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Abstract
High Temperature Air Combustion (HiTAC) is a recent development in the combustion of hydrocarbon fuels which promises high efficiencies and low NOx emissions  The principal feature of HiTAC is combustion at extremely low oxygen concentration levels with air preheating to high temperatures to maintain stable combustion.  Experiments show that, under these conditions, the flame volume expands and the peak temperature decreases and NOx  formation rate can be significantly reduced if the thermal NOx can be avoided.  In the present paper, these features of HiTAC are simulated in a 300 kW natural gas burner.  Comparison with normal combustion mode shows a decrease of the peak temperature with increasing dilution of oxygen and a corresponding decrease in the NOx formation rate.  Thus, the calculation reproduces correctly the qualitative trend observed in HiTAC experiments.  For quantitative predictions, other features such as flammability limits and flame extinction have to be incorporated into the computational model.
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1. Introduction
Due to increasing energy demand, especially from countries such as India and China and dwindling clean fossil fuel reserves on the one hand and due to concern over environmental pollution and global warming due to the greenhouse effect, there is an urgent need for advanced energy systems which deliver efficient power with little environmental cost.  High Temperature Air Combustion (HiTAC) is a recent development in the combustion of hydrocarbon fuels and offers high efficiencies and low NOx emissions (Tsuji et al., 2001).  The principal feature of HiTAC is combustion at extremely diluted oxygen concentration levels with dilution being done either by nitrogen or by carbondioxide.  Due to the low oxygen concentration, the fuel-oxidant mixture is not flammable at near-ambient temperatures.  To provide stable combustion, the air is preheated to high temperatures, typically above 1300 K.  Thus, in normal combustion, the temperature of the preheated air is kept well below the auto-ignition temperature of the fuel.  In contrast, in HiTAC, the minimum temperature of the preheat air is the auto-ignition temperature.   The oxidant (which is highly diluted with nitrogen or carbondioxide to about 3 to 5% by weight of oxygen as opposed to 23% in normal combustion) is fed as a separate jet and not as a co-axial jet as in the case of a conventional burner.  These features allow strong mixing of the fuel and the oxidant separately with the hot burnt gases within the furnace thus forming a lean combustible mixture over a large volume of the combustor.  As a consequence, the heat release associated with combustion takes place over a considerably larger volume and the maximum gas temperature is significantly lower than the adiabatic flame temperature.  Figures 1 and 2 show the results reported by Tsuji et al. (2001) for a 1.3 kW LPG flame in normal and in HiTAC combustion mode.  Figure 1 shows the flame intensity profiles as seen in an instantaneous picture captured by a charge-couple camera (CCD) showing the visible flame volume.  The flame is seen to be short and compact under normal combustion while at 3 % oxygen concentration and a preheat temperature of 1283 K, it has low luminosity and a large volume.  Figure 2 shows the measured temperature contours in the two cases.  For normal combustion, a large variation in the gas temperature is observed while for HiTAC a nearly uniform temperature field is obtained throughout the furnace.  Uniformly high gas temperature gives rise to a more or less uniform wall heat flux which is an advantage in furnaces and process heating applications.  Reduced peak temperature is seen to lead to low NOx formation rates as thermal NOx formation (Bowman, 1991) could be avoided. Indeed, experiments (Tsuji et al., 2001) show that under these conditions, the NOx formation rate is an order of magnitude lower in spite of the high preheating of air.
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combustion (Tsuji et al., 2001).
Thus, the principal features of HiTAC, as far as NOx reduction are concerned, are low oxygen concentrations, lean fuel-to-air mixtures and large volume of combustion resulting in low peak temperatures.  Practical combustion systems based on these principles are still under development in various parts of the world.  The ultimate objective of the present work is to develop a simulation model for HiTAC combustion which could eventually be used to develop and optimize burner configurations.  Given the complex interaction that exists in combustion systems between burner geometry, velocity field, turbulence, combustion chemistry and radiative heat transfer, only a computational fluid dynamics (CFD)-based model will be able to take proper account of the intricacies of these interactions.  As a first step towards developing such a validated simulation model, a study has been carried out to simulate HiTAC conditions in a conventional co-axial combustor to see if the main characteristics of HiTAC could be reproduced.  To this end, calculations have been done using the FLUENT computer code to simulate normal and HiTAC combustion in the 300 kW BERL combustor (Sayre et al., 1994).  The methodology of these calculations and the results obtained are discussed below. 

