on both flare 

manufacturer and industry needs. 

7.1.1 Ignition/pilot Gas System Control  

One of the most important pieces of the flare equipment is the pilot ignition 

system. This system must provide reliable ignition of the waste gas and air by igniting a 

pilot gas. The simplest ignition system for the pilot gas is electronic ignition, where the 

gas is ignited using a short (~10cm) sparking electrode. Another approach is flame front 

technology, which is in regular use within the industry. This technology produces a 

fireball, which travels inside a pipe from the point of ignition to the pilot, thereby lighting 

the pilot (John Zink, 2001). Finally, dual ignition systems (flame front and high energy 

spark) are also available.  

Verification that a flare pilot is burning is an important and in some cases 

mandatory requirement due to environmental regulations. Traditionally pilot monitoring 

has been done using thermocouples that sense the heat generated by the pilot flame. The 

thermocouple is connected to a temperature switch or a computer that indicates pilot 

failure if the temperature drops below a set point. Pilot gases can also be monitored 

through flame ionization, optical sensing or, more recently, through acoustic sensors, 

which provide rapid, continuous and reliable pilot verification, even under intense 

weather conditions (John Zink, 2006). 

7.1.2 Purge Gas Control  

This control system ensures proper flow of purge gas introduced into the flare 

system. The purge gas prevents air infiltration through the stack exit, which could lead to 

destructive detonation in the system. Purge gas is injected only as required by actuating 
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an auxiliary purge gas injection valve. The quantity of purge gas required depends on the 

size of the flare and the composition of both composition and purge gases.  

However, if the amount of purge gas injected is too large, then increasing costs 

and gas emissions may occur from the flare. To control (e.g., reduce) the amount of purge 

gas injected, some purge reduction devices or seals are available. For example, a liquid 

seal in the system can produce positive flare header pressure although the pressure 

downstream of the seal is negative. A “density” seal relies on the density difference 

between purge gas and air to produce a process barrier to air entering the flare. A 

“velocity” seal provides a barrier for air ingress based on breaking the air flow 

attachment with the wall as the air comes down the inner walls of the flare tip.  

7.1.3 Auxiliary Gas Control   

When the gas being flared is low-Btu quality (< 300 Btu/scf), the resulting 

combustion efficiency may be affected, thereby increasing waste gas emissions. For this 

reason, auxiliary fuel gas with a substantially higher heating value (~1,000 Btu/scf) is 

combined with the waste gas to ensure complete combustion.  In fact, the U.S. EPA 

addresses the burning of low-Btu waste gas (EPA, 1995). According to the EPA, if the 

minimum of Btu/scf is not met by the waste gas, auxiliary fuel “must be introduced in 

sufficient quantity to make up the difference”.  This regulation also requires specified 

flare tip velocities depending on the Btu value of the waste gases in order to ensure 

minimized air emissions during flaring conditions. Equation (7.1) gives the recommended 

maximum velocity as a function of the net heating value: 
 
   log10 (Vmax)= (Ht+28.8)/31.7     (7.1) 
 

where Vmax is the maximum permitted velocity (m/s) and Ht is the net heating 

value of the gases. 
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It is generally desirable to automatically control the addition of the auxiliary fuel. 

This is particularly true for flare operations that must accommodate gases with large 

fluctuations in volatile organic carbon (VOC) compositions. If the flaring operation is 

designed to relieve emergency process upsets in addition to the combustion of VOC 

streams, the fluctuations in VOC can be severe. In order to provide accurate, reliable, and 

high-speed calorific value measurements under these conditions, the measurement device 

must be configured for wide ranges of 0-1000 Btu/scf or even 0-2500 Btu/scf. 

7.1.4 Knock-out and Liquid Seal Control  

Several studies have shown that entrained liquid in the waste gas being flared can 

significantly reduce flare combustion efficiency to levels approaching 70-80%, thus 

increasing emissions (EPA, 1984). Liquid knockout pots and water seals prior to the flare 

stack are designed to minimize the presence of entrained liquids from either the process 

or condensation of the heavier waste gas components. To maximize flare combustion 

efficiency as well as waste gas destruction efficiency, proper operation of these liquid 

collection systems is critical. Besides significantly reducing the flare combustion 

efficiency, entrained liquids in flared waste gas can also cause rainout of hydrocarbon 

materials, which can lead to unsafe situations from both safety and environmental 

perspectives. 

7.1.5 Assist Gas Control 

Assist gas is typically supplied to the flare tips to minimize smoking, soot 

formation and also flare noise. Normally, either steam or air is used as the assist gas. The 

choice of steam or air is primarily dictated by economics, such as the availability of 

excess steam at the facility, the costs associated with producing steam vs. air, etc. 
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The injection of steam has several effects on the flame as shown in Chapter 3. 

First of all, it promotes turbulence for mixing and educts more air into the flame. In 

addition, the injection of steam also presents beneficial chemistry interactions through 

reaction with carbon particles and also the water gas-shift reaction (CO + H2O → CO2 + 

H2). Finally, adding steam to the flame has an immediate impact on the flame 

temperature because the steam also acts a heat sink. Unfortunately, excessive steam 

addition can decrease the temperature of the flame to the point where inefficiency 

becomes a concern. In fact, for large steam/fuel ratios, the flame can be quenched so that 

unburned hydrocarbons are released to the atmosphere. 

The injection of air produces similar effects to the addition of steam. The supplied 

air still adds momentum and turbulence to the reaction zone, which improves mixing and 

reduces the possibility of smoke formation. Moreover, additional air is induced into the 

waste gas, providing the oxygen necessary to augment smokeless capacity. On the other 

hand, assisted air does not participate effectively in chemical reactions with carbon 

particles as in the steam addition case, so the smokeless capacity of air is lower than 

steam. Compared to the steam-addition case, the resulting combustion efficiencies of air-

assisted flares seem to be much higher at comparable assist gas/fuel ratios (see Chapter 

3), though high inefficiencies are observed for both overaerated and oversteamed flares. 

The above discussion indicates that careful assist gas control is a crucial step in 

order to provide effective burning of the waste gases in industrial flares. There are two 

basic strategies implemented in flares for assist gas control: 

7.1.5a Manual Assist Gas Control 

The simplest steam control system consists of a manual valve that an operator 

uses to adjust assist flow to the flare tip based on flame observation (either directly or on 

a video monitor). Some facilities have flow meters on the assist gas to minimize its use 
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for economic reasons. Figure 7.1 below depicts a typical control arrangement for steam 

injection 

 

Figure 7.1: Typical control arrangement for flare steam injection (John Zink, 2000). 

The assist gas control valve on a flare can operate almost completely closed for 

extended period of time. As a result, wear on the valve seat becomes a maintenance issue. 

To allow for removal and maintenance while the flare is in operation, block valves are 

recommended both upstream and downstream of the control valve. To operate the flare 

smokelessly during control valve maintenance, a bypass line with a manual valve is 

typically installed around the control valve and its block valves. A pressure gage can be 

installed downstream of the control valve station to provide the operator with a tool for 

diagnosing control issues and a guide for manual control, when needed. 

Most steam-assisted flares require a minimum level of steam flow for two 

reasons. First, a minimum steam flow keeps the steam line from the control valve to the 

flare warm and ready for use. Steam flow keeps the steam manifold on the flare burner 

cool (“cooling steam”) in case a low flow flame attaches to the steam equipment. To 

maintain the minimum steam flow, a second bypass line is installed with a metering 
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orifice sized for the minimum flow and a pair of block valves for maintenance of the 

orifice. 

Steam traps are mandatory wherever condensate can accumulate in the steam 

piping. Many steam injector designs use relatively small orifices, at least in part to reduce 

audible noise. Therefore, a steam line strainer is recommended. If the orifices are very 

small, the stainless steel steam piping may be appropriate. 

Roughly 90% of chemical plants use manual control for the assist gas (TCEQ, 

2006) 

7.15b Automatic Assist Gas Control 

For steam-assisted flares, automatic steam control is based on setting the 

steam/fuel ratio to a given number. Typically this ratio is set around 0.25 – 1.0 lb steam 

per lb of flare gas, depending on the carbon content of the flare gas. Two different 

automatic control strategies are used in chemical and petrochemical plants to keep the 

ratio to its set point value: 

1. In the first strategy, assist gas and waste gas flow meters are tied into a 

distributed process control system with automatic ratio control. The control systems used 

to adjust the assist gas flow rate based on the waste gas flow rate would be a very small 

part of a much larger process control system for the facility. In addition to controlling the 

assist gas ratio for the flare, these control systems also control the process temperatures, 

pressures, compositions, levels and flows.  

2. The second and less practiced strategy of automatically controlling assist gas 

injection rate consists of infrared sensors that sense the flare flame characteristics and 

automatically adjust the assist gas flow rate to maintain smokeless operation. As with all 

infrared systems, the accuracy of these systems is affected by optical interferences, 
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emissivity and luminosity. A more detailed analysis of the infrared technology for flare 

monitoring is given later in this chapter. 

For the particular case of air-assisted flares, the amount of air added is typically a 

portion of the combustion air required. In fact, the blower supplies only a fraction of the 

combustion air required by the smokeless flow condition. For most designs, 15 to 50% of 

the stoichiometric air requirement is blown into the flame. 

Roughly 10% of chemical plants use automatic control to a set assist gas/fuel ratio 

in chemical plants. Roughly 2% of the flares use infrared technology for this purpose 

(TCEQ, 2006). 

7.2  ANALYSIS OF FLARE CONTROL TECHNOLOGIES 

The flare control systems described in previous section are of standard application 

in chemical plants in order to guarantee a safe and total combustion of the waste gases. 

However, it is important to analyze the potential impact of some of these control 

strategies in the flare combustion efficiency and resulting gas emissions.  First of all, a 

reliable ignition and pilot gas control system should be installed in all industrial flares. In 

fact, failure in this system would produce complete emission of the unburned waste gases 

to the atmosphere. Thus the pilot gas must be continuously monitored to avoid this 

undesirable situation. On the other hand, the purge gas control system is a safe procedure 

that prevents dangerous conditions (detonation) in the flare. These two control systems 

are believed to work very efficiently in current flares. 

The knock-out/liquid seal control system may be more problematic since any 

failure in separating the entrained liquid droplets will produce significant combustion 

inefficiencies. Under upset and emergency conditions, the amount of liquid entrained 

with the fuel gases may be significant. Therefore it should be ensured that the control 
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system operates correctly for a broad range of conditions in order to prevent significant 

episodic flare gas emissions. 

On the other hand, due to the serious impact of the assist gas on the flare 

combustion efficiency, current control strategies for air-assist may need some 

improvements. As mentioned earlier, most plants manually adjust the steam (or air) 

requirement based on visual observations by an operator in the control room looking at a 

video image from a camera aimed at the flare. Any smoking condition is corrected by an 

increase in steam flow to the flare. This has been a standard practice and, most emissions 

calculations assume 98% efficiency regardless of the amount of steam injected.  

Notice that when the gas flow begins to subside, the flare flame continues to look 

“clean” to the operator. Therefore, some time may pass before the operator reduces the 

steam flow. As a result, this manual method of smoke control tends to result in 

oversteaming of the flare, which seriously affects the combustion efficiency, as shown by 

several experimental and simulation studies. In addition, steam injection produces 

excessive noise and unnecessary steam consumption. The manual control strategy also 

exhibits great variability (e.g., large standard deviation) in the actual amount of the assist 

gas used for smokeless operation, something that is not desired in industrial operations. 

Therefore assist gas manual control should be avoided from industrial practice when 

possible. 

The automatic control approach has the potential to maintain the assist gas to 

waste gas ratio with greater certainty.  The optimum amount of assist gas required for 

smoke suppression changes as the flow or composition of waste gas sent to the flare 

varies. This amount is currently determined based on the fuel flow rate and carbon 

content, but the global heat content of the gases could also be an excellent indicator for 
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control purposes. In fact, this approach is already used for the auxiliary gas control 

system to guarantee high heating values of the gases being burned. 

The global heat content is defined as the resulting heat content (waste gas + assist 

gas) obtained after injecting the assist gas into the flare. As shown in Chapter 2 of this 

dissertation, global heat contents lower than 200 Btu/scf seem to yield combustion 

efficiencies smaller than 90%. Even though this simulation study did not consider the 

beneficial effect of injecting steam through nozzles (e.g., steam was directly mixed with 

the fuel gas, so some turbulence and eduction effects were neglected), results suggest that 

set-point values for the assist gas/fuel ratio could be specified based on the global heat 

content of the gases. 

Another conclusion from this simulation study is related to the different impact 

than steam and air injection has on the resulting combustion efficiency. While the 

smokeless capacity of the steam is clearly higher than air, steam seems to affect the 

combustion efficiency at much lower assist gas/fuel ratio than air. Hence it may be worth 

investigating the possibility of using both steam and air for smoke suppression, so 

smokeless operation can be achieved while still keeping high combustion efficiencies. 

The optimum amounts of steam and air injected streams could be determined from 

simulation models. However, this approach would require changing current flare designs 

since the injection mechanisms for steam and air are different. Another potential control 

strategy to prevent quenching the flame may be to use superheated assist gas, so the 

overall temperature within the flame could remain constant. This approach has the benefit 

of being economically inexpensive. 
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7.3 FLARE COMBUSTION EFFICIENCY MONITORING 

As commented earlier, several experimental and simulation studies show that gas 

emissions from flare are being underestimated in current industrial emission inventories. 

Currently, flare emissions are estimated based on emission factors that were derived from 

limited data obtained as part of EPA-sponsored research in 80s (EPA, 1984). However, 

there may be variables that affect flare operation than were not identified in the 1980 

studies. In this dissertation we have analyzed several factors that may affect the 

combustion efficiency for flares. Any potential strategy to control this combustion 

efficiency would require first taking measurements of the flare performance either 

directly or indirectly. 

Unfortunately, exact estimation of the flare combustion efficiency and resulting 

emissions is very difficult since that would require capturing the whole plume of 

combustion gases, something that is impractical in most industrial plants. On the other 

hand, taking local measurements within the flame is complicated by the large size of the 

flames, their high turbulence and the variable ambient conditions (crosswind, rain, etc) 

existing in these industrial units.  

For this reason, inferential approaches based on a) infrared technology or b) 

multivariate image analysis seems very attractive to determine the resulting combustion 

efficiency and for flare monitoring. In this chapter we analyze and compares both 

approaches and their potential application for flare control. 

First, it is worth noticing that implementing any flare control model will probably 

require accurate measurements of the waste gas flow rate and composition. An extensive 

analysis of applicable flow measurement and gas composition techniques for flares has 
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been done by the TCEQ and Shell Global Solutions (TCEQ, 2006). This analysis is 

summarized below: 

7.3.1 Flare Waste Gas Flow Measurement. 

Due to the unique requirements of flare systems (low pressures, large pipe sizes, 

and 1000:1 turndown on flows) only multi-ranged pitot tubes, thermal mass meters, and 

ultrasonic time-of-flight meters are broadly applicable to the measurement of flows in 

flare systems. Ultrasonic time-of-flight meters and thermal mass meters can measure a 

greater range of gas velocities, and therefore are easier to apply to flare systems than 

multi-ranged pitot tubes.  

On the other hand, ultrasonic time-of-flight meters may work better for measuring 

flows in flare gas systems because they are less sensitive to changes in gas composition 

and can correct for variable gas composition using only flow meter inputs. Thermal mass 

meters and pitot tubes need significant correction for changing gas compositions.  

