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ABSTRACT 

A collaborative research program has been initiated to study the emissions of 
a wide variety of chemical species from stationary combustion systems. These 
product species have been ind uded in Clean Air act legislation and their emissions 
must be rigidly controlled, but there is a need for a much better understanding of the 
physical and chemical mechanisms that produce and consume them. We are using 
numerical modeling techniques to study the chemical reactions and fluid mechanical 
factors that occur in industrial burners. We are examining systems including 
premixed and diffusion flames, and stirred and plug flow reactors in these modeling 
studies to establish the major factors leading to emissions of these chemicals. 

INTRODUCTION 

Air quality regulations make the emissions of toxic chemicals, such as volatile 
organic compounds (VOC's) and oxides of nitrogen (NOx), an important factor in 
the design of natural gas burners and other industrial scale-combustion systems. In 
order to design low-emission burners, engineers must understand what controls 
pollutant production. Currently, designers must rely on cut-and-try procedures, 
because they lack models of emissions from practical burners. If such models 
existed, they could be used to investigate the effect of design parameters to 
minimize emissions. The models could also elucidate the physical phenomena that 
control the emissions and the de=ign tradeoffs that exist. 

Models for emissions from practical burners do not currently exist, primarily 
because the flow fields are turbulent. The interaction of chemistry and turbulence is 
.. current research topic in combustion science. Despite the fact that the chemical 
reaction mechanisms are often known, the task of including them in a turbulent flow 
simulation has not been accomplished. Conventional turbulence models that solve 
time-averaged equations with statistical closure models are computationally very 
expensive - even without considering a reacting flow. Furthermore, the closure 
models may be deficient in capturing the important physics cf the entrainment and 
mixing. As a result, our general understanding of NOx and other emissions has 
relied heavily upon observations of laboratory flames. 
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Since it is not currently possible to use both detailed kinetic mechanisms and 
a reliable turbulence model — such as large eddy simulation or direct numerical 
simulation — one or the other must be simplified. Many investigators have used 
complex turbulence models, but reduced the chemistry model using simplifications 
such as partial equilibrium assumptions or reduced reaction mechanisms (see, for 
example, Whitelaw and Jones*, Chen, et al.2-3 or Pope4). While these models have 
found some success in predicting global behavior of flames, they cannot include the 
complex kinetics necessary for predicting pollutant formation. Similarly, most 
studies of detailed chemistry consider simplified fluid mechanical systems such as 
stirred reactors, flow reactors or laminar flames. 

In the present paper, we outline some approaches that are often employed to 
address these complex modeling problems. Through these simplification strategies, 
it is possible to extract a very large amount of useful information that can lead to 
better combustion system design, but it is always important to fully understand the 
limitations inherent in the simplifying assumptions. The paper presents two 
examples: First, emission results from a perfectly stirred reactor and flow reactor 
model using refinery fuel gas. Secondly, predictions of NO, NO2, and CO emissions 
from a H2-CO turbulent jet flame using a two-stage Lagrangian model. 

NUMERICAL MODELS 

Perfectly stirred and flow reactor model 

A perfectly-stirred and flow reactor model is used to simulate processes 
occurring in a combustor. A perfectly-stirred reactor is a highly-simplified physical 
model in which the fuel and oxidizer are assumed to mix very rapidly with 
combustion products. The perfectly stirred reactor simulates highly turbulent 
regions in a burner where the fuel is rapidly mixed with combustion products. The 
products exiting the stirred reactor are at a high temperature and contain high 
concentrations of radical species. In an actual combustor, these radical species 
would recombine as the temperature of the combustion products falls in the exhaust 
portion of the combustor. In the present study, a flow reactor was used to simulate 
cooling of the exhaust products in a combustor. This modeling concept has been 
used previously, for example, Ritter and Barat^ used a stirred reactor and flow 
reactor model to simulate the reaction of chloromethane-methane-air mixtures in an 
incinerator. 

The stirred and flow reactor model allows the examination of a wide range of 
operating parameters such as temperature, pressure, residence time, and 
equivalence ratio. All these operating parameters are easily-specified, input 
parameters. 