2. Calculation Methodology

In combustion systems, there is an intricate coupling among the geometry, turbulence, chemistry and radiation within the combustor.  Resolution of the fine details of this coupling, which is often necessary for accurate predictions, is possible only with CFD-based simulations.  Hence, the flow, temperature and the species concentrations fields in the combustor have been computed for various cases using the commercially available CFD code FLUENT developed by Fluent Inc., USA.  The principles of CFD are well-established and the reader is referred to Ferziger and Peric (1996) for details regarding flow field calculations.  Turbulent flows exhibit specific features such as spatial and temporal fluctuations which render exact calculation extremely difficult.  A number of turbulence models have been developed (Warsi, 1993); in the present study, the well-known k-e model is used to account for turbulence effects on the flow field.  While convection and conduction modes of heat transfer are dealt with in a CFD computation, radiative heat transfer requires approximation and the P-1 model (Siegel & Howell, 1992) is used in the present study.  Detailed description of the chemistry of hydrocarbon requires hundreds of simultaneous chemical reactions.  In view of this, the simplied eddy dissipation model for turbulent combustion (Spalding, 1970) coupled to a single-step finite-rate chemistry model has been used to deal with combustion.  As will be shown below, the set of above models, though approximate, gives reasonably accurate predictions of the velocity, temperature and species concentrations fields.  Similarly, a simplified description of the NOx formation , which  included the thermal and the prompt NOx formation mechanisms, was used to calculate the NOx formation rates. The kinetic data for these reaction rates were taken from the literature (Baulch et al., 1992).
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Figure 2. (a) Overall geometry and (b) burner details of the 300 kW BERL combustor (Sayre et al., 1994).

The calculations were carried out for the specific case of the pilot scale BERL combustor (Sayre et al., 1994) which is a 300 kW natural gas burner.  This experimental natural gas burner has been designed and commissioned by the International Flame Research Foundation (IFRF), the Netherlands.  The overall geometry is shown schematically in Figure 2a and the detailed burner geometry is shown in Figure 2b.  The dimensions of the burner that are referenced to the outer diameter of the combustion air duct D0 which equals 28.71 mm. The furnace is vertically-fired and of octagonal cross-section with a conical furnace hood and a cylindrical exhaust duct. The burner consists of a swirl generator and a burner quarl joined together via a cylindrical duct. A fuel rod is placed in the center of the burner. The inlet swirl is generated by means of a moveable block swirler which is installed upstream of the cylindrical duct. Detailed information on the calibration and design of the moveable block swirlers as well as on the generic research burner is available in Beer and Chigier (1983), Weber and Dugue (1992), and Borman and Ragland (1998). The quarl is made of refractory material and has an opening angle of 20o. The central fuel rod conducts the natural gas which is injected radially in the swirling combustion air near the burner exit through a set of 24 holes of 1.8 mm diameter. Hence, an annular channel is formed between the duct and the fuel rod. The swirl number can be continuously varied in a range from 0–1.12; in the present case, the swirl number of the air was  0.56. Appropriate area adjustments were made to account for the 2D representation of an inherently 3D problem. Care was taken to ensure that the cross-sectional areas of the modeled and real furnaces remained the same. Dutch Slochteren natural gas and dry combustion air at 350C is supplied to the burner while parameters such as the swirl intensity and  the stoichiometric ratio are controlled. The composition of the fuel used was methane 96.5%, ethane 1.7%, propane and higher hydrocarbons 0.2%, N2 1.3%, CO2 0.3%.   The fuel composition and the flow rate were kept the same in all calculations.  The inlet oxygen concentration and the oxidant temperature were varied (while keeping the stoichiometry constant) to simulate HiTAC conditions. 
The calculation methodology is validated by comparing the predictions with the measured values under normal combustion conditions.  Typical results obtained are shown in Figure 3 at a distance of 27 mm from the quarl exit. Here, the predicted axial velocity, the swirl velocity, the gas temperature, the concentration of oxygen and that of CO2 have been compared with the measurements reported in Sayre et al. (1994).   Good agreement between the two shows that fairly accurate predictions of the flow and the concentration fields could be obtained. 
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Figure 3.  Comparison between the predicted and the measured (a) axial velocity, (b) swirl velocity, (c) temperature, (d) oxygen concentration and (e) carbondioxide concentration profiles for normal combustion at a distance of 27 mm from the quarl exit.