For the flares examined by Shell, all flows were below velocities of 300 fps, the 

high end measurable by ultrasonic and thermal mass meters. However, many flares are 

designed for worst-case events that will exceed this measurement capability. Flow 

measurement systems that combine multiple measurement techniques can measure this 

design worst case. Using multiple measurement techniques increases the costs associated 

with purchase, installation, calibration, and maintenance of dual meters. Typically, design 

worst-case events are associated with emergency, unplanned shutdowns of a complete 

process unit or the shutdown of several process units serving a flare due to a power 

failure. Other process data usually exist which can be used to estimate the mass flow 

during such events. Thus, the additional expense of installing multiple measurement 

systems may not be warranted due to the relative infrequency of such events and the 
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availability of process data that can be used to estimate mass flow during worst-case 

design events. 

Therefore, according to this study, ultrasonic time of flight meters show the most 

convenient approach for measuring the waste gases flow rate. However, their cost 

probably limits their application to flow measurements at the terminal end of flare 

systems. Thermal mass meters offer a suitable alternative in services where the waste gas 

composition does not vary greatly. In general measurement of flows in flare systems can 

be made with an uncertainty in the range of ± 5-10 percent. However, obtaining this 

accuracy in flare systems with highly variable compositions or where the meter cannot be 

located in a section of pipe with a representative flow profile will be a challenge. 

7.3.2 Flare Waste Gas Composition Measurement 

Measurement of the gas composition in flare systems on a continuous basis is a 

challenge due to the number of compounds of interest and the dynamic range of 

concentrations that may be present for the compounds of interest. To design and 

implement a continuous monitoring system capable of detecting the full range of 

compounds of interest across all concentrations of interest using conventional gas 

chromatography (GC) will require considerable up-front data collection, and fairly 

sophisticated combinations of columns and detectors.  

If aldehydes happen to be present at levels that would impact achieving the data 

quality objectives, the gas chromatography system required to analyze for them will 

become even more complex. Portable multi-channel, micro GCs have proven extremely 

capable of detecting most compounds of interest in flare systems across an extremely 

large dynamic range (105). Application of such instruments in online applications will 

significantly reduce the complexity of the GC instrumentation. However, online versions 

of these instruments have yet to be demonstrated in flare applications.  
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Application of US EPA Performance Specification 9 to online GCs in flare 

service is problematic given the potential number of compounds of interest and the 

dynamic range potentially encountered for these compounds. The linearity requirement 

will be extremely difficult to meet and the calibration procedures impractical. Picking a 

few representative compounds with which to calibrate and using relative response factors 

for other compounds of interest seems a practical solution. Due to the large dynamic 

range, the linearity requirement of EPA Specification may need to be relaxed in favor of 

a multipoint calibration curve. 

Under ideal conditions the mass flow in flare systems can be measured with an 

uncertainty in the ± 5-10% range. However, problematic applications with widely varying 

gas compositions and poor meter installation geometries will have difficulty meeting this 

constraint. Nevertheless, gas composition estimation is crucial for the correct application 

of control strategies into the flare. 

7.3.3 Fourier Transform Infrared (FTIR) Technology for Flare Monitoring and 
Control. 

Traditional extractive sampling methods generally collect an aliquot of the 

pollutant gases of species of interest from within a well-mixed exhaust stack prior to their 

release to the atmosphere. Because the combustion of industrial flares occurs at the flare 

tip and the exhaust gases are emitted directly to the atmosphere at a height of several 

hundred feet; use of traditional stack sampling methods for characterizing flare emissions 

are not practical. For this reason, an inferential approach based on Fourier Transform 

Infrared (FTIR) technology has been proposed. There are two types of FTIR: 

7.3.3a Open-path Fourier Transform Infrared (OP-FTIR).  

The basic idea under this technology is to transmit a collimated beam of infrared 

light through a plume and then positioning a detector on the opposite slide of the flare 
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plume to detect the amount of energy absorbed by those compounds of interest. In this 

case, the specific wavelengths absorbed are indicative of the presence of specific 

compounds being present and the amount of light that is absorbed is proportional to the 

concentration of these species (Hashmonay et al., 1999). 

In a recent study on the application of the OP-FTIR technology for flares 

(Blackwood, 2000), several estimates of combustion efficiency were taken from a low-

Btu flare gas that burned primarily CO. While unburned CO was easily identified with 

this technique, the trace gases were much more difficult to identify due to the long path 

length and high wind speeds. In addition, results were only compared to some other 

model predictions, but no validation was made against experimental data. Regardless of 

its accuracy, the use of this approach for flares can be complicated by the fact that the 

plume may change its direction of travel (relative to the light source) because of high 

turbulence and prevailing winds, thus requiring periodic re-alignment of the “active” light 

source and detector. Furthermore sufficient upwind data needs to be collected to be able 

to subtract the background CO and CO2 values with enough accuracy to provide data for 

efficiency calculation. Finally, the spectra collected for the beam paths traversed a wide 

range of temperatures and to a certain degree pressures which would affect the 

determination of the plume concentrations.  

7.3.3b Passive Fourier Transform Infrared (P-FTIR) Spectroscopy. 

This technology has also been proposed as a candidate method for sampling 

flares. This method operates in the principle of analyzing the amount of thermal radiation 

emitted by hot gases. In this case, the technique is “passive” since no “active” infrared 

light source is used. Rather, the hot gases of the flare become the infrared source and the 

P-FTIR spectrometer is used to measure the amount of energy radiated from the flare 

plume. The use of P-FTIR is possible because the IR radiation emitted by hot gases has 
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the same pattern of wavelengths or “fingerprints” as the corresponding infrared 

absorption spectra. Consequently observing a flare from a distance with an IR instrument 

coupled to a receiver telescope, allows (theoretically) for the rapid identification and 

quantification of the species in the flare plume.  

The performance of the P-FTIR technology has been evaluated very recently 

(TCEQ, 2004) by testing its ability to measure known emissions from a plume generator 

assembled by John Zink. During the simulate flare tests, certified gas mixtures (i.e., 

carbon dioxide, carbon monoxide, ethylene, butane, and propylene) were injected into a 

air preheater. The output of the preheater was ducted to a simulated flare stack. 

P-FTIR measurements were compared with experimental data so the technology 

could be assessed for actual implementation in flares. Results from this study show that 

P-FTIR is a potentially viable technology for determining species concentrations and 

combustion efficiencies in flare systems, though research still needs to be done to totally 

validate its application. In fact, the authors of this study found that absolute accuracy of 

the PFTIR is complicated by a) specific details of the quantification methods used to 

analyze spectra, b) the absolute radiance calibration of instrument c) the variable sky 

background and atmospheric path radiances which need to be measured very frequently 

and d) unexpected disagreements arising from the spectral reduction algorithms. This 

suggests that further effort is needed to refine this technology. 

However, the P-FTIR presents some advantages. First of all, passive remote 

sensing using PFTIR offers the possibility of characterizing flare emissions non-

intrusively and at a distance. This approach eliminates the need for special cones, 

sampling rakes, and lifting devices to hoist the sampling packages into position over the 

flare plume. All of these are manpower intensive and logistically complicate. Secondly, 

PFTIR may be capable of cost effectively quantifying major constituents of the flare 
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emissions in industrial settings. As compared with other type of remote sensing devices, 

the PFTIR can quantify many compounds simultaneously (many of which are products of 

complete and incomplete combustion), thus the measurements can be made more cost-

effectively. Finally, the PFTIR approach may provide a method for directly assessing 

flare performance continuously and in near real-time. This could be very advantageous 

when measuring flares that may be oversteamed or overaerated, or when characterizing 

the effects of wind speed on flare efficiency. 

7.3.4  Multivariate Image Analysis for Flare Monitoring and Control. 

As explained earlier, any flare control strategy requires some type of 

measurement of the flare performance. An inferential sensor based on flare image 

analysis seems very attractive for practical implementation. The main advantage of using 

image analysis to monitor a combustion process is based on the fact that different colors 

within the flame indicate different local temperatures and, consequently, different 

combustion regions. Thus multivariate statistical analysis of the flare image colors could 

be a valid approach to predict the overall flare performance. Principal component 

analysis (PCA) and partial least square (PLS) can be applied for this purpose, so most of 

the mathematical analysis is restricted to the latent variable feature space rather than in 

the observed image space. 

Different visualization methods have been proposed over the last decades for 

combustion systems including coal boilers, gas-fired combustors and gaseous flames 

(Shimoda et al., 1990, Yamaguchi et al., 1997, Huang et al., 1999b, Lu et al., 2000, 

Wang et al, 2000, Yu and MacGregor, 2004). However, none of these studies has focused 

on the application of Multivariate Image Analysis (MIA) to industrial flares. Here we 

investigate the applicability of MIA for flare monitoring and control, so that the flame 
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properties and resulting combustion efficiency can be accurately predicted on-line from 

flare images. 

As a starting point, we propose the implementation of MIA to predict the resulting 

combustion efficiency of industrial flares subject to different crosswind velocities. This 

chapter will show how combustion efficiencies of flares subject to crosswind can be 

estimated in real time from flare image analysis. 
 

7.4 MULTIVARIATE IMAGE ANALYSIS (MIA) FUNDAMENTALS 

In order to analyze an image for scientific purposes, a mathematical description of 

this image is necessary. Consider a simple 2D black-and-white image. This image has a 

horizontal dimension and a vertical dimension which that can be discretized, 

transforming the continuous image into a digital image. The latter is basically a 

chessboard-type structure, where each square is assigned with a certain intensity-gray-

value. Each of these squares is called a pixel. The intensity-gray-value assigned to each 

pixel allows one to mathematically represent the image in matrix form.  

Color images have generic properties of black-and-white images, although they 

are more complex. In fact, the tristimulus theory claims that any visual color can be 

simulated by the mixture of three color information channels (Giorgianni and Madden, 

1997). Traditionally these three colors have been chosen as red, green and blue (RGB 

system). Accordingly any color scene can be approximated by combining three intensity-

gray-value images that are given by the numerical values (normally integers from 0 to 

255) of its R, G, and B channels. 

Color images also represent a class of multivariate images (Geladi and Grahan, 

1996). A multivariate image is a stack of “congruent” images, that is, images where pixel 

positions match for all images in the stack. Multivariate imaging has been introduced in 
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different scientific fields, where congruent images of the same object or scene have been 

traditionally obtained by using different radiation energies or wavelengths. Multivariate 

images can also be obtained by combining images resulting from different instruments or 

even by combining a univariate image with copies of it that are derived from filtering 

operations. An RGB color image is a multivariate image with three variables: the 

horizontal dimension, the vertical dimension, and a third dimension, which is the variable 

given by the R, G and B channels.  

Notice that a typical multivariate image usually contains an enormous amount of 

data (for a single 512×512×3 color image, a total of 786,432 pixel intensities are needed 

to describe the image information). This makes the statistical study of these images 

computationally very expensive. However, these data are usually highly correlated due to 

the overall brightness or darkness ranges throughout the image, which overrides the color 

differences, so pixel variations within the raster are similar despite the band. Principal 

component analysis (PCA) has been proposed to compress the data and project it onto a 

reduced dimensional subspace through linear combinations of the original multivariate 

data. This step is explained in more detail in the next section. 
 

7.5 PRINCIPAL COMPONENT ANALYSIS (PCA) FUNDAMENTALS 

In the statistical sense, PCA is a tool to simplify real data containing redundant 

information (Johnson and Wichern, 1998; Jolliffe, 2002). This technique has been 

traditionally used to simplify a data set with many variables where groups of variables are 

often related to each other. One reason for this is that more than one variable may be 

measuring the same driving principle governing the behavior of the system. When this 

occurs, a group of variables may be replaced with new variables called principal 
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components so that redundant information is eliminated. Thus, PCA can be very useful to 

compress the highly correlated data of color images. 

PCA may also be explained in a purely mathematical context. In fact, each 

principal component is a linear combination of the original variables, and more 

importantly, the principal components are orthogonal to each other so as to remove 

redundant information. Notice that there are an infinite number of possible combinations 

to construct an orthogonal basis for several columns of data. The principal components 

are defined as those uncorrelated linear combinations of the given variables whose 

variances are as large as possible, subject to a constraint in the unit length of the 

coefficient vectors.  

Geometrically, these linear combinations represent the selection of a new 

coordinate system obtained by rotating the original system. The new axes represent the 

direction with maximum variability and provide a simpler and more parsimonious 

description of the covariance structure. The first principal component is a single axis in 

space. When each observation is projected on that axis, the resulting values form a new 

variable. Moreover, the variance of this variable is the maximum among all possible 

choices of the first axis. The second principal component is another axis in space, 

orthogonal to the first. Projecting the observation on this axis generates another new 

variable. The variance of this variable is the maximum among all possible choices of this 

second axis. 

Given a matrix X of dimension (N×K) , PCA is the decomposition of this matrix 

into simpler matrices Ma: 

∑
=

=
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1a
aMX      (7.2) 
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The smallest value of j for which Equation (7.2) still works is called the rank of 

X. The Ma matrices all have dimensions of (N×K). The Ma matrices also have the special 

property of all having rank = 1. They can therefore be represented as the outer product of 

two vectors, t and p: 

    ∑
=

=
j

1a

T
aa ptX      (7.3) 

where,  

j = number of principal components; 

ta = score vectors of size (N×1); these vectors are orthogonal; and, 

pa = loading vectors of size (K×1) ; these vectors are orthonormal. 

Since an RGB color image is by definition a three-way array (of dimensions 

I×J×K), it is convenient to first transform this array into a two-way array or matrix 

(dimensions N×K) so then PCA can be applied as indicated by Equation (7.3). This 

transformation process is explained in more detail later.  For RGB color images, the 

maximum number of principal components is three, so the PCA decomposition will result 

in three ta vectors and three pa vectors, one for each component. The first component 

explains the greatest amount of variance in X, the second component explains the next 

greatest variance, and so forth. The number of principal components necessary to extract 

most of the meaningful information can be determined by several methods (Wold, 1978; 

Jackson, 1991). Typically, the first two components explain most of the variability of the 

original data in color images. 

Therefore, PCA represents a very useful tool for data reduction and data 

interpretation in the analysis of flare color images. Furthermore, different image features 

can be easily extracted from the resulting score plots containing more physical meaning. 

Then, those image features can be regressed against some known values of the flare 
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efficiency. This would create a regression model that directly relates the flare efficiency 

with the flare image. 
 

7.6 PARTIAL LEAST SQUARES FUNDAMENTALS 

Partial Least Squares (PLS) regression technique is specially useful in cases 

where the number of predictors (factors) is comparable to or greater than the number of 

predicted (response) variables and/or there exist other factors leading to correlations 

between variables. PLS extracts relations between observed variables by means of latent 

(not directly measured) variables. It constructs predictive models to analyze large 

multivariable collinear data sets. The method aims to identify the underlying factors, or 

linear combination of the X variables, which best models the dependent variables (Y). 

Figure 7.2 gives a schematic outline of the method (Tobias, 1997). 
 

                     (Xn score)        T                 U (Yn score) 

 
              (Xn)            Factors  Responses            (Yn) 

Figure 7.2:  Schematic representation of the indirect modeling for Partial Least Squares. 

PLS creates orthogonal score vectors by maximizing the covariance between 

different sets of variables (Rosipal, 2006). The predictor and predicted (response) 

variables are each considered as a block of variables.  

Consider the X⊂ RN an N-dimensional space of variables representing the first 

block and similarly by Y⊂ RM , a space representing the second block of variables. After 

observing n data samples from each block of variables, PLS decomposes the (n x N) 
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matrix of zero-mean variables X and the (n x M) matrix of zero-mean variables Y into the 

form: 
 

Y = UQT + F     (7.4) 
 

X = TPT + E 

where,  

T and U are (n x p) matrices of the p extracted score vectors; 

the (N x p) matrix P and the (M x p) matrix Q represent matrices of loadings; and, 

the (n x N) matrix E and the matrix F are the matrices of residuals.  