Chemical kinetic mechanism and numerical modal 

The chemical kinetic mechanism was based on a previously developed 
mechanism for the oxidation of hydrocarbon fuels which has been documented 
earlier.^,7 The portions of the mechanism that treat low temperature chemistry 
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(where T < 800K) were omitted here since these reactions are not expected to 
contribute significantly at the present conditions of high temperature (where 
T > 1000K). A reaction sub-mechanism that involves the oxides of nitrogen was 
added from Miller and Bowman." The final mechanism used considers 
hydrocarbons through C4, and consists of 111 species and 637 reversible reactions. 

In the reactor model, the fuel-air mixture was first reacted in a perfectly-
stirred reactor where the reactants, intermediate species and products were assumed 
to be perfectly mixed and react for a specified residence time, Tpsr- The PSR 
(Perfectly Stirred Reactor) code by Glarborg et a\9 and CHEMKINl0 were used to 
perform the calculations. The temperature of the reactor (Tpsr) was specified, 
although alternatively, the energy equation could have be solved and the 
temperature calculated. The combustion products exiting the PSR were then reacted 
in a flow reactor (or cool-down reactor) which simulated cooling of the exhaust 
products to ambient temperature. The temperature of the combustion products is 
reduced from Tp S r to 298K in the cool-down reactor over the residence time, Tcool-
down- Th e SENKIN code^1 with a specified temperature history was used to 
perform the flow (or cool-down) reactor calculations. 

Results 

Calculations were performed over a wide range of temperature, residence 
time, and equivalence ratio to examine the effect of these parameters on the 
consumption of the fuel and the production of intermediate products that include air 
toxic species S" "Ji as formaldehyde and butadiene. The fuel used was one typical of 
fuel gas used for process heating at a petrochemical refinery. The assumed 
composition is given in Table I. 

Table I 
Assumed RefineryJ ael Gas Composition 

(percent mole fraction) 

H 2 30.% C 3 H 8 9.0% 

C H 4 32.% 1 < : 4 H 8 
0.063 % 

C 2 H 2 12.% 2 < : 4 H 8 0.063 % 

C 2 H 4 0.90% * o - C 4 H 8 
0.063 % 

C 2 H 6 11. % n " C 4 H 1 0 
i S ° - C 4 H 1 0 

1.8% 

S H 6 1.8% 
n " C 4 H 1 0 
i S ° - C 4 H 1 0 

2.7% 

The effect of the PSR temperature on the species concentrations in the PSR 
(open symbols) is examined in Fig. 1. A time (T p s r ) of 0.1 sec was chosen as a 
typical residence time in the flame zone of a practical burner (this time can vary 
greatly depending on the specific burner). Tht open circles and squares show the 
decrease in the methane and formaldehyde concentration in the PSR as the PSR 
temperature is raised. However, the NO concentration (open triangles) increases 
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with temperature. This behavior demonstrates the trade-off that can occur between 
the formation of toxics such as formaldehyde and the formation of NQ. The closed 
symbols in Fig. 1 show the species concentrations as they exit the cool-down reactor 
where the temperature of the combustion products is reduced to ambient conditions. 
If this cooling occurs very quickly, intermediate combustion products are quenched 
and emitted as pollutants. This process can occur in a practical combustor, for 
example, when hot flame gases mix with gases near a cold wall. A time (T cool-
down) of 0.01 sec was chosen so that some quenching of the intermediate products 
would occur. In Fig. 1, the methane and formaldehyde species are quenched in the 
cool-down reactor for temperatures less than about 1200 K, but at higher 
temperatures, their concentrations are reduced significantly in the cool-down 
reactor. The NO concentration is effectively unchanged in the cool-down reactor. 
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Figure 1. Effect of temperature on species concentrations exiting the PSR (open 
symbols) and the cool-down reactor (filled symbols). (<]) = 1, Tpsr = 0.1 
sec, tcool-down = 0.01). 