3. Results and Discussion

Computations similar to those shown in Figure 3 have been carried out for the HiTAC mode for different air inlet temperatures in the range between 300 and 1500 K and for oxygen inlet concentrations in the range between 23% to 3% by weight.  The results show that profound changes, consistent with the HiTAC features, take place under these conditions.  Typical results obtained for the temperature field under conventional combustion and under HITAC condition (at preheat air temperature of 1300 K and oxygen concentration of 5%) are shown in Figure 4a and 4b respectively.  While the fuel flow rate in both the cases is the same, the air flow rate in the HiTAC case is nearly four times higher than that in the normal combustion case due to the dilution.  This has two consequences: the hydrodynamic consequence of jet expansion (resulting in a thinner and more penetrating jet in HiTAC), and the thermodynamic consequence of reduced temperature rise of the gas stream.   The latter is compensated by the fact that the incoming stream in HiTAC has a significantly higher enthalpy.  However, as a result of lower oxygen concentration and more mixing, the flame volume is more in HiTAC and the peak temperature is less.  Indeed, the peak temperatures in Figure 4 for normal combustion and HiTAC are about 2150 K and 1750 K, respectively.  
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Figure 4. Predicted temperature contours for (a) normal and (b) HITAC combustion.
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Figure 5. Predicted contours of soot for (a) normal and (b) HITAC combustion.

The contours of the predicted soot fraction (computed using the soot formation model of de Magnussen and Hiertager (1976)) for the two cases are shown in Figure 5a and 5b, respectively.    It can be seen that the soot fraction in the flame region for normal combustion is much higher than that in HiTAC.  Since the flame luminosity is directly linked to the soot present, it can be concluded from Figure 5 that HiTAC flames are of low luminosity, as reported experimentally by Tsuji et al. (2001).  

It is clear that the peak furnace temperature would vary with not only with the preheat temperature but also with oxygen dilution.  The peak gas temperature would increase with increasing preheat temperature at a fixed inlet oxygen concentration and would decrease with increasing oxygen dilution at a fixed inlet air temperature.  Since the thermal NOx formation rate, which is the main contributor to NOx formation in typical hydrocarbon fuels, is highly temperature sensitive, the NOx concentration level is very well correlated to the peak gas temperature and thus to the oxygen dilution.  These aspects are reflected in Figures 6 and 7 where the predicted peak gas temperature and the NOx outlet concentration are shown.  Figure 6 shows the variation at a fixed inlet oxygen concentration of 23 % for various inlet preheat air temperatures.  It is seen that very high peak temperatures (approaching 2900 K) and correspondingly high NOx concentration (approaching 4000 ppm) are predicted as the preheat air temperature increases to HiTAC levels.  When the oxygen concentration is reduced while maintaining a high preheat air temperature (of 1300 K), as shown in Figure 7, the oxygen dilution increases and the peak gas temperature decreases.  The predicted decrease agrees fairly well with the correlation of Yang and Blasiak (2005).    Correspondingly, the NOx level also decreases.  Below an oxygen dilution of 10% for this case (of fuel loading and furnace geometry) , the thermal NOx formation mechanism does not appear to have become active and the predicted NOx level is very low in spite of the high preheat air temperature.   Thus, the HiTAC features are well-captured in these simulations.  
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Figure 6. Predicted (a) peak temperature and (b) NOx concentration with preheat air at normal oxygen level.
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Figure 7. Predicted (a) peak temperature and (b) NOx concentration under HITAC conditions.

In summary, the present study shows that the basic features of HITAC, including ultra-low NOx concentrations can be predicted.  The combustion models used in the present study are however inadequate to consider flammability and flame extinction effects associated with low oxygen concentrations.  These have to be included to get a realistic prediction of HiTAC flames.
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