The difference between PLS and Principal Component Analysis (PCA) is that 

PLS not only minimizes the residuals E and F, but it maximizes the correlations between 

U and T. The PLS method, based on the Nonlinear Iterative Partial Least Squares 

(NIPALS) algorithm (Wold, 1975), finds the weight vectors w and c such that 

 
 

[cov(t, u)]2 = [cov(Xw, Yc)]2 = max│r│=│s│= 1[cov(Xr, Ys)]2  (7.5) 
 

where,  

 cov (t,u) = tTu/n denotes the sample covariance between t and u.  

The NIPALS algorithm starts with random initialization of the Y-space score 

vector u and repeats a sequence of the following steps until the iteration converges. 
 

1) w = XTu/ (uTu) 
2) ║w║→ 1 
3) t = Xw 
4) c = YTt/(tTt) 
5) ║c║→ 1 
6) u = Yc 

 

The weight vector w also corresponds to the first eigenvector of the following 

problem 
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XTYYTXw = λw     (7.6) 
  

The X- and Y-space score vectors t and u are then given as 
 

t = Xw          and          u = Yc    (7.7) 
 

where the weight vector c is found in steps 4 and 5 of NIPALS. Eigenvalue 

problems for the extraction of t, u, or c estimates can be derived. The user then solves for 

one of these eigenvalue problems and the other score or weight vectors are computable 

using NIPALS. 
 

7.7 CASES STUDIED 

This dissertation analyzes the application of MIA to the closed-loop wind tunnel 

flares studied in Chapter 5 and 6. Therefore, a total of six flare cases are analyzed here: 

cases B, C, D, E, F and G, as named by the authors of the actual flare experiments (see 

Chapter 5 for more information). 

One advantage of using simulation images for MIA is that they do not contain 

noise or complex backgrounds that make the analysis of the flame difficult. In fact, the 

computational images used in this work did not require any special preprocessing. For 

each of the six flares considered in this study, 20 color images were retrieved that were 

0.1 seconds apart. Hence, a total of 120 images were analyzed. Due to the inherent 

turbulent fluctuations of the flame, flare images changed significantly in very short time 

even for a constant crosswind velocity. Figure 7.3 shows three sample images for each of 

the flare cases analyzed here, where the images are given at a reference time (t0), at one 

second (t1) and two seconds apart (t2). Notice that the flare stack has been conveniently 

removed from the images to facilitate the subsequent image analysis.  
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Figure 7.3: Sample images of the flares taken at three consecutive seconds (t0, t1, and t2) 
Images are shown for increasing crosswind velocities (cases B, C, D, E, F 
and G).  
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7.8 PROCEDURE FOR IMPLEMENTING MIA  

The practical implementation of multivariate image analysis (MIA) requires 

several steps. In this work we follow a similar procedure to that applied by Yu and 

MacGregor (2004), which was originally developed for analysis of industrial boilers. The 

procedure is shown below, which allows to create a regression model that can be used to 

predict the flare combustion efficiency at a given crosswind velocity. 

7.8.1 Converting Color Images into Three-way Arrays ( X ) of Data. 

The first step in any multivariate image analysis is to convert the actual color 

images into three-way arrays of data. As mentioned earlier, in this particular work, 

images are obtained directly from computer simulation of the flares. Hence, the 

commercial software MATLAB 7.0 can be used to read these color images and 

transformed them into a three-way array of data according to their RGB intensity values. 
 
 
  
       →MATLAB

)KJI(X ××   

 
 

        Flare Image 
  

where  I and J are the horizontal and vertical dimensions of the image respectively 

            K is the color variable (K=3 for RGB color images) 

It should be noted that analysis of real flare images would be more complex due 

to the presence of the flare stack and a potential interfering background (for example, a 

highly luminous sky may affect the color analysis of the flare image). Under these 

circumstances, some sort of processing and transformation operations should be 

performed in the image to remove all these background features. More information about 

image preprocessing can be found at Petrou and Bosdogianni (1999). 
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7.8.2 Unfolding the Three-way Arrays ( X )  into Two-way Arrays or Matrices ( X )  

In the previous step, flare color images were converted into three-way arrays of 

data. It is worth noting that, for each of these three-way arrays, two of the dimenions are 

essentially different from the third one: the horizontal and vertical dimensions ( JI × ) 

work together to describe the image plane, while the third dimension (K, the variable 

way) is very different from the geometrical indices since it represents different color 

channels (typically R, G and B channels). Since we want to emphasize this variable way, 

it may be useful to ignore the geometry of the images temporarily. Hence the three-way 

arrays X of dimensions I, J and K can be converted into two-way arrays (or matrices) X 

of dimensions N and K, where JIN ×= . Notice that N is the number of pixels in each 

image. This conversion process is called “unfolding” or “reshaping” (Smilde, 1992), and 

it simplifies the problem of having to handle complex three-way array algebra. 

Mathematically,  

  )KJI(X ××  →unfold  























=×

B,NG,NR,N

B,iG,iR,i

B,1G,1R,1

)KN(

vvv

vvv

vvv

X

MMM

MMM

  

 

where B,iG,iR,i v,v,v (i=1,...N) are the (intensity) values of the R, G, and B 

channels for pixel i.  

There are six possible ways to unfold a 3-D array into a 2-D array or matrix, but 

only two of these reshaping operations are useful for image processing (Geladi and 

Grahan, 1996). The resulting matrices have a large number of rows (number of rows = 

number of pixels) with only three columns. 
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7.8.3 Applying Principal Component Analysis (PCA) to Decompose X into Loading 
and Score Vectors: 

As mentioned earlier, a multivariate image typically contains an enormous 

amount of data that is highly correlated. PCA can be used to project the image onto a 

reduced dimensional subspace through a few linear combinations of the original 

multivariate data. Notice that each new variable obtained through PCA can be viewed as 

a linear combination of the original variables, where the coefficients of these linear 

combinations are given by the corresponding loading vector pa. In fact, the vector of 

values of the principal component at each pixel location in the scene space is given by the 

score vector ta , where  

 
ta= Xpa      (7.8) 

 

There are several ways to perform PCA decomposition of a matrix. In the case of 

color images, the row dimension of the X matrix associated to the image can be very 

large due to a large number of pixels. Performing PCA on such a large matrix using the 

NIPALS algorithm (Wold, 1975), or using singular value decomposition (SVD) (Golub 

and Loan, 1983) would lead to excessive computational times. Therefore, a kernel 

algorithm (Geladi et al., 1989) can be used where SVD is performed on the kernel matrix 

XTX to obtain directly the loading vectors of the original matrix. For color images, the 

dimensions of XTX will be (3×3), so the computational work is greatly simplified. 

Furthermore, since we are dealing with a set of images, the kernel matrix must be 

calculated as the summation of the covariance matrices of the individual images, that is, 

as ∑
j

j
T

j XX . 
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Once the loading vectors of the kernel matrix have been obtained, the 

corresponding score vectors for the individual images can be calculated from Equation 

(7.8).  

By accounting for the 120 images considered in this work, the singular value 

decomposition of the kernel matrix helps explain how much of the variability of the 

original data is explained by each component. Table 7.1 shows the singular values along 

with the percentage of variability explained by each of these components: 
 
 
  10

1 10438.7 ×=λ  1st component  explains = 95.38% 

  10
1 10336.0 ×=λ  2nd component explains = 4.31 % 

  10
1 10025.0 ×=λ  3rd component explains = 0.32% 

Table 7.1: Singular values of the kernel matrix and percentage of variability explained by 
each principal component. 

Notice that the two first components explained 99.69% of the variability of the 

original data, and as a result, the third component can be removed without losing 

significant information. In Figure 7.4, a reconstructed image (left side) from these first 

two components is compared to one of original images of Flare B (right side). This image 

is basically a color representation of the matrix obtained through Equation (7.9) 

 

    [ ] [ ]T
22

T
11ij ptpt +=image tedReconstruc   i =1...,I,   j=1,...K (7.9) 

 

As it can be seen from this figure, the first two components summarize the 

dominant spectral features of the image, therefore the original image is almost entirely 

reconstructed from these two components. From this point on a much simpler analysis of 

the image can be done in terms of the first and second scores (t1 and t2 respectively).  
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Figure 7.4: Reconstructed image from first two components (left side) vs. original flare 
image (right side) of Flare B. 

7.8.4 Obtaining the Score Plots and Density Score Plots.  

Regardless of their spatial location, similar occurrences or features in an 

individual image would produce the same combination of score values (t1 and t2). For 

example, all the high temperature points within the flame would produce similar t1 and t2 

values; low temperature points within the flame would also produce similar t1 and t2 

combinations. On the other hand, extinguished points or background points would 

produce significantly different t1 and t2 values. Consequently, we can plot the t1 and t2 

score vectors against each other (scatter plot), so that all the points in the image with the 

same spectral characteristics would plot on top of one another or at least in the same 

neighborhood in this score plot. Hence, score plots are very useful in the analysis and 

monitoring of on-line flares images since they simplify the extraction of combustion 

(reactive) regions from the images.  

Before creating the score plot, the score vectors should be previously rounded and 

scaled. Consider tij as a single element of a given score vector, ta. A scaled and rounded 

vector as is defined with single elements ijs such that, 
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−
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= 255
tt

tt
Rounds

min,imax,i

min,ij,i
j,i  for  i = 1, ..., N  (7.10) 

When a set of images is being considered, the same t1,min and t1,max values should 

be used for all the images.  

Since an image typically has a large number of pixels, many t1 and t2 values may 

overlap in the scatter plot making difficult to identify those points of interest. A common 

approach in multivariate image analysis is to define a density score plot, where an 

intensity value equal to the number of overlapping pixels is assigned to each point in the 

s1-s2 domain. The densities can be saved in a 256×256 density matrix, where each entry 

is a density value. This density matrix can be easily plotted as an image in order to 

identify clusters of points as shown in Figure 7.5. This allows one to identify those points 

associated to the combustion region, background, noise, etc. Mathematically, the density 

plot is given by Equation (7.10) 

 
 
  ∑=

p
ij 1TT   js,1s,p p2pl ==∀  i,j = 0,..., 255  (7.11) 

 

The density score plot in Figure 7.5 displays higher density values with a brighter 

color. This plot clearly differentiates two big clusters of points, which probably 

correspond to the black background and the flame region of the image respectively. In the 

next section, a masking procedure is described that helps in extracting those features of 

interest from these density score plots. 

Before moving further, it is worth noting that flare images at the same combustion 

condition produce similar density score plots. This is clearly shown in Figure 7.6, where 

two density score plots (corresponding to images obtained at two seconds apart) are 

shown for flare cases B, C, D, E, F, and G respectively. As we can see from this figure,   
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the resulting density score plot is very similar for flare images obtained at the same 

crosswind conditions, regardless of the turbulent and unsteady fluctuations of the buoyant 

plume. On the other hand, for flare images obtained at different crosswind velocities, the 

locations of pixels in the score plots changed noticeably. The differences are expected to  

be more noticeable in the case of real flare images.  

 
 
 
        
 
 
 
 
 
 
 
 

Figure 7.5: Score plot (left side) and density score plot (right side) of  the s1 and s2 score 
vectors.  

Thus, the flare combustion efficiency can be estimated based only on fundamental 

analysis of the dominant spectral features of the image and regardless of the turbulent 

fluctuations that may produce significant changes in the flame shape and image. This is 

the key result that makes multivariate image analysis of flare images a useful tool to 

monitor the combustion efficiency. 
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B 
 

C 
 

D 

Figure 7.6: Density score plot of s1-s2 pair for flare cases B and C and D. 
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E 

F 

G 

Figure 7.6 (cont’d): Density score plot of s1-s2 pair for flare cases E, F, and G. 

7.8.5 Extracting Features from Score Plots 

The goal of studying the density score plots was to identify those clusters that 

contained meaningful pixel classes. Typically, a few clusters are observed in a given 

image, where one cluster may represent, for example, the image background while 
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another cluster may represent the high temperature regions of the image (e.g., the actual 

flame), etc. Furthermore, in many images there are pixels that do not belong to any well-

defined cluster, but have fuzzier cluster membership. In this situation it becomes 

important to correctly delineate the pixels of interest by applying multivariate 

segmentation. 

Several multivariate segmentation techniques have been proposed in the past 20 

years (Esbensen and Geladi, 1989; Geladi and Grahan, 1996). The basic idea is to extract 

the flame luminous region by choosing a mask in the score plot space. The boundary of 

the mask can be easily obtained by a trial and error process of drawing a polygon and 

isolating the pixels inside that polygon. Then we can highlight the associated pixels in the 

image space, and iterate until one obtains a mask that extracts the feature of interest. For 

this particular work, the masking procedure was rather simple due to the nature of the 

images studied (e.g., images were obtained directly from computer simulation so the 

different clusters could be easily identified). For practical implementation in industrial 

flares, a novel automatic masking procedure could be applied (Liu et al., 2005) that helps 

delineate the pixels of interest.  

Figure 7.7 shows the ability of a mask to extract the flame’s luminous region for a 

sample image of Flare B. The mask drawn over the density score plot is shown in Figure 

7.7a. If all pixels falling outside this mask in the image space (e.g., in the original image, 

Figure 7.7b) are set to have a gray color, then Figure 7.7c is obtained. Clearly the mask is 

capable to isolate those pixels corresponding to the flame’s luminous region. 
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  (a)    (b)    (c) 

Figure 7.7:  a) Mask region over the density score plot b) original image for Flame B  c) 
flame luminous region decided by the mask; all points outside the mask are 
set to gray color. 

For industrial flare images, the masking procedure should be more difficult due to 

the presence of a luminous sky in the background or other objects around the flares. 

However, the flame’s luminous region can still be isolated by choosing the right mask in 

the score domain as shown in Figure 7.8 for a sample image of a real flare 

(http://www.geo.msu.edu/geo333/oil_and_gasII.html). As we can see from this figure, an 

effective flare multivariate image analysis can also be performed for complex 

backgrounds that may exist in the industrial plant. 
 

(a)    (b)    (c) 

Figure 7.8: a) Mask region over the density score plot b) real flare image c) flame 
luminous region isolated by the mask; all points outside the mask are set to a 
gray color. 

 



 167 

Once pixels corresponding to the flame’s luminous region have been delineated, 

the user is in position to extract useful information from the image. In fact, certain 

features or “image measurements” can be easily extracted from the masked score plot 

that have physical meaning. Those measurements will then be regressed against the 

experimental combustion efficiencies of the flares so that a predictive model is obtained.  

First, a binary matrix M that fits over the 256×256 score plot as a matrix must be 

defined which has an element equal to 1 if the element location lies under the luminous 

flame mask and 0 if it does not. Hence, the following feature variables will be used to 

build the regression model: 

 
Luminous Region Area (A).  
 

The area of the flame image that corresponds to the luminous region can be easily 

computed by counting the number of pixels falling into the flame mask. Mathematically, 

 
   ∑=

j,i
ijTTA    1M,)j,i( ij =∀   (7.12) 

 
Flame Brightness (B).  
 

Flame brightness can be obtained by integrating the luminous intensity level 

contributed from all pixels falling inside the luminous region. The luminous intensity 

level for any location in the score plot is computed by converting the color plane obtained 

by Eq. (7.13) to a gray-scale plane with elements corresponding to the luminous intensity 

at each location. Notice that each location in the s1-s2 score plot represents a certain kind 

of color (ignoring the residual variation in t3) 
   

[ ] T
22

T
11ij p)j(tp)i(t +=BGR i,j = 0, ..., 255  (7.13) 

where  
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min1min,1max,11 t255/)tt(i)i(t +−=  

min2min,2max,22 t255/)tt(j)j(t +−=  

 

A color plane can be computed from Eq. (7.13) that shows the relation between 

the position in the score plot and the color. A series of these color planes are shown in 

Figure 7.9 for two random images from Flare B (Figures 7.9(a) and 7.9(b)), and two 

random images from Flare G (Figures 7.9(c) and 7.9(d)). Significant changes in the color 

planes are observed only for different crosswind conditions in the flare. In fact, physical 

changes in the system should automatically produce changes in the associated color 

planes, while the color planes will remain unchanged if only turbulent fluctuations are 

responsible for changes in these flames. Hence color planes may represent a fast 

procedure to monitor changes in the combustion conditions when turbulent fluctuations 

in the flare are severe, so the real reason for changes in the flame shape is difficult to 

identify. 