In Fig. 2, the variation of other species with PSR temperature is examined. 
Only the final species concentrations exiting the cool-down reactor are plotted. The 
formation of air toxics such as formaldehyde and butadiene decrease with increasing 
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Figure 2. Effect of temperature on species concentrations exiting the reactor 
system. ((> = 1, TpSr = 0.1 sec, TCool-down = 0.01 sec). 

temperature while the nitrogen oxides all increase with temperature (except NO2 
starts to decrease at the highest temperatures). 

The effect of equivalence ratio on the fuel and air toxic concentrations are 
shown in Fig. 3. The actual species mole fractions have been modified to account for 
the change in fuel fraction as the equivalence ratio changes. The mole fractions have 
been divided by the carbon fraction in the fuel-air mixture so that at $ = 1, the mole 
fractions are the actual mole fractions, but at <> = 2, the mole fractions have been 
reduce by approximately a factor of 2 because there is approximately twice as much 
fuel in the fuel-air mixture. This procedure allows the assessment of the actual 
change in species emissions with equivalence ratio. If the actual species mole 
fractions are p otted, the species emissions are increasingly diluted by air as the 
equivalence ratio decreases. As seen in Fig. 3, the species emissions show a 
minimum near ty = 1 &nd increase for lower and higher equivalence ratios. The 
highest species emissions are seen on the fuel-rich side. In an actual combustor, the 
average temperature would be expected to decrease with decreasing equivalence 
ratio. As the fuel-lean flammability limit is reached, the methane concentration 
would increase as the flame started to quench. In present calculation, the reactor 
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Figure 3. Influence of equivalence ratio on species concentrations exiting the cool-down 
reactor (T p S r = 0.1 sec, Xcool-down = 0.01 sec, 1200 K). 

temperature was held constant at 1200 K, so that these temperature effects are not 
observed. 

The effect of residence time of the fuel-air mixture was examined, and the 
results are given in Fig. 4. A stoichiometric, fuel/air ratio was assumed (0 = 1), and 
an average reactor temperature of 1200 K was chosen. Methane, the fuel species 
present in highest concentration, along with carbon monoxide and formaldehyde, 
which are both considered to be air toxics, are shown. The open symbols show the 
species concentrations exiting the PSR, and the closed symbols show the species 
concentrations exiting the cool-down reactor. The carbon monoxide and 
formaldehyde increase initially with residence time as they are formed and then 
decrease with increasing residence time as they are oxidized. The methane 
concentration decreases monotonically with residence time as it is consumed. At 
short residence times, additional formaldehyde and carbon monoxide are formed in 
the cool-down reactor due to consumption of fuel. At long residence times, the 
formaldehyde and methane concentrations are reduced further in the cool-down 
reactor. 
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Figure 4. Influence of residence time on species concentrations (<(> = 1,1200 K, 
tcool-down = 0-01 sec). 

There are many other types of analysis in which the fluid mechanics issues 
are greatly simplified or removed entirely. Beyond the PSR model present above 
other examples include the static (or closed) reactor, and even the highly idealized 
laminar flame. Their applicability to practical combustion environments can be very 
useful, even if valid only under very limited conditions. For example, even in 
turbulent combustors, there is usually a laminar boundary layer near any cooled 
surfaces, and laminar flame analysis can be used to predict heat transfer to those 
surfaces, as well as the effects of flame quenching on those surfaces. If this 
technique is used, detailed chemical kinetic submodels can be employed, which is 
extremely important for these problems since it is commonly believed that such 
quenching may be responsible for production of PAH, dioxins and many other toxic 
chemicals in incineration and other systems. 

Two-Stage Lagrangian Model for Turbulent Jet Flames 

As a step toward modeling practical burners, one approach is to develop a 
simplified turbulence model that incorporates a comprehensive chemical kinetic 
reaction mechanism. Lutz et a / . 1 2 have developed a model using two perfectly 
stirred reactors that are connected in a way that represents the global turbulent 
mixing processes. Following the ideas introduced by Broadwell, Breidenthal, and 
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Mungal,13"l'> the model is based on experimental observations of the large scale 
structure of a turbulent jet. 