Given the color plane of an image defined by Eq. (7.13), the luminous intensity 

level for location (i,j) is given by matrix Lij, which is defined in Eq. (7.14) 

 

[ ]
















=
114.0

587.0

299.0

L ijij BGR   i,j = 0, ..., 255   (7.14) 

Where the last column gives the conversion coefficient vector that converts the 

element RGB signal into a corresponding luminous intensity. 

The overall flame brightness is then calculated as 
 

j,i
j,i

ijLTTB ∑=    1M,)j,i( ij =∀   (7.15) 
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(a)      (b) 

  
(c) (d) 

Figure 7.9: Color planes for s1-s2 score plots for two random images of Flare B (figures 
(a) and (b)) and two random images of Flare G (figures (c) and (d)). 

 
Uniformity of Flame Brightness (U).  
 

The uniformity of the flame brightness is defined as the standard deviation of the 

flame brightness throughout the luminous region, 
 

     
A

BLTT

TT

LTTLTT

U

j,i
2

j,i
ij

j,i
ij

j,i
j,i

ijj,i
2

j,i
ij −

=
−

=
∑

∑

∑∑
        1M,)j,i( ij =∀  (7.16) 

 
 
Average Brightness of the Non-luminous Area (W). 
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The flame image is a 2-D projection of a 3-D field and only part of the flame is 

captured in the image. Therefore, the brightness of the non-luminous area somehow gives 

information on the length and/or the volume of a flame. We compute the average 

brightness of the non-luminous area by 
  

∑

∑
=

j,i
ij

j,i
j,i

ij

TT

LTT

W    0M,)j,i( ij =∀   (7.17) 

 
Average Color of the Entire Flame Image (s1m, s2m).  
 

The average color of the entire flame image is expressed as the average location 

of pixels in the score plot 
 

 
N

iTT

s j,i
ij

m1

∑
=   

N

jTT

s j,i
ij

m2

∑
=   i, j = 0, ..., 255  (7.18) 

 
Average Color of the Flame Luminous Region (s1f, s2f).  
 

The average color of the flame’s luminous region is defined as the average 

location of the pixels belonging to the flame luminous region 
 

A

iTT

s j,i
ij

f1

∑
=   

A

jTT

s j,i
ij

f2

∑
=   1M,)j,i( ij =∀   (7.19) 

 
    
Total Number of Colors Appearing in the Flame Luminous Region (Nc).  
 

The number of the different colors appearing in the flame region is the area of the 

flame region in the score plot space. 
 
  ∑=

j,i
c 1N    0)MTT(,)j,i( ijij ≠∀   (7.20) 
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7.9 REGRESSION MODEL 

As commented earlier, a total of 120 images were used in this work for 

multivariate image analysis. For each image, a series of nine feature variables were 

obtained according to Eqs. 7.12 – 7.20. Two of these feature variables (flame luminous 

region, A, and average location of s1 pixels in the score plot, s1m) are shown in Figure 

7.10 for the different flare cases analyzed in this work. The trend followed by these two 

variables is exactly the opposite. As expected, increasing the crosswind velocity reduces 

the flame luminous region, and a similar trend is observed for other parameters like the 

flame brightness, B. The trend observed for the average s1 pixel location, s1m, and some 

other extracted variables is not so obvious from a physical point of view since they are 

more related to the spectral information of the images. Most importantly, all the 

parameters defined in this work seem to have a strong correlation with the crosswind 

velocity and, consequently, with the resulting combustion efficiency. 
 

        

Figure 7.10: Flame luminous region (A) and average location of s1 pixel in the score plot, 
s1m, for the different flare cases analyzed in this work. These feature 
variables are obtained from the 120 flare images considered here. 

Before proceeding with the Partial Least Square analysis, some form of image 

filtering should be performed to reduce the variability of the extracted data that is due to 



 172 

the highly turbulent nature of the flames.  Thus, a time average filter with an average 

moving window with length 4 (e.g., 0.4s) was applied.  

Finally, partial least squares (PLS) regression is performed using the nine feature 

variables obtained from the flare images as predictors. These variables were regressed 

against the experimental combustion efficiency observed for these flares (Johnson and 

Kostiuk, 2000). The NIPALS algorithm was applied. Half of the observations were used 

as a training set, and the other half were used as a test set. Figure 7.11 shows a 

comparison between the predicted (i.e., regressed) and the observed (i.e., experimental) 

combustion efficiencies. Notice that the root mean square of prediction error (RMSE) for 

the training set was 0.39% and for the test set was 0.72%. Seven latent variables were 

shown to be significant by crossvalidation. 
 

 

Figure 7.11: Comparison between predicted (i.e., regressed) and the observed (i.e., 
experimental) combustion efficiencies for increasing crosswind velocities. 
Predictions were obtained through partial least square regression. 
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Figure 7.11 shows that the combustion efficiencies can be well predicted from the 

regression model based on the feature variables extracted from the flare images. Notice 

that observed experimental values were measured as average values for constant 

crosswind velocities, so they present a plane profile in Figure 7.11. Predicted values show 

some oscillation, which is partially due to the flame turbulence and the characteristic 

pulsating flow of this type of flows. In any case, rather good estimations of the 

combustion efficiency are observed. 

Clearly, these results indicate that the spectral information contained in the flare 

image is strongly related to the thermochemistry state of the flare and the resulting 

combustion efficiency. Thus, we could theoretically analyze new flare images and predict 

their combustion efficiency based on this regression model. This new approach for 

estimating flare combustion efficiencies could be of great advantage for on-line 

monitoring of flares since quick estimations of the combustion efficiencies are not 

available with current technology. The regression models can be extended to predict 

efficiencies for steam-assisted and air-assisted flares. Therefore, accurate estimations of 

the flare gas emissions can be made so effective control strategies can be developed. 
 

7.10 CONCLUSIONS FOR MULTIVARIATE IMAGE ANALYSIS OF FLARES 

Multivariate Image Analysis has been applied to flare combustion systems in 

order to predict their resulting combustion efficiencies as a function of the crosswind 

velocity. A series of flare images were decomposed using principal component analysis, 

and the resulting score vectors were used to create density score plots that totally describe 

the spectral information of the images. Segmentation techniques that use a mask in the 

score plot were shown to be an effective procedure way of isolating the flame region 

even under complex image backgrounds. Then, several feature variables were extracted 
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from each image so then regressed against the resulting combustion efficiency by using 

partial least squares.  

The extracted feature variables from the flare images showed a strong correlation 

to the combustion efficiencies of these units. Observed and predicted values of the flare 

combustion efficiency at different crosswind velocities were in very good agreement. 

Hence, it was shown that multivariate regression models based on flare images can be 

used to predict the flare performance at different crosswind velocities. These regression 

models could also be extended to predict efficiencies for steam-assisted and air-assisted 

flares.  

This work suggests that simple 2-D, color images of industrial flares may be a 

fast, accurate, and inexpensive approach for on-line monitoring of these complex 

combustion systems. This would allow for developing effective flare control and 

mitigation strategies. Fluent images, which are obtained from steady state simulations, 

could still detect changes in combustion efficiency in flare images but not as much 

realism with flare changing position and conformation.  

Future research work should could be made to consider the fuel flow rate, the fuel 

heat content, and the crosswind velocity as new parameters to improve the partial least 

squares regression. This analysis could also be extended to predict other important 

environmental issues like emissions of NOx in flares. 
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CHAPTER 8 

Conclusions and Recommendations 

 

8.1 SUMMARY OF CONTRIBUTIONS 

The principal focus of this dissertation was to develop simulation models of 

industrial flares that predict the efficiency of these industrial combustion units under 

different operating conditions.  For this purpose, several computational fluid dynamics 

(CFD) models of flare systems were designed to analyze the effects of variables such as 

ambient wind velocity, gas heating value, and steam injection on flare combustion 

efficiency. Several advanced chemistry, turbulence and physical models were 

implemented to model the complex flare flow phenomena. The agreement between 

simulation results and experimental data was very good in all cases. 

The simulation models developed here can be used to quantitatively estimate the 

impact of steam addition and crosswind on flare combustion efficiency. Moreover, these 

flare simulations can be used for predictive purposes to test different scenarios that may 

be too risky or expensive to try in an existing operational industrial combustion flares. 

Furthermore, the predictive models presented in this work will allow for better estimation 

of the resulting gas emissions from industrial plants. Finally, instrumentation and control 

strategies for industrial flares could be developed based on the simulation models 

developed in this dissertation. 

8.1.1 Simulation Model for Flare Gas Emissions Under Steam/air Addition 

Simulation of lab-scale, non-premixed flares was accomplished using 

computational fluid dynamics. The agreement between the experimental data and the 

simulation results was very good. Moreover, a series of flames with increasing finite rate 
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chemistry was used for validating our simulation models, so a wide range of kinetic 

effects were considered in this work.  

From here, the effect of steam and air addition in turbulent combustion flames 

was analyzed in order to understand their impact on flare emissions. Our simulations 

showed that incomplete combustion of hydrocarbons may occur at high steam/fuel and 

air/fuel ratios up to the point where the flame becomes extinguished. For the steam 

addition case, our results show that inefficient combustion can be predicted based on the 

global heating value of the fuel gas. In fact, inefficient combustion occurs at heating 

values below 7.45 MJ/m3, which has also been observed in industrial flares. Hence, based 

on our simulation models, potential control strategies could be developed to compensate 

for the LHV of the gases below the recommended lower limits and to reduce hydrocarbon 

emissions for flares. 

Compared to the steam-addition case, the resulting combustion efficiencies of air-

assisted flares are much higher at comparable gas-assisted/fuel ratios. Our results show 

that air added coaxially to the burner nozzle initially improves the combustion efficiency 

due to increasing of turbulence in the reaction zone. However when the amount of air 

added is excessive, flame temperature is also affected, resulting in inefficient combustion. 

These simulation models are intended to predict incomplete combustion in flares 

due to oversteaming or overaeration, which occurs very frequently in current industrial 

practice to prevent smoke formation.  

8.1.2 Simulation Model for Flare Gas Emissions under Crosswind Conditions 

In Chapter 4 we have analyzed the effect of crosswind on a turbulent combustion 

flame, analogous to the operation of industrial flares. For this purpose, a 3D grid was 

developed. Results showed that moderate crosswind velocities may significantly reduce 

the resulting combustion efficiency (in terms of total combustion to CO2). We also 
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noticed that a significant amount of fuel may potentially strip away from the burner exit 

at high crosswinds, leading to potential hydrocarbon emissions to the atmosphere from 

industrial plants. 

Moreover, we have analyzed the effect crosswind at higher jet velocities.  Our 

simulations showed that increasing the jet velocity for high momentum flames makes 

them more prone to inefficient combustion under crosswind conditions. This is due to the 

near blowoff conditions at very high jet velocities, which made them very sensitive to 

crossflow. This type of operation is typical of industrial flares under upset conditions. 

These results are important for several reasons. First, we have seen that CFD can 

be applied to simulate the behavior of flares under crosswind by defining an accurate 3D 

grid and by utilizing a correct combustion models. Second, the trends we have obtained 

agree with theoretical and observational evidence for industrial flares. Our results have 

identified the tendency for a strong rise in inefficiency at high wind speeds under 

crosswind conditions. Therefore our simulation models could be used to estimate 

industrial flare efficiencies and resulting gas emissions under crosswind conditions. 

8.1.3 Simulation of Wind-tunnel Flares using CFD  

In Chapter 5, CFD has been successfully applied to simulate a set of closed-loop 

wind-tunnel experiments in order to understand industrial flare behavior and potential gas 

emissions from chemical and petrochemical plants. These medium-scale flares were 

subject to increasing crosswind velocities in the experiments. Our simulation results 

verify that high crosswind velocities affect the resulting combustion efficiency (in terms 

of total combustion to CO2). However, for low momentum flares (e.g., low gas/crosswind 

ratios), our results show that a significant amount of fuel may be trapped in the 

recirculating zone near the burner wall, which helps stabilize the flame and avoids fuel 
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stripping away from the burner exit without burning. This makes the resulting 

combustion efficiencies higher than expected at high crosswind. 

We have also simulated larger diameter flares with size comparable to industrial 

flares. Agreement between experimental results and simulations was very good in all 

cases.  

One of the most important outcomes from this dissertation is the fact that our 

computational models are capable to simulate flares burning in wind tunnel facilities. 

This yields great economic savings for environmental studies compared to setting up 

expensive wind tunnel experiments. Moreover, our simulation models allow for a 

detailed analysis of species concentration profiles and turbulent flow patterns within the 

flames, which is not available experimentally. 

8.1.4 LES Simulation of Wind-tunnel Flares  

In Chapter 6, wind-tunnel flares were also simulated by using a Large Eddy 

Simulation (LES) model in order to predict the dynamic behavior of the flare flames. A 

three-dimensional, structured, Cartesian staggered grid was defined and an unsteady, 

explicit solver was used to solve the filtered equations defined by LES. Massively 

parallel environment was implemented on pc clusters at the CRSIM research group, 

University of Utah, to handle the intensive computations. 

Our results show that LES is capable of predicting the flame shape and size with 

great detail for industrial flares, so the unsteady buoyant plume is well captured with this 

model. In fact, LES results were compared to the actual photographs of the experimental 

flares, and the observed flame shapes and sizes are in very good agreement with the 

experimental data. Several flare phenomena like radiation, buoyancy, flame downwash 

and smoke formation were also predicted by our LES model.  
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Compared to previous RANS simulations, LES yielded worse predictions of the 

average combustion efficiency observed at the flare experiments. This may be due to 

several problems in defining the simulation domain and also the grid for the LES case. 

Therefore each model has different capabilities for flare simulation, so its selection 

should depend on the particular flare phenomena that are being investigated. 

8.1.5 A New Approach for Flare Monitoring based on Flare Image Analysis 

Chapter 7 of this dissertation has analyzed the potential impact of existing flare 

control strategies in the flare combustion efficiency and resulting gas emissions.  These 

control systems included the ignition/pilot gas system, the purge gas system, the auxiliary 

fuel gas system, the knock-out and liquid seal and the assist gas injection system.  

Most importantly, a new approach for flare monitoring has been proposed so that 

flare combustion efficiency could be predicted on-line in industrial plants. In fact, 

Multivariate Image Analysis (MIA) has been applied to flare combustion systems in 

order to predict their resulting combustion efficiencies as a function of the crosswind 

velocity. Our results showed that a multivariate regression model based on flare color 

images can be used to predict the flare performance at different crosswind velocities. 

These regression models could also be extended to predict efficiencies for steam-assisted 

and air-assisted flares.  

Therefore this work proposes that simple 2-D, color images of industrial flares 

may be a fast, accurate, and inexpensive approach for on-line monitoring of these 

industrial combustion systems. This would allow for developing effective flare control 

and mitigation strategies.  
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8.1.6 Recommendations for Industry based on our Simulation Models. 

Three important and basic recommendations can be made here based on our 

simulation results: 

First of all, from our simulation models it is obvious that current emission 

inventories from flares must be updated due to the high inefficiencies observed at high 

crosswind velocities. In fact, plants always assume 98% combustion efficiency regardless 

of the of this crosswind velocity.  We recommend that flares should be located so to 

minimize wind impacts and/or equipped with wind guards to protect the flare tip, and 

should be designed to assure that the stack exit velocity is sufficient to provide 

stabilization against the wind.   

Secondly, since excessive steam or air injection dilutes the Btu value of the flare 

gas to the point where inefficiency becomes a concern, automatic control for steam/air 

injection should be employed in all plants. The optimum amount of steam or air that 

should be injected could be estimated from our simulation models. 

Finally, industrial plants should seriously consider the possibility of using 

multivariate image analysis of industrial flares in order to monitor flare combustion 

efficiencies in real-time, so accurate estimation of the resulting gas emissions from these 

units can be made. Due to the current difficulties on estimating flare gas emissions on-

line, this inferential approach seems very attractive due to its low cost and precision. 
 

8.2 FUTURE WORK 

Several extensions of this work are possible. This includes applying more 

advanced combustion models, extending our models to industrial scale flares, developing 

new models for steam/air addition, improving the predictive models obtained through 
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flame image analysis and developing control strategies for flares to mitigate gas 

emissions from these units. 

8.2.1 Application of More Advanced Combustion Models for Flares 

This dissertation has focused on simulating flares by using the laminar flamelet 

model and the EDC (Eddy Dissipation Concept) model. A different approach for 

turbulent combustion modeling is the so-called Composition-PDF transport model.  

Unfortunately, this complex combustion model is computationally very expensive, so its 

application to flare simulation must be considered within a parallel computing approach 

or even a supercomputer. In fact, the Composition-PDF transport model seems very 

accurate to capture finite rate effects such as flame extinction, so it would be interesting 

to investigate its applicability for flare simulation. 

Furthermore, our LES (Large Eddy Simulation) flare turbulence models could be 

improved by defining larger simulation domains without increasing the computational 

time significantly. Some investigation could also be done to combine LES with more 

complex combustion models like the EDC or even the Composition-PDF. A trade-off 

between computational work and accuracy must be considered in any case. 

8.2.2 Extension of Simulation Models to Large-scale, Industrial Flares 

Due to the serious lack of experimental data for industrial flares, we have 

restricted our simulation models to scaled flares that have been experimentally studied, so 

our simulation results could be validated. For example, we have simulated several 

laboratory scale flares in this dissertation; although they were also turbulent and had 

similar Reynolds numbers to industrial flares. In addition, we have simulated several 

wind-tunnel flares, some of which had diameters comparable to industrial flares. In any 

case, future work could be done on simulating large scale, industrial scale flares. 
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However, validation of the simulation results will always be complicated due to the 

inherent limitations to measure combustion efficiencies on industrial flares. 

Moreover, this flare simulation study could also be extended to consider heavier 

hydrocarbons as fuel gases since this type of gases are commonly sent to flares under 

upset conditions in the plant. Another topic of interest is the simulation of pulsing flows 

for flares since that type of flow occurs very often in industrial operations. 

8.2.3 Development of New Models for Steam/Air Addition into Flares  

Our analysis on the impact of steam and air addition on the flare combustion 

efficiency could be extended to simulate the exact conditions at which these auxiliary 

gases are injected. For example, our simulations for steam addition were performed such 

that steam was mixed with the fuel just before entering the reaction zone, so the 

beneficial effects of air eduction by the steam jets was not considered. Future work could 

be done to simulate the injection of steam through nozzles as it is the case in industrial 

flare operations.  

Moreover, this dissertation did not compare the beneficial effects of steam and air 

injection on smoke suppression. This analysis could be important on determining what 

assist gas is more appropriate by accounting for both their smokeless capacity and their 

impact on the flare combustion efficiency. Furthermore, new simulation studies could be 

developed to investigate the possibility of using both steam and air at the same time as 

smoke suppressants. The optimum amount of steam/air ratio could be determined from 

these simulation models. This would require a change in current flare designs since steam 

and air injection mechanisms are different at this moment. 

An accurate soot formation model would be necessary for detailed analysis of 

smoke suppression. 
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8.2.4 Improvement of Flare Regression Models based on Multivariate Image 
Analysis (MIA) 

This dissertation has proposed a new approach for flare monitoring based on 

multivariate image analysis of flares. For that purpose, several feature variables were 

extracted from the spectral information of the flame images. An interesting study would 

be to analyze new feature variables that improve the resulting regression model, so a 

better prediction of the resulting combustion efficiencies would be possible. 

Future research work could also be made to consider the fuel flow rate, the fuel 

heat content, and the crosswind velocity as new parameters to improve the partial least 

squares regression. This analysis could also be extended to predict other important 

environmental issues like emissions of NOx in flares. Finally, this dissertation has 

focused on developing regression models for flare monitoring under crosswind 

conditions. These regressions models could be extended and validated for other flare 

scenarios like smoking flaring events, flares under steam/air addition, flares under upset 

conditions, extreme weather conditions, etc. 

8.2.5 Development of Flare Control strategies 

This dissertation has been motivated by the recent concern about flare gas 

emission from industrial plants that could be underestimated in emission inventories. The 

main focus on this work has been to develop simulation models for flares in order to 

predict the efficiency of these industrial units under different conditions. In addition, a 

new approach for flare monitoring based on image analysis has been proposed. However, 

it is still necessary to develop flare control strategies to minimize air quality impacts. 

Such strategies could include changes in operational practices as well as active feedback 

and feedforward control strategies based on actual measurements. Our simulation models 

could be very useful in developing these control strategies. 
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APPENDIX A 

Non-premixed Combustion Model 

 

The mixture fraction concept plays a central role in reducing a turbulent non-

premixed flame to a mixing problem. The basis of the non-premixed modeling approach 

is that under a certain set of simplifying assumptions, the instantaneous thermochemical 

state of the fluid is related to a conserved scalar quantity known as the mixture fraction,  

f. The mixture fraction concept is explained below: 

We represent the mass fraction of a species j by means of ωj, so ωj denotes the 

ratio of the mass of species j and the total mass of a mixture. These species can be, for 

example, CH4, CO2, H2O, etc. Likewise, we can define the element mass fraction Zi as 

the ratio between the mass of an element i and the total mass of the mixture. These 

elements can be, for example, C, H, O, etc. Consider a mixture of 1 mol of CH4 and 2 

mol of O2. According to the above definitions, 

 

  4 2
0.2 0.8

0.15 0.05 0.8

CH O

C H OZ Z Z

ω = ω =

= = =
 

The element mass fractions have a special meaning, because they cannot be 

changed by a reactive process; they are changed by mixing. For simple nonpremixed 

flames, which can be treated as a coflow of fuel and oxidizer, a mixture fraction for 

element i in a specific point can be defined based on the element mass fractions Zi in that 

point as: 
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where the subscript ox denotes the value at the oxidizer stream inlet and the 

subscript fuel denotes the value at the fuel stream inlet. If the diffusion coefficients for all 

species are equal, then Equation (A.1) can be proved to be identical for all elements, and 

the mixture fraction definition is unique. Notice that pure fuel stream then will have f=1, 

while the oxidant stream will have f=0. As mixing proceeds, f takes on values between 0 

and 1. At any point in the flow, f can be regarded as the mass fraction of the fluid that 

originated from fuel stream, and 1-f can be regarded as the mass fraction of the fluid 

material that originated from the oxidant stream. 

Following the example above, consider a nonpremixed flame where the 

combustion of CH4 (fuel) and O2 (oxidant) to carbon dioxide (CO2) and water (H2O) 

follows this reaction: 

 

       4 2 2 22 2 0CH O CO H+ → +  

Then, the mixture fraction at some specific point is given by   
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−
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where CZ  represents the mass fraction of C in the mixture at that point. 

The approach is elegant because atomic elements are conserved in chemical 

reactions. In turn, the mixture fraction is a conserved scalar quantity (e.g., f is conserved 

during chemical reaction), and therefore its governing transport equation does not have a 

source term. Combustion is simplified to a mixing problem, and the difficulties 

associated with closing nonlinear mean reaction rates are avoided.  

The non-premixed approach can be used only when the reacting flow system 

meets several requirements. For example, the assumption of equal diffusivities must be 

reasonable for the system. While the assumption of equal diffusivities is problematic for 
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laminar flows, it is generally acceptable for turbulent flows where turbulent convection 

overwhelms molecular diffusion. Other requirements are that the Lewis number must be 

unity and the Mach number moderate. 

When using the non-premixed combustion model (mixture-fraction + PDF), 

FLUENT must solve two conservation equations for both the mean mixture fraction f  

and the mixture fraction variance 2f ′ .  The mean (time-averaged) mixture fraction 

conservation equation is given by: 

 

 ( ) .( ) .( )t
m user

t

f vf f S S
t

µ∂ ρ + ∇ ρ = ∇ ∇ + +
∂ σ

r

     (A.3) 

The source term Sm is due solely to transfer of mass into the gas phase from liquid 

fuel droplets or reacting particles (e.g., coal). Suser is any user-defined source term.  

The conservation equation for the mean mixture fraction variance, 2f ′  is given 

by:  

( )2 2 2 2 2( ) .( ) .( )t
g t d user

t

f vf f C f C f S
t

µ∂ ε′ ′ ′ ′ρ + ∇ ρ = ∇ ∇ + µ ∇ − ρ +
∂ σ κ

r

   (A.4) 

 

where f f f′ = −  . The constants tσ , gC  and dC  take the values 0.85, 2.86, and 

2.0, respectively, and Suser is any user-defined source term.  

For non-adiabatic systems, it is also necessary to solve a transport equation for the 

time-averaged enthalpy: 
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     (A.5) 

The power of the mixture fraction modeling approach is that the chemistry is 

reduced to one or two conserved mixture fractions. All thermochemical scalars (species 

mass fraction, density, and temperature) are uniquely related to the mixture fraction(s). In 
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the case of non-adiabatic systems, these scalars also depend on the system enthalpy. The 

details of the functional relationship between the scalar and mixture fraction depend on 

the description of the system chemistry. FLUENT provides three options: flame sheet 

approximation, equilibrium assumption and non equilibrium chemistry. This paper 

considers the equilibrium assumption approach. 

The equilibrium model assumes that the chemistry is rapid enough for chemical 

equilibrium to always exist at the molecular level. An algorithm based on the 

minimization of Gibbs free energy is used to compute species mole fractions from f. The 

equilibrium model is powerful since it can predict the formation of intermediate species 

and it does not require knowledge of detailed chemical kinetic rate data. Instead of 

defining a specific multi-step reaction mechanism, you simply define the important 

chemical species that will be present in the system. FLUENT then predicts the mole 

fraction of each species based on chemical equilibrium.  

In a turbulent flow, the mixture fraction f fluctuates at a given point with time, 

and so do the thermochemical scalars. A probability density function (PDF) for these 

fluctuations can be defined so that it is used to relate instantaneous data to time-averaged 

data. The β-pdf is a commonly used function that describes the probability of finding the 

instantaneous fluid to have a specific mixture fraction.  

The FLUENT prediction of the turbulent reacting flow is thus concerned with 

prediction of the time-averaged values of these fluctuating scalars. How these time-

averaged values are related to the instantaneous values depends on the turbulence-

chemistry interaction model. FLUENT applies the assumed shape probability density 

function (PDF) approach as its closure model when the non-premixed modeling approach 

is used. The PDF closure model is described in this section.  
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The probability density function, written as p(f), can be thought of as the fraction 

of time that the fluid spends at the state f. Figure below illustrates this concept. The 

fluctuating value of f, plotted on the right side of the figure, spends some fraction of time 

in the range denoted as f∆ . p(f), plotted on the left side of the figure, takes on values 

such that the area under its curve in the band denoted, f∆  , is equal to the fraction of time 

that f spends in this range. Written mathematically, 

 
1

( ) lim iT
i

p f f
T→∞

∆ = τ∑         (A.6) 

 where T is the time scale and iτ  is the amount of time that f spends in the band 

f∆  . The shape of the function p(f) depends on the nature of the turbulent fluctuations in 

f . In practice, p(f) is expressed as a mathematical function that approximates the PDF 

shapes that have been observed experimentally. 

 

 

Figure A.1: PDF modeling for turbulent flows. 

Based on p(f), FLUENT derives the mean scalar values from instantaneous 

mixture fraction values. See the FLUENT user’s guide for a more detailed description.. 

To keep computation time to a minimum, much of the calculation required for the 

non-premixed model is performed outside of the FLUENT simulation by preprocessing 

the chemistry calculations and PDF integrations in a separate code, called prePDF. In 
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prePDF, the chemistry model is used in conjunction with the assumed shape of the PDF 

to perform the integrations needed to obtain the values of individual species mole 

fractions, density and temperature. These integrations are performed within prePDF and 

stored in look-up tables that relate the mean thermochemical variables iφ  (temperature, 

density and species mass fractions) to the values of f , 2f ′  and *H  for non-adiabatic 

systems.  

FLUENT allows you to restrict the full equilibrium calculation to those situations 

in which the instantaneous mixture fraction is below a specified rich limit, frich. In fuel-

rich regions (e.g., equivalence ratio greater than 1.5 ) when the instantaneous mixture 

fraction exceeds frich, FLUENT assumes that the combustion reaction is extinguished and 

that unburned fuel coexists with reacted material. In such fuel-rich regions the 

composition at a given value of mixture fraction is computed from the composition of the 

limiting mixture (f = frich) and that of the fuel inlet stream ( f=1) based on a known 

stoichiometry. The stoichiometry is either supplied by the user or determined 

automatically from chemical equilibrium at the rich limit ( f = frich). This approach, 

known as the partial equilibrium approach, allows you to bypass complex equilibrium 

calculations in the rich flame region. The latter are time-consuming to compute and may 

not be representative of the real combustion process.  
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APPENDIX B 

Additional Results for Lab-scale Flare Simulation 

As commented in Chapter 2, radial profiles were not a high priority, although they 

were also used for comparison. These radial profiles are presented here. 

B.1 RADIAL PROFILES FOR FLARE A 
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Figure B.1:  Radial Profile of T and U (x/D=5) 
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Figure B.2:  Radial Profile of T and U (x/D=10)    
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x/D=20 
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Figure B.3:  Radial Profile of T and U (x/D=20) 
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Figure B.4:  Radial Profile of T and U (x/D=40) 
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x/D=60 
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Figure B.5:  Radial Profile of T and U (x/D=60) 
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Radial Profile of U at x/D=80
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Figure B.6:  Radial Profile of T and U (x/D=80) 
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B.2 RADIAL PROFILES FOR FLARE S 
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 Figure B.7:  Radial Profile of T and U (x/D=20) 
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Figure B.8:  Radial Profile of T (x/D=30) and U (x/D=30) 
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x/D=40 
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Figure B.9:  Radial Profile of T and U (x/D=40) 

 
x/D=50 
 

Radial Profile of U at x/D=50

0

10

20

30

40

50

60

70

80

0.2 5.2 10.2 15.2
r/D 

U
 (
m

/s
)

Experimental

Simulation

Radial Profile of T at x/D=50

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 5 10 15 20r/D 

Te
m

pe
ra

tu
re

 (K
)

Experimental

Simulation

    

Figure B.10:  Radial Profile of T and U (x/D=50) 
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x/D=60 
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Figure B.11:  Radial Profile of T and U (x/D=60) 

 

B.3 RADIAL PROFILES FOR FLARE D 
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Figure B.12:  Radial Profile of T and  χ CH4 (x/D=7.5) 
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 x/D=30 
 

Radial Profile of CH4 mass fraction at x/D=30
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Figure B.13:  Radial Profile of T and χ CH4  (x/D=30) 
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Figure B.14:  Radial Profile of T and χ CH4   (x/D=60) 
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B.4 MORE SPECIES PROFILES 

Moreover, axial profiles for some additional species are presented in this 

appendix for simulation of FLARE A, S and D. 
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Figure B.15:  Axial Profile of χ H2O  and χ H2 , FLARE A 
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Figure B.16:  Axial Profile of χ O2  and mixture fraction, FLARE A  
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Axial Profile of H2 mass fraction 
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Figure B.17:  Axial Profile of χ H2O  and χ H2  , FLARE S 
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Axial Profile of N2 mass fraction 
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Figure B.18:  Axial Profile of χ N2  and χ O2  , FLARE S 
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Axial Profile of CO mass fraction 
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Axial Profile of H2O mass fraction 
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 Figure B.19:  Axial Profile of χ H2O  and χ CO   , FLARE D 
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Figure B.20:  Axial Profile of χ N2  and χ O2   , FLARE D 
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Finally, a comparison for temperature vs. mixture fraction along the flame axis is 

shown for FLARES A and S. 
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Figure B.21:  Axial temperature vs. axial mixture fraction , FLARE A 
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Figure B.22:  Axial temperature vs. axial mixture fraction  , FLARE S 
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APPENDIX C 

Sensitivity Analysis of Industrial Flare Simulation to CFD Models 

 

In this dissertation, computational fluid dynamics (CFD) has been proved to be an 

efficient tool in simulating the behavior and efficiency of industrial flares and their 

resulting combustion efficiency. In Chapter 5 a series of wind-tunnel flare were simulated 

using Fluent 6.2. These simulation results were obtained by applying a set of physical, 

chemical and numerical models within Fluent 6.2. Combustion efficiency results were in 

very good agreement with the experimental measurements, and the effect of crosswind on 

the flame shape was found similar on both experiment and simulations.  