Experimental images of jet flames, such as those reported by Seitzmann el 
al.}7 suggest the large scale structure shown schematically in Fig. 5. Air enters the 
flame through diffusion layers at the outer edge, where the local strain rates are low 
enough to allow combustion. The products are subsequently distributed throughout 
the jet core by large scale motions. In the region near the nozzle, the central core is 
too rich to burn; farther downstream however, it approaches the stoichiometric 
condition and ignites. The basic idea of the mixing model is that entrained air first 
reacts with the jet fluid in strained diffusion layers, which then merge to form a 
homogeneous mixture. Of course, the actual mixing process is much more complex, 
but such a model may be expected to describe the mean Lagrangian concentration 

I ^ ^ ^ » Homogeneously 
burning zones 

Diffusion flame-sheets 

Figure 5. Sketch depicting of the structure of a turbulenf jet showing diffusion 
flame-sheets and homogeneously mixed regions. 

history of the jet fluid, and hence be appropriate for the chemical kinetic 
computation. 

Based upon these observations, the model considers reactions i.i two separate 
zones: diffusive layers and homogeneous regions. It follows the evolution of the 
two zones as they move downstream in the jet, suggesting the name Two-Stage 
Lagrangian model. The model represents the average time history that the fluid 
experiences as it travels through a steady jet. Empirical correlations provide the 
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entrainment rate of surrounding fluid into the reactors. A limitation of the model is 
the need for these mixing correlations, which must come from experimental 
observations. 

N O , Emissions from H9/CO Flames 

The Two-Stage Lagrangian model has been applied to prediction of the N O x 

emissions from a variety of laboratory jet flames. As an example of the model 
performance, we present predictions for a H2/CO flame and compare emissions to 
the experimental measurements of Myhr and Turns^ . The fuel mixture is CO with 
5 percent H2 by mass. While the weight of this fuel is comparable to methane, the 
stoichiometry requires much less oxidizer than methane does, which means these 
flames are significantly shorter than methane flames. As a result, non-equilibrium 
oxidation chemistry is important in correctly predicting the emissions. 

Figure 6 shows the predicted emissions index for N O x and CO for a series of 
H2/CO flames where the fuel stream is diluted with N2- The emission index is 
defined by the mass of NO and NO2 (using the molecular weight of NO2 for both 
species, by convention) to the mass of fuel. This definition produces an index that is 
independent of dilution with excess air. 

The predictions of NOx emissions are extremely accurate for this series of 
flames; the model captures the effect of dilution quite well. Even more impressive is 
the fact that the model predicts roughly the correct fraction of NO2 in the N O x . The 
prediction of trace species like these in the correct proportion is a compliment to the 
detailed chemical kinetics research that has been performed over the past several 
years. 

The decrease in N O x emissions with dilution is caused by the reduced flame 
temperature. Dilution reduces the temperature by two means: (1) the larger average 
heat capacity, and (2) increased departure from equilibrium in the flame chemistry 
due to reduction in the residence time. 

As shown by the middle panel in Fig. 6, the CO emission index (mass CO per 
mass of fuel) is not predicted as well by the model. While the prediction is the right 
order of magnitude, the trend of CO emissions with dilution is opposite the 
observed behavior. The discrepancy is due to uncertainty in the application of the 
experimental entrainment correlation, which includes the influence of buoyancy. If 
the influence of buoyancy is neglected, the correct trend in the NOx emissions is 
obtained. 

The Two-Stage Lagrangian approach provides an example of the use of a 
relatively simple fluid dynamic model that includes the complicated chemical 
kinetics necessary for prediction of emissions of pollutants from turbuient flames. 
Extension of this approach to practical burners is expected to evolve as experimental 
studies provide entrainment correlations for the geometries of interest. This model, 
together with other models such as laminar diffusion flames and plug flow reactors, 
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forms a set of analytical tools that can help designers understand formation of 
pollutants and toxic combustion byproducts. 
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