This appendix analyzes the sensitivity of those simulation results to some of the 

models implemented with Fluent. This includes an analysis of boundary conditions, 

turbulence models, chemistry models and some of the numerical procedures implemented 

in the original simulation.  This sensitivity analysis is intended to evaluate the robustness 

of the results to change in the model. Furthermore, the accuracy of the different models 

implemented in Fluent will be assessed for a particular case, a flame with a crosswind 

velocity of 8.27 m/s (case F in Chapter 5).  

Notice that simulation of a flare under high crosswind like this is complicated due 

to the aerodynamic interactions of the transverse air flow, burner tube, and deflected fuel. 

In this analysis, all results are compared to those obtained with the reference model (e.g., 

simulation model for case F reported in Chapter 5). This comparison focuses on total CO2 

production, combustion efficiency and resulting flame shape. This study verifies that 

models implemented in that reference work were suitable in terms of their capacity to 

provide reasonable accuracy and computational time.  
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This appendix also shows that simulation results are rather sensitive to some 

turbulence and numerical models, producing in some cases considerable deviations from 

those results obtained with the reference model (and, consequently, from the 

experimental study). On the other hand, the sensitivity analysis to boundary conditions 

provides a useful understanding of some of the physics involved in this system. In fact, 

since most boundary conditions can be considered to be well-known for this wind-tunnel 

experiment, this sensitivity analysis is restricted to a few key parameters that influence 

the behavior of the flame. Finally, several chemistry models are also analyzed in this 

work. These chemistry models are all based on the mixture-fraction/laminar flamelet 

approach, so we analyze how the final results are affected depending on the 

characteristics of the flamelets implemented for simulation. 

 

C.1 SENSITIVITY TO BOUNDARY CONDITIONS 

Proper specification of the boundary conditions is a critical component of any 

CFD simulation. In fact, these boundary conditions must approximate the real conditions 

at which the experiments were run, including fuel and oxidizer physical properties, 

composition, flow rates, pressure, turbulence parameters, etc.  

For these wind-tunnel flare experiments, most of the boundary conditions are 

known (in contrast to industrial flares, where these boundary conditions are uncertain 

most of the times). However, it is important to define accurate boundary conditions at 

tunnel walls and flare stack since final results are highly dependent on the exact 

representation of these surfaces. Another potential source of errors is the specification of 

turbulence conditions for both fuel and crosswind. In this section we want to investigate 

the sensitivity of the results to some of these boundary conditions.  
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C.1.1 Symmetry Boundary Conditions at the Wind-tunnel Walls. 

Turbulent flows are significantly affected by the presence of walls. Obviously, the 

mean velocity field is affected through the no-slip condition that has to be satisfied at the 

wall. However, the turbulence is also changed by the presence of the wall in non-trivial 

ways. Very close to the wall, viscous damping reduces the tangential velocity 

fluctuations, while kinematic blocking reduces the normal fluctuations. Toward the outer 

part of the near-wall region, however, the turbulence is rapidly augmented by the 

production of turbulence kinetic energy due to the large gradients in mean velocity.  

Wind-tunnel walls and flare stack were set as “Walls” boundary condition in the 

reference model. Thus no-slipping boundary condition was assumed at these walls, so the 

properties of the flow adjacent to the wall/fluid boundary were used to predict the shear 

stress on the fluid at the wall. In addition, aluminum material was selected for these 

walls, which was assumed to have similar physical properties to the actual wind tunnel 

and burner materials. The “enhanced-wall treatment” option was enabled within the 

Realizable k-ε model in order to simulate the boundary layer formation at the flare stack. 

For this reason a very fine mesh around this stack had to be specified.  

On the other hand, the very coarse mesh defined near the wind-tunnel wall region 

may introduce some error in the numerical solution. In this section we want to analyze 

how results are affected by changing the boundary conditions at the wall to “symmetry”. 

This boundary condition is typically used when the physical geometry of interest, and the 

expected pattern of the flow/thermal solution, exhibit symmetry. Fluent assumes a zero 

flux of all quantities across a symmetry boundary, so there is no convective flux across a 

symmetry plane (e.g., the normal velocity component at the symmetry plane is zero). In 

addition, there is no diffusion flux across a symmetry plane, so the normal gradients of all 

flow variables are thus zero at the symmetry plane. Thus the “symmetry” boundary 
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condition determines a zero flux across the symmetry plane, so it can potentially be used 

to model the wind-tunnel walls when the defined mesh around these walls gets too 

coarse.  

C.1.2 Outflow Boundary Conditions at the Wind-tunnel Outlet. 

In order to simulate the outlet of the wind tunnel, a “pressure outlet” boundary 

condition was applied in the reference simulation work. This pressure was taken as 1 atm. 

Fluent used this boundary condition pressure as the static pressure of the fluid at the 

outlet plane and extrapolated all other conditions from the interior of the domain. 

Moreover, potential backflow was assumed to have similar conditions to the wind 

entering the system 

Another possibility to simulate the outlet of the windtunnel is to use an “outflow” 

boundary condition. This condition can be used in Fluent to model flow exits where the 

details of the flow velocity and pressure are not known prior to solution of the flow 

problem. Since the pressure is not defined at outflow boundaries, Fluent extrapolates this 

quantity and all the required information from the interior.  

For “outflow” boundary conditions, a zero diffusion flux for all flow variables is 

assumed, and an overall mass balance correction is applied. The zero diffusion flux 

condition applied at outflow cells means that the conditions of the outflow plane are 

extrapolated from within the domain and have no impact on the upstream flow. The 

extrapolation procedure used by Fluent updates the outflow velocity and pressure in a 

manner that is consistent with a fully-developed flow assumption, as noted below, when 

there is no area change at the outflow boundary. This zero diffusion flux condition 

applied at outflow boundaries is approached physically in fully-developed flows.  
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When “outflow” boundary condition is used, the gradients in the cross-stream 

direction may exist at an outflow boundary. Only the diffusion fluxes in the direction 

normal to the exit plane are assumed to be zero. It is worth noticing this type of boundary 

condition exhibits poor rate of convergence when backflow occurs during the iterations.  

Hence in this section we will investigate the sensitivity of the results to using a 

different boundary condition at the wind-tunnel outlet. 

C.1.3 Turbulence Kinetic Energy Boundary Condition for Fuel. 

When you are modeling turbulent flows in Fluent using one of the k-ε models or 

one of the k-ω  models, you must provide the boundary conditions for k and ε  (or  k and 

ω) in addition to other mean solution variables. The boundary conditions for these 

parameters at the walls are internally treated by Fluent, which obviates the need for user 

inputs. However these values must be specified at inlet boundaries (velocity inlet, 

pressure inlet, etc.). In many situations, it is crucial to specify correct or realistic 

turbulence boundary conditions at the inlets, because these conditions can significantly 

affect the downstream flow.  

The experiment set up for the wind-tunnel flares included a 65% blockage ratio 

perforated plate “turbulence plug” with 3 mm diameter holes, which was placed inside 

the pipe thee diameters upstream of the exit. The purpose of this plug was to create 

velocity profiles similar to turbulent pipe flow expected in full-scale industrial flares, 

independent of the actual flow velocity in the laboratory scale flares. However, computer 

simulation of that perforated plate is very difficult to perform and may introduce 

numerical errors in the solution process. For this reason it was decided to adjust the 

turbulence kinetic energy of the fuel in the reference model. 
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Consequently the turbulence kinetic energy was originally fixed at 0.03 m2/s2 

within a 8.8 mm radio zone inside the nozzle in the reference model. The goal was to 

match the experimental turbulence intensity measured 5 mm above the exit plane of the 

burner tube (Kostiuk et al., 2004). In this section we analyze the sensitivity of the results 

to this “artificial” and unknown turbulence intensity, so a modified value of 0.3 m2/s2 was 

implemented. 

C.1.4 Turbulence Intensity for Crosswind Boundary Condition. 

Turbulent conditions must also be specified for the crosswind entering the tunnel. 

In the reference work, the turbulence intensity was taken as 0.2% due to the high 

uniformity of the crosswind velocities observed by the authors at the experiments. Here 

we want to analyze the sensitivity of the simulation results to this parameter, so a 

modified value of 3.0% is entered so results can be compared to the original simulation. 

C.1.5 Viscosity Ratio for Crosswind Boundary Condition. 

In addition to the turbulence intensity, a hydraulic diameter of 1.6 m was 

specified to complete define the turbulence conditions of the crosswind. However, 

defining a “hydraulic diameter” for the crosswind in this case might not be appropriate 

since this is not a truly "internal" type of flow. Therefore we want to analyze the effect of 

defining a “viscosity ratio” instead. The turbulent viscosity ratio, ( µµ /t ), is directly 

proportional to the turbulent Reynolds number. It takes large values (on the order of 100 

to 1000) in high-Reynolds-number boundary layers, shear layers, and fully-developed 

duct flows. However, at the free-stream boundaries of most external flows, the viscosity 

ratio is fairly small (on the order of 1 to 10). In this case a viscosity ratio of 1.0 was 

considered due to the very low turbulence observed at the experiments as commented 

before. 
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C.1.6 Results 

This sensitivity analysis focuses on two main parameters: the computed mass 

flow of CO2 (and the resulting combustion efficiency) and the flame shape. Since the 

reference work produced excellent results for this particular flame, we can directly asses 

the results obtained with the new models by comparison to those provided by the 

reference model. 

Table C.1 shows the computed mass flow of CO2 by Fluent at outlet boundaries 

by using the different boundary conditions analyzed before. The last column computes 

the resulting combustion efficiency. An inherent complexity of these 3-D simulations is 

the need to reduce the numerical errors involved in the solution of the problem. As we 

can see from this table, in many cases the amount of CO2 production is overpredicted, 

resulting in combustion efficiencies higher than 100%. Notice that for complex turbulent 

combustion problems like this, obtaining an exact numerical solution is very difficult, and 

that solution strongly depends on the models applied. Moreover, certain errors can still be 

associated with the process of integrating the quantities at the boundaries in Fluent. 
 

Boundary conditions (CO2)out ηc (%) 
 ∗   Reference model 137.94 95.3 
C.1.1 Symmetry at walls 155.58 107.6 
C.1.2 Outflow at wind-tunnel outlet  154.90 107.1 
C.1.3 Turbulence kinetic energy for fuel  151.91 105.0 
C.1.4 Turbulence intensity for crosswind  159.23 110.1 
C.1.5 Viscosity ratio for crosswind 141.96 98.1 

Table C.1: Computed CO2 mass flow (10-5 kg/s) and resultant combustion efficiency for 
several boundary conditions implemented in Fluent.  

From Table 1, it is clear that the boundary conditions implemented at the 

reference model seem to be the most suitable for this flare simulation. In fact, changing 

the wind-tunnel walls boundary conditions from “Walls” to “Symmetry” produces 
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slightly worse results, which means that the mesh defined at those walls was probably 

fine enough. The same trend is observed when using “outflow” boundary conditions at 

the wind-tunnel outlet (vs. “pressure outlet”), which is not surprising since an unknown 

pressure complicates the numerical solution of the problem. Hence assuming a fixed 

pressure of 1 atm at the wind-tunnel outlet works very well for these systems. 

Results of Table C.1 show that results are sensitive to the artificial turbulence 

kinetic energy for the fuel, so some care must be taken in defining this parameter. On the 

hand, these results suggest that increasing the turbulence kinetic energy of the fuel would 

increase the resulting combustion efficiency, something that is well-known as a flare 

operating strategy. Increasing the turbulence intensity of the crosswind from 0.2%, to 

3.0% significantly increases the CO2 production as well, but excessive turbulence in the 

crosswind would probably extinguish the flame at some point. Finally, defining a 

“viscosity ratio” boundary condition (vs. “hydraulic diameter”) for the crosswind also 

produces a good estimation of the combustion efficiency, so both approaches can be 

assumed to be acceptable. For this work, the “viscosity ratio” could probably be adjusted 

to match the exact experimental results. It is important to remember that no information 

is given about these turbulence parameters in the actual experimental report. 

Figure C.1 shows the temperature contour plots for the different boundary 

conditions implemented in this section. These contour plots look very similar for all the 

cases studied here. The flame size for model C.1.4 is larger than flame for C.1.3, which 

means that  increasing the turbulence intensity of the crosswind by a factor of 10 

produces a more intense flame (e.g., higher CO2 production) than increasing the 

turbulence intensity by a factor of 10 as well. On the other hand, we observe that using 

the “outflow” boundary condition at the wind outlet (vs. “pressure outlet”) makes the 
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flame slightly larger (see C.1.2), although this conclusion may be compromised by the 

increased difficulty in getting a converged solution observed for this case. 

 

 

 

 

    ∗ Reference  C.1.1      C.1.2 
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Figure C.1: Contours of temperature for different boundary conditions considered in this 
work. 

C.2 SENSITIVITY TO RANS TURBULENCE MODELS 

The Reynolds-averaged Navier-Stokes (RANS) approach applied in Chapter 5 is 

generally adopted for practical engineering calculations. RANS can use models such as 

Spalart-Allmaras, k-ε and its variants, k-ω and its variants, and the RSM (Reynolds Stress 

Model). All these methods introduce additional terms in the governing equations that 

need to be modeled in order to achieve “closure” (closure implies that there are a 

sufficient number of equations to solve for all the unknowns). 
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In this section we want to evaluate different k-ε models because of their extensive 

application in many engineering problems. A brief description on the specifics of each 

different turbulence model is given in the next sections.  

C.2.1 Standard k-ε Model  

The simplest “complete models" of turbulence are two-equation models in which 

the solution of two separate transport equations allows the turbulent velocity and length 

scales to be independently determined. The standard k-ε model falls within this class of 

turbulence model and has become the workhorse of practical engineering flow. The 

principles of this model were explained in Chapter 2. In this section we will investigate 

the capability of the standard k-ε model vs. the realizable k-ε model to simulate a wind-

tunnel flare. 

C.2.2 RNG k-ε Model. 

As the strengths and weaknesses of the standard k-ε model have become known, 

improvements have been made to the model to improve its performance. One of these 

variants is the RNG k-ε  model. This model is derived from the instantaneous Navier-

Stokes equations, using a mathematical technique called “renormalization group" (RNG) 

methods. The analytical derivation results in a model with constants different from those 

in the standard k-ε model, and additional terms and functions in the transport equations 

for k and ε.  

The RNG k-ε model equations have a similar form to the Standard k-ε model: 
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In these equations, kα  and εα are the inverse effective Prandtl numbers for k and 

ε respectively, and they are computed using formulas derived analytically by the RNG 

theory. The main difference between the RNG and standard k-ε models lies in the 

additional term in the ε equation, εR . This term makes the RNG model theoretically 

more responsive to the effects of rapid strain and streamline curvature than the standard 

k-ε model, which explains the superior performance of the RNG model for certain classes 

of flows.  

C.2.3 Realizable k-ε Model with Modified Parameter C2  

Another variant to the standard k-ε model is the realizable k-ε  model, which was 

the model implemented in the reference work. The term “realizable" means that the 

model satisfies certain mathematical constraints on the normal stresses, consistent with 

the physics of turbulent flows. To understand this, consider combining the Boussinesq 

relationship and the eddy viscosity definition to obtain the following expression for the 

normal Reynolds stress in an incompressible strained mean flow: 
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Hence the normal stress, 2u , which by definition is a positive quantity, becomes 

negative, i.e., “non-realizable”, when the strain is large enough. The most straightforward 

way to ensure the relizability is to make µC  variable by sensitizing it to the mean flow 

and the turbulence (k, ε). 
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The modeled transport equations for k and ε in the realizable k-ε model are 
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where   
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As mentioned before, µC  is variable for this model and its derivation can be 

found in more detail in the literature. The model constants 2C , kσ  and εσ have been 

established in Fluent to ensure that the model performs well for certain canonical flows. 

By default, the model constants are 

ε1C =1.44  ,  ε2C =1.9    ,    kσ =1.0       and      εσ =1.2 

These values were the actual values implemented in the reference model. In this 

section, we want to analyze the sensitivity of those results to one of the model constants, 

C2. This constant controls the destruction term in the ε equation. It is worth noticing this 

term never vanishes in the realizable k-ε models (i.e., its denominator never vanishes, 

even if k vanishes), which is a contrast to traditional k-ε models. Thus a modified value of 

ε2C =1.7  was implemented in Fluent, so the effect on the final results can be analyzed. 
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C.2.4 Realizable k-ε Model with Standard Wall-functions. 

The enhanced-wall treatment option was enabled in the previous models (C.2.1, 

C.2.2 and C.2.3) in order to simulate the boundary layer formation at the burner wall. 

However, Fluent 6.2 offers an alternative approach to simulate the boundary-layer 

formation attached to the wall. In this approach, the viscosity-affected inner region is not 

resolved. Instead, semi-empirical formulas called "wall functions'' are used to bridge the 

viscosity-affected region between the wall and the fully-turbulent region.  

Hence “wall functions” are a collection of semi-empirical formulas and functions 

that in effect "bridge'' or "link'' the solution variables at the near-wall cells and the 

corresponding quantities on the wall. The wall function approach is popular because it is 

economical, robust, and reasonably accurate. It is sometimes a practical option for the 

near-wall treatments for industrial flow simulations. The standard “wall functions” 

should give reasonably accurate predictions for the majority of high Reynolds-number 

flows.  

C.2.5 k-ω turbulence model  

The standard k-ω model is an empirical model based on model transport equations 

for the turbulence kinetic energy (k) and the specific dissipation rate (ω), which can be 

also be thought of as the ratio of ε  to k. As the k-ω model has been modified over the 

years, production terms have been added to both the k and ω equations, which have 

improved the accuracy of the model for predicting free shear flows. 

The transport equations for the kinetic energy, k, and the specific dissipation rate, 

ω, are given below:  
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In these equations, kG  represents the generation of turbulence kinetic energy due 

to the mean velocity gradients. ωG  represents the generation of ω . kY  and ωY represent 

the dissipation of k and ω due to turbulence.  

kΓ  and ωΓ represent the effective diffusivity of k and ω, respectively. For the k-ω 

model they are given by: 

k

t
k σ

µµΓ +=        (C.8) 

ω
ω σ

µµΓ t+=        (C.9) 

Where kσ  and ωσ are the turbulent Prandtl numbers for k and ω, respectively. 

The turbulent viscosity, tµ , is computed by combining k and ω  as follows. 

ω
ραµ k

*t =        (C.10) 

The wall boundary conditions of the k equation in the k-ω  model are treated in 

the same way as the k equation is treated when enhanced wall treatments are used with 

the k- ε models. This means that all boundary conditions for wall-function meshes will 

correspond to the wall function approach, while for the fine meshes, the appropriate low-

Reynolds-number boundary conditions will be applied.  

In this section we want to analyze the effect of using the k-ω turbulence model on 

the final results. 

C.2.6 Results  

Table C.2 shows the computed mass flow of CO2 by Fluent at outlet boundaries 

by using the different turbulence models analyzed here. The last column computes the 

resulting combustion efficiency.  
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Turbulence Model (CO2)out ηc (%) 

 ∗   Reference model 137.94 95.3 
C.2.1 Standard k-ε model 149.01 103.0 
C.2.2 RNG k-ε model 134.80 93.1 
C.2.3 Realizable k-ε with modified C2 162.37 112.3 
C.2.4 Realizable k-ε with wall functions 171.31 118.5 
C.2.5 k-ω model 55.30 37.6 

Table C.2: Computed CO2 mass flows (10-5kg/s) and resultant combustion efficiency for 
several turbulence models.  

From Table C.2, we observe that the reference turbulence model (e.g., realizable 

k-ε) and the RNG k-ε produce the best results, with a very good estimation of the 

experimental combustion efficiency (error < 4%). The standard k-ε model still gives an 

acceptable estimation of this combustion efficiency (error < 6.7%). Therefore all the 

different k-ε turbulence models (with default values) work very well for these flare 

simulations. 

On the other hand, a significant error is obtained when the default value of the C2 

constant is changed in the realizable k-ε model (model C.2.3). It is clear that the 

simulation results are very sensitive to changes in this parameter, a conclusion that might 

be extended to all the other parameters. The default values implemented in Fluent seem 

to work fine.  

Results obtained by using the “wall functions” approach (model C.2.4) are 

notably worse than using the “enhanced wall treatment” approach, so the latter is 

recommended since it probably captures the boundary layer formation in more detail. 

Finally, the k-ω model totally fails in simulating this particular flame, and resulting 

combustion efficiency (37.6%) is much lower than the one observed on the experiments. 
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Figure C.2 shows the temperature contour plots for the several turbulence models 

tried in this section. These contour plots confirm that k-ε turbulence models C.2.1 and 

C.2.2 give similar results to the reference model.  Meanwhile, turbulence models C.2.4 

and C.2.5 result in a rather different flame shape, especially for the latter where the flame 

seems to be almost extinguished. This confirms the bad results obtained for the 

combustion efficiency in both cases. 

We conclude that either the realizable or the RNG k-ε  turbulence models (with 

enhanced wall treatment) can be successfully used to simulate these wind-tunnel flares, 

while the standard k-ε  also gives acceptable results. These results are very sensitive to 

changing default constant values when using a k-ω turbulence model. 

 

    

 

   

            ∗ Reference           C.2.1      C.2.2 
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Figure C.2: Contours of temperature for different turbulence models considered in this 
work. 
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C.3 SENSITIVITY TO CHEMISTRY MODELS 

Solving the exact species transport equations in combustion problems is 

computationally very expensive. Typically hundreds of species and reactions are 

involved, which prohibits the implementation of detailed reaction mechanism models in 

the simulation. One the most common approaches to reduce computational work is based 

on applying the laminar flamelet model. 

The laminar flamelet approach models a turbulent flame brush as an ensemble of 

discrete, steady laminar flames, called flamelets. The individual flamelets are assumed to 

have the same structure as laminar flames in simple configurations, and are obtained by 

experiments or calculations. In a diffusion flame, at the molecular level, fuel and oxidizer 

diffuse into the reaction zone. Here they encounter high temperatures and radical species, 

and ignite. More heat and radicals are generated in the reaction zone, and some diffuse 

out. In near-equilibrium flames, the reaction rate is much faster than the diffusion rate. 

However, as the flame is stretched and strained by the turbulence, species and 

temperature gradients increase, and radicals and heat diffuse more quickly out of the 

flame. The species have less time to reach chemical equilibrium, and the degree of local 

non-equilibrium increases.  

Using detailed chemical mechanisms, Fluent can calculate laminar opposed-flow 

diffusion flamelets for non-premixed combustion. The laminar flamelets are then 

embedded in a turbulent flame using statistical PDF methods. The advantage of the 

laminar flamelet approach is that realistic chemical kinetic effects can be incorporated 

into turbulent flames. The chemistry can then be preprocessed and tabulated, offering 

tremendous computational savings. The laminar flamelet model is suited to predict 

moderate chemical non-equilibrium in turbulent flames due to aerodynamic straining by 
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the turbulence. The chemistry, however, is assumed to respond rapidly to this strain, so as 

the strain relaxes, the chemistry relaxes to equilibrium.  

In this section the sensitivity analysis to chemical models is restricted just to using 

different laminar flamelet models. It is not our intention to try more complex models 

(EDC, Composition-PDF, etc) due to computational limitations. Moreover, the laminar 

flamelet model has been proved to be able to simulate this type of flare systems. 

C.3.1 Mixture Fraction Model 

From a practical point of view, the laminar flamelet model can be considered an 

extension of the mixture fraction model (or “flame sheet” model), which assumes 

infinitely fast chemical reactions, such that the reaction zone is an infinitely thin 

interface. This approach is valid whenever nonequilibrium effects such us extinction, re-

ignition, lift-off and blow-out are not important, and it greatly simplifies the chemistry 

modeling of any combustion system. This model is implemented in Fluent such that 

chemistry calculations are also preprocessed and tabulated. 

In this section we analyze the effect of using this mixture fraction approach for 

flare simulation. This model represents one of the simplest combustion models that can 

be used for turbulent combustion simulation, and it is very accurate when fast chemistry 

can be assumed within the flame. Theoretically the fast chemistry assumption will result 

in an over-prediction of intermediate species like CO since they are involved in slow 

reactions.  

C.3.2 Lower-resolution Laminar Flamelet Model. 

When creating the flamelets in Fluent, the number of grid points in the flamelet 

must be specified. Increased resolution provides greater accuracy, but since the flamelet 



 219 

species and temperature are solved coupled and implicit in f space, the solution time and 

memory requirements increase greatly with the number of grid points.  

Moreover, Fluent requires additional inputs that are used in the creation of the 

look-up tables from the previously originated flamelets. The number of mean mixture 

fraction points (e.g., the number of discrete values of f at which the look-up tables will be 

computed) must be entered. Increasing the number of points yields a more accurate PDF 

shape, but the calculation takes longer. The mean mixture fraction points are clustered 

around the stoichiometric mixture fraction value. The number of mixture fraction 

variance points must also be specified by the user. Typically lower resolution for this 

parameter is acceptable because the variation along the variance axis is, in general, 

slower than the variation along the f axis of the look-up tables.  

For the reference model, a total of 75 grid points in the flamelets were specified. 

The number of mixture fraction points was set as 80. The number of mixture fraction 

variance points was set as 30. We want to compare these results with those obtained from 

a model with lower resolution. Therefore a new model is implemented with 37 grid 

points in the flamelets, where the number of mixture fraction points was set as 40 and the 

number of mixture fraction variance points was taken as 15. This will allow us to know 

what degree of accuracy in the flamelets is needed for these flare simulations. 

C.3.3 Higher Resolution Laminar Flamelet Model. 

We also want to compare the results obtained from a model with higher 

resolution. Hence a new model with a total of 140 grid points in the flamelets was 

specified. The number of mixture fraction variance points was set as 160 and the number 

of mixture fraction variance points was taken as 60. 
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C.3.4 Increasing Number of Scalar dissipation values. 

Fluent can generate multiple flamelets over a range of strain rates to account for 

the varying strain field in the multi-dimensional simulation. If you specify the number of 

flamelets to be greater than one, flamelets are generated at certain scalar dissipation 

values. The interval between scalar dissipation values (in s-1) for which multiple flamelets 

will be calculated can be specified in Fluent. Hence flamelets are generated until either 

the maximum number of flamelets is reached, or the flamelet extinguishes. Extinguished 

flamelets are excluded from the flamelet library.  

For the reference model, this interval was specified as 5 s-1, and the maximum 

number of flamelets was specified as 30. In this work a modified interval of 2 s-1 is 

specified, and the maximum number of flamelets is specified as 100. Hence we will be 

able to asses the effect of changing this interval on the final results. 

C.3.5 Smaller Reaction Mechanism. 

In order to generate the laminar flamelets, a chemical reaction mechanism (and a 

thermodynamic file data) must be implemented in CHEMKIN format. This mechanism is 

used to calculate the laminar opposed-flow diffusion flamelets.  For the reference model, 

the GRI-3.0 mechanism file was implemented (Smith et al., 2005). This mechanism 

contained 53 species and 325 reactions for natural gas combustion simulation. 

In this section results are compared to those obtained with a smaller reaction 

mechanism, DRM22 (Kazakov and Frenklach ,1994). This mechanism contains 22 

species and 104 reactions, and it was developed by truncation of the GRI-1.2 mechanism 

with the objective of developing the smallest set of reactions to reproduce closely the 

main combustion characteristics predicted by the full mechanism. 
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C.3.6 Results 

Table C.3 shows the computed mass flow of CO2 by Fluent at outlet boundaries 

by using the different chemistry models analyzed here. The last column computes the 

resulting combustion efficiency.  
 
 

Chemistry Model (CO2)out ηc (%) 
 ∗   Reference model 137.94 95.3 
C.3.1 Mixture fraction model 146.09 100.9 
C.3.2 Lower-resolution flamelet model 161.26 111.5 
C.3.3 Higher-resolution flamelet model 158.20 109.4 
C.3.4 Increasing number of  scalar dissipation values 140.26 96.9 
C.3.5 Smaller reaction mechanism 162.80 112.6 

Table C.3: Computed CO2 mass flows (10-5kg/s) and resultant combustion efficiency for 
several chemistry models.  

As expected, the mixture fraction model (model C.3.1) predicts a resulting 

combustion efficiency near 100% due to the assumption of local equilibrium. Clearly this 

model cannot be used to predict combustion inefficiency. Increasing the number of scalar 

dissipation values (model C.3.4) slightly improves the results of the reference model. 

This is not surprising due to the greater accuracy given by defining more scalar 

dissipation points in the flamelet model. However, the process of creating the laminar 

flamelets for this model took a considerable amount of time (48 hours), and the 

simulation itself also took much longer. Hence a trade-off exists between accuracy and 

computational time. Note that the reference model also gave very good results with half-

time computational time. 

Finally, models C.3.2 and C.3.3 do not seem to work well for this particular case, 

which is clearly due to poor resolution in the case of model C.3.2, and probably due to 

excessive resolution (with probably some numerical error) for the case of model C.3.3 
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.Using a smaller reaction mechanism (model C.3.5) also yields worse results, something 

that is not surprising due to the need to account for as many reactions as possible in these 

combustion simulation. However, the simulation time was considerably smaller by using 

the reduced mechanism. 

Figure C.3 shows the temperature contours for the different chemistry/combustion 

models studied in this work. Contours look very similar in all cases considered here. 

Slightly higher temperatures are observed for the model with lower-resolution flamelets 

(model 6.2). In fact Table C.3 also shows an overprediction of CO2 production for this 

model, an error which is inherently due to the poor resolution. Note that all models 

considered here give a good estimation of the flame silhouette, so in that sense the 

simulated flame shape is not very sensitive to the accuracy of the chemistry model. 

5.1      
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C.3.3   C.3.4        C.3.5 

      

 

 

Figure C.3: Contours of temperature for the several chemistry model considered in this 
work. 
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C.4 SENSITIVITY TO NUMERICAL MODELS 

For three-dimensional, turbulent reacting flow problems, an analytical solution of 

the governing transport equations is not feasible, thus some sort of numerical approach 

must be considered. This numerical solution is still complicated by the large number of 

equations and variables involved, along with the high non-linearity of the equations and 

the need to incorporate turbulence and chemistry models. 

C.4.1 First-order Discretization Schemes. 

Fluent uses a control-volume-based technique to convert the governing equations 

to algebraic equations. In the finite-volume approach, the integral form of the 

conservation equations are applied to each control, yielding discrete equations that 

conserve each quantity on a control-volume basis. In the reference model, second-order 

upwind schemes were applied for all equations. That means quantities at cell faces were 

computed using a multidimensional linear reconstruction approach. In this approach, 

higher-order accuracy is achieved at cell faces through a Taylor series expansion of the 

cell-centered solution about the cell centroid. Thus when second-order upwinding is 

selected, the face value fφ  is computed using the following expression: 

 

sf

r∆φφφ ⋅∇+=      (C.11) 

 

where φ  and φ∇  are the cell-centered value and its gradient in the upstream cell, 

and s
r∆  is the displacement vector from the upstream cell centroid to the face centroid.  

In this section we want to analyze how results are affected by using first-order 

upwind schemes, which are inherently simpler and faster than second-order schemes. For 
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some problems, first-order accuracy is enough to obtain a reasonable solution of the 

problem, providing significant saving in the computational time. When first-order 

accuracy is desired, quantities at cell faces are determined by assuming that the cell-

center values of any field variable represent a cell-average value and hold throughout the 

entire cell; the face quantities are identical to the cell quantities. Thus when first-order 

upwinding is selected, the face value fφ is set equal to the cell-center value of φ in the 

upstream cell.  

 

φφ =f       (C.12) 

 

Notice that the diffusion terms are central-differenced and are always second-

order accurate.  

C.4.2 Third-order Discretization Schemes. 

Another possibility is to use the third-order MUSCL Scheme. This third-order 

convection scheme was conceived from the original MUSCL (Monotone Upstream-

Centered Schemes for Conservation Laws) by blending a central differencing scheme and 

second-order upwind scheme as  

 

( ) SOU,fff 1 φθφθφ −+=     (C.13) 

 

where fφ  is the value of φ  interpolated at the face center, and  SOU,fφ  is 

computed using the second-order upwind scheme as described previously.  

Compared to the second-order upwind scheme, the third-order MUSCL has 

(theoretically) a potential to improve spatial accuracy for all types of meshes by reducing 

numerical diffusion, most significantly for complex three-dimensional flows, and it is 
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available for all transport equations. Thus in this section we also want to analyze the 

sensitivity of the results to a higher-order discretization scheme. 

C.4.3 Node-Based approach for evaluation of derivatives 

The derivative φ∇  of a given variable φ  is used to discretize the convection and 

diffusion terms of the equations of motion. This gradient is computed using the 

divergence theorem, which in discrete form is written as  

 

∑ ⋅=∇
f

f A
V

1 r

φφ     (C.14) 

Where fφ is the values of φ  at the cell face centroid, and the summation is over 

all the faces enclosing the cell. By default, the face value is taken from the arithmetic 

average of the values at the neighboring cell centers, and this is called the “Cell-Based” 

approach. This approach was implemented in the reference model. 

Alternatively, fφ can be computed by the arithmetic average of the nodal values 

on the face. The nodal values are constructed from the weighted average of the cell 

values surrounding the nodes, following the approach originally proposed by Holmes and 

Connel (1989) and Rauch et al. (1991). This scheme reconstructs exact values of a linear 

function at a node from surrounding cell-centered values on arbitrary unstructured 

meshes by solving a constrained minimization problem, preserving a second-order spatial 

accuracy. This approach is called the Node-based approach in Fluent. The node-based 

averaging scheme is known to be more accurate than the default cell-based scheme for 

unstructured meshes, most notably for triangular and tetrahedral meshes.  

In this section we want to analyze the results obtained by using the Node-based 

approach (versus the Cell-Based approach). 
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C.4.4 Second-order Pressure Interpolation Scheme. 

Discretization of the momentum equation requires the value of the pressure at the 

faces between cells. Therefore an interpolation scheme is required to compute the face 

values of pressure from the cell values. The default scheme in Fluent interpolates the 

pressure values at the faces using momentum equation coefficients. This procedure works 

well as long as the pressure variation between cell centers is smooth. When there are 

jumps or large gradients in the momentum source terms between control volumes, the 

pressure profile has a high gradient at the cell face, and should not be interpolated using 

this scheme.  

Several alternate methods are available for cases in which the default pressure 

interpolation scheme (which was used in the reference model) is not valid. In this section 

we want to analyze how results are affected by using a second-order scheme that 

reconstructs the face pressure in the manner used for second-order accurate convection 

terms. This scheme may provide some improvement over the standard scheme. 

C.4.5 PRESTO PressureIinterpolation scheme. 

The PRESTO (PREssure STaggering Option) scheme uses the discrete continuity 

balance for a "staggered'' control volume about the face to compute the "staggered'' (i.e., 

face) pressure. This procedure is similar in spirit to the staggered-grid schemes used with 

structured meshes (Patankar, 1980). In this section we analyze the sensitivity of the 

results to using a PRESTO scheme. 

C.4.6 SIMPLEC Pressure-Velocity Coupling 

A well-known characteristic in solving the Navier-Stoke equations for 

incompressible flow is the need for pressure-velocity coupling. This problem can be 



 227 

easily explained by considering the Navier-Stoke equations (momentum and continuity) 

for an unsteady, compressible 1D case:  
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We have three unknowns ( )U,p,ρ  and two equations; for compressible flows 

(i.e., flow where density is affected by pressure variations) a third equation is given by 

the equation of state, and the system can be solved. For incompressible flows (i.e., flows 

where we allow changes in density due to variation in temperature and concentration of 

species, but not due to pressure variations), we only have two unknowns ( )U,p  and two 

equations. The problem is that we do not have any equation for pressure. Instead we have 

to use the continuity equation as an indirect equation for pressure, and this is the so called 

pressure-velocity coupling process. Fluent provides several pressure-velocity coupling 

algorithms to choose from, including SIMPLE and SIMPLEC. 

The SIMPLE algorithm was the one used in the reference model. This algorithm 

uses a relationship between velocity and pressure corrections to enforce mass 

conservation and to obtain the pressure field. In fact, the momentum momentum 

equation(s) is first solved with a guessed pressure field *p  (typically the pressure field 

found in the preceeding iteration or timestep). However, the computed velocity field does 

not necessarily satisfy the continuity equation. Consequently, some “pressure correction” 

must be estimated so the continuity equation is satisfied. Then this “pressure correction” 

is used to calculate the correct cell pressure and velocities.  
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Alternatively, the SIMPLEC method (Vandoormaal and Raithby, 1984) proposes 

a similar algorithm to estimate this “pressure correction” term. However it differs on the 

expression used to obtain the corrected velocities or fluxes (see more detail in the 

literature). The SIMPLEC has been shown to improve convergence in problems where 

pressure-velocity coupling is the main deterrent to obtaining a solution. Thus in this 

section we want to solve the problem using the SIMPLEC method. 

C.4.7 W-cycle for Solution of Linear System of Equations 

The previous sections have described how the governing transport equations are 

discretized in order to convert the set of differential equations into algebraic equations. 

Still, the nonlinear equations must be linearized to produce a system of equations for the 

dependent variables in every computational cell. The manner in which the governing 

equations are linearized may take an “implict” or “explicit” form with respect to the 

dependent variables of interest. 

In the implicit form, for a given variable, the unknown value in each cell is 

computed using a relation that includes both existing and unknown values from 

neighboring cells. Therefore each unknown will appear in more than one equation in the 

system, and these coupled equations must be solved simultaneously to give the unknown 

quantities. On the other hand, for the explicit formulation the unknown value in each cell 

is computed using only existing values. In this work only the implicit formulation is 

considered since Fluent does not allow explicit formulation for non-premixed combustion 

modeling. Thus a system of linear equations with one equation for each variable at each 

cell in the domain must be solved.  

For nonpremixed combustion problems in Fluent, this linear system is solved by 

means of a segregated numerical approach. Using this approach, the governing equations 

are solved sequentially (i.e., segregated from one another). In other words, the segregated 
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implicit approach solves for a single variables (e.g., p) by considering all cells at the same 

time (because of the implicit formulation). It then solves for the next variable field 

(because of the segregated formulation) by again considering the cells at the same time, 

and so on. Because all the governing equations are coupled (and nonlinear), several 

iterations of the solution loop must be performed before a converged solution is obtained.  

Nevertheless, solving big system of linear equations is not easy. Since direct 

matrix inversion is out of the question for realistic problems and the “whole-field” 

solvers that rely on conjugate-gradient (CG) methods have robustness problems 

associated with them, the methods of choice in Fluent are point implicit solvers like 

Gauss-Seidel in conjunction with an algebraic multigrid (AMG) method. Multigrid 

techniques allow global (low-frequency) error existing on a fine mesh ca be represented 

on a coarse mesh where it again becomes accessible as local (high-frequency) error: 

because there are fewer coarse cells overall, the global corrections can be communicated 

more quickly between adjacent cells. Solving for corrections on the coarse-level requires 

transferring the defect down from the fine level (restriction), computing corrections, and 

then transferring the corrections back up to the coarse level (prolongation). 

A multigrid cycle can be defined as a recursive procedure that is applied at each 

grid level as it moves through the grid hierarchy. Several types of multigrid cycles are 

available in Fluent. The reference model used the V cycle for pressure the F cycle for the 

other variables. In this section we want to analyze the sensitivity of the results to using a 

W cycle for each variable. More information about these multigrid cycles can be found in 

the literature (Brandt, 1984; Mavriplis, 1995). 
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C.4.8 Results 

Table C.4 shows the computed mass flow of CO2 by Fluent at outlet boundaries 

by using the different numerical models analyzed here. The last column computes the 

resulting combustion efficiency.  
 

Numerical models (CO2)out ηc (%) 
 ∗   Reference model 137.94 95.3 
C.4.1 First-order discretization schemes  163.37 113.0 
C.4.2 Third-order discretization schemes 145.78 100.7 
C.4.3 Node-Based approach for derivatives 133.84 92.4 
C.4.4 Second-order pressure interpolation scheme   152.59 105.5 
C.4.5 PRESTO pressure interpolation scheme  148.51 102.6 
C.4.6 SIMPLEC pressure-velocity coupling 145.07 100.2 
C.4.7 W-cycle for solution of linear system  146.72 101.4 

Table C.4: Computed CO2 mass flows (10-5kg/s) and resultant combustion efficiency for 
several chemistry models.  

Table C.4 shows that the second-order discretization schemes (which were 

implemented in the reference model) provide the best results for this system. In fact, the 

first order discretization schemes (model C.4.1) overpredict the production of CO2. The 

third-order MUSCL schemes produces acceptable results (error < 4%), but the second-

order schemes is still preferred. 

The model C.4.3, which uses a node-based approach for estimation of derivatives, 

yields very similar results to the reference model, so the results are not significantly 

sensitive to this parameter.  

On the other hand, using second interpolation scheme for pressure (model C.4.4) 

overpredicts the amount of CO2 as well. The PRESTO scheme (model C.4.5) slightly 

reduces that deviation from the reference model. Hence the default interpolation scheme 

seems to be more suitable for these systems. 
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Changing the pressure-velocity coupling from SIMPLE to SIMPLEC does not 

change the results significantly (< 5% difference), but the SIMPLE algorithm is still 

preferred. Finally, using W-cycles for each variable in the solution process does not 

improve the results obtained with the default cycles. 

Figure C.5 shows the effect of using different solvers on the resulting contour 

plots for temperature. We observe that the flame obtained with first-order discretization 

schemes is significantly stretched, resulting in an erroneous estimation of the flame 

shape. A slightly different flame shape is also observed when different pressure 

interpolation schemes are implemented (models C.4.4 and C.4.5), confirming that the 

default scheme works better. The other models implemented in this work do not seem to 

change the flame shape in any notorious way. 
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Figure C.5: Contours of temperature for the several numerical models analyzed in this 
work. 
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C.5 CONCLUSIONS FOR SENSITIVITY ANALYSIS 

A sensitivity analysis of flare combustion simulation to different models has been 

carried out in this appendix. This analysis includes changes in boundary conditions, 

changes in turbulence models, changes in chemistry models and finally changes in 

numerical models. Results were compared to those obtained with the reference 

simulation model reported in Chapter 5, which provided a very good estimation of the 

resulting combustion efficiency and flame shape. 

The sensitivity analysis to boundary conditions provided a useful understanding 

of some the physics involved in this system. Changing the wind-tunnel walls boundary 

conditions from “Walls” to “Symmetry” produces slightly worse results, which means 

that the mesh defined at those walls was probably fine enough.  The “pressure outlet” 

boundary condition at the wind-tunnel outlet is preferred over the “Outflow” boundary 

conditions, so a fixed pressure at the outlet helps on the solution process. On the other 

hand, results are shown to be sensitive to the artificial turbulence kinetic energy for the 

fuel, so some care must be taken in defining this parameter. Moreover, higher crosswind 

turbulence intensities increase the CO2 production within the flame. Defining a “viscosity 

ratio” boundary condition (vs. “hydraulic diameter”) for the crosswind also produces a 

good estimation of the combustion efficiency, so both approaches can be assumed to be 

acceptable.  

These simulations are not significantly sensitive to the chemistry models tried 

here. The mixture fraction model predicts combustion efficiencies near 100% due to the 

assumption of local equilibrium. Increasing the number of scalar dissipation values 

slightly improves the results, though a trade-off must be considered between accuracy 

and computational time. For this particular system, an intermediate resolution for the 

flamelets is recommended. Small reaction mechanisms are not recommended due to the 
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need to model in detail the processes leading to combustion inefficiencies. In any case, all 

models considered here give a good estimation of the flame silhouette, so in that sense 

simulating the flame shape is not very sensitive to the accuracy of the chemistry model. 

However the resulting combustion efficiency is indeed affected by the accuracy of these 

models. 

Simulation results are shown to be rather sensitive to some turbulence and 

numerical models implemented, producing in some cases considerable deviations from 

those results obtained with the reference model. The different classes of k-ε  turbulence 

models seem to be suitable for this type of problems. In fact, the Realizable and the RNG 

k-ε  turbulence models (with enhanced wall treatment) successfully simulate the flame 

behavior, while the Standard k-ε  also gives acceptable results. However results are very 

sensitive to changing default constant values of using a k-ω turbulence model. 

Regarding the numerical models, second-order discretization schemes provide the 

best results for this system. Using a either a node-based approach or a cell-based 

approach for estimation of derivatives yields very similar results, so the system is not 

significantly sensitive to this parameter. The default interpolation scheme for pressure 

provides the best results compared to second interpolation or PRESTO scheme. Both 

SIMPLE and SIMPLEC pressure-velocity coupling methods produce similar (good) 

results. Finally, the default multigrid cycles implemented in Fluent are also recommended 

over the W-cycles. 

 Finally, a sensitivity analysis for the Cε1 parameter that was slightly 

modified to tune Flames A, S and D in Chapter 2 of this dissertation is shown below. 

Figures C.6, C.7 and C.8 show the axial temperature contours for different values of this 

parameter for the Flames A, S and D respectively.  
 



 234 

 

0

500

1000

1500

2000

2500

0 50 100 150
x/D

Te
m

pe
ra

tu
re

 (
K

)
Experimental 

Ce1=1.56 (original simulation)

Ce1=1.54

Ce1=1.58

Ce1=1.60

 

Figure C.6: Axial temperature contours for different Cε1 values (FLARE A). 
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Figure C.7: Axial temperature contours for different Cε1 values (FLARE S). 
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 Figure C.8: Axial temperature contours for different Cε1 values (FLARE D). 
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