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Chapter 1. Introduction

In this chapter, the background and the objectives of this study are stated, and the organization of the
dissertation is described. Moreover, previous researches related to this study are also reviewed.

The principal oxides of nitrogen, NO, NO; and N,O, abbreviated as NO,, is one of the main pollutants emitting
from combustion. It has been known that NOy contributes to photochemical smog in the troposphere, participates
in a chain reaction that removes ozone from the stratosphere with the consequence of increased ultraviolet
radiation reaching the earth’s surface. In addition, it affects the human’s nervous system, causes anxiety and
reduces blood pressure. Therefore, minimization of NOy production has become a very important topic and target
in the field of combustion. To achieve the goal of minimizing NO, emission, the comprehension of chemical
kinetic mechanisms that generate NO, and understanding of the interaction of chemical kinetic mechanisms, fluid
dynamics, mass transfer and heat transfer in combustion processes are needed.

On the other hand, thermal radiation is an important, often dominant, heat transfer mechanism in flames. It is
well known that radiative heat transfer leads to a decrease in flame temperature, which may induce large
variations of some flame properties such as extinction limits. Moreover, since chemical production of NO; is very
sensitive to temperature, a small temperature decrease can lead to important changes in NOy formation. Although
some studies have been conducted to investigate the influence of radiation heat loss on the extinction limits, the
effect of radiation heat loss on NO, formation has received less attention. To date, there are only several studies in
which the influence of radiation heat loss on NO, formation in flames has been investigated. Nevertheless, the
Optically thin model was adopted to evaluate the radiation heat loss and the reabsorption was ignored in almost all

the studies. In addition to radiation reabsorption, the spectral characteristics of radiative gas are also not taken into




consideration in the simple optically thin model.

Furthermore, exhaust gas recirculation, which has been proved to be an effective measure to suppress NO
emission and improve heat transfer in combustion chambers, is an important technique in industrial applications.
For the flames with exhaust gas recirculation such as “High-temperature Air Combustion Technology (HiCOT)”,
the thickness and the optical thickness of flame are increased and radiation reabsorption is enhanced, since CO, is
the main species in flue gas and is also a major absorbing and emitting species in flames. Until now, however, no
numerical study using an accurate non-gray radiation model has been reported concerning the effect of radiation
on NO, formation in flames with exhaust gas recirculation. Therefore, it is necessary to further study the effects of
radiation heat transfer on NO, formation in flames by using more accurate radiation model in which radiation
reabsorption is taken into account.

Based on the above considerations, the objectives of this study are to develop a numerical program scheme in
which the NO, formation was calculated by using detailed chemistry and non-gray gas radiation model, and then
to use it to systematically investigate the influence of radiation and reabsorption on the NO, formation process in

fundamental CH,/air and CH,/air/CO; counterflow diffusion and premixed flames and HICOT flames as well.

Chapter 2. Numerical Models and Computation Methods

In this chapter, a numerical program scheme for simulating NO, formation in counterflow flames with detailed
chemistry and taking the radiation reabsorption into account was developed. The numerical program scheme
includes three parts: a part for simulating NO, formation; a part for calculating the spectral properties of radiative
gases and radiative intensities issued from an isothermal and inhomogeneous column containing mixture of H,0,
CO,, CO and transparent gases; and a part for solving the wavenumber averaged radiative transfer equation and
for evaluating the volume radiation heat loss. The governing equations of models and their computational methods
were described. The governing equations of combustion model were solved by a combination of the
time-dependent method and the steady state method, namely, damped modified Newton’s method. The statistical
narrow-band model is used to calculate the spectral properties of radiative gas, in which the narrow-band width is
25 cm” and the total numbers of H,0, CO, and CO bands are 367, 96 and 48, respectively. The considered
spectral and temperature ranges are respectively 150~9300 cm™ and 300~2900 K. The wavenumber averaged
radiative transfer equation was solved by the discrete ordinate method and S¢ quadrature scheme was used.
Finally in this chapter, the effectiveness of the developed numerical scheme was examined. It is found that the
flame temperature and the fraction of the major species and NO mole fraction predicted by the developed

numerical scheme are in good agreement with experimental results.

Chapter 3. Effects of Radiation Reabsorption on NO Formation
in CHy/Air and CH/Air/CO; Counterflow Diffusion Flames
In this chapter, the combined effects of radiation reabsorption with stretch rate, amount of CO, added to air and
pressure on the flame structure and NO formation in CHy/air and CH4/air/CO, counterflow diffusion flames were
numerically investigated and discussed.

Qualitatively, the radiation effects on counterflow CHy/air and CH,/ait/CO, diffusion flame have the same



tendency for both the statistical narrow-band model and the optically thin model. Radiation heat loss causes a
decrease in flame temperature, flame thickness and production of NO, and causes the NO emission index to
appear as a maximum value at a certain stretch rate. The addition of CO, to air drastically decreases the NO
emission and flame temperature, and significantly enhances the effect of radiation and reabsorption on NO
formation. The reduction of NO emission caused by CO; consists of three parts: in addition to the thermal and
chemical effects, the radiation heat loss from CO; causes a further reduction of NO emission, namely, radiation
effect.

The radiation and reabsorption effects on NO formation become important as the stretch rate decreases. For
CHy/air flames, the effects of radiation and reabsorption on NO formation are relatively small, except for low
stretch rates. However, radiation and reabsorption considerably influence NO formation for CHy/air/CO,
counterflow diffusion flames, even at high stretch rates. The reabsorption influence on the NO emission index
increases with increasing pressure. A new fact that contrary variation of the NO emission index with pressure was
respectively indicated by the calculation with and without consideration of radiation reabsorption was discovered.
Therefore, non-reabsorption models such as the optically thin model are unable to correctly predict NO formation
in flames with high pressure both qualitatively and quantitatively.

The effects of radiation and reabsorption on the contribution of respective mechanisms (thermal and prompt) to
NOx formation in counterflow diffusion flames were also clarified. Radiation and reabsorption have remarkable
effects on thermal NO formation at small stretch rates but almost no effect at large stretch rates. At large stretch
rates, the relatively small influences of radiation and reabsorption on total NO formation are through the prompt
mechanism. A wrong conclusion might be reached by using the adiabatic flame model to analyze and identify the

role of the respective mechanisms in NO formation.

Chapter 4. Effects of Radiation Reabsorption on NO, Formation
in CH /Air and CH/Air/CO, Counterflow Premixed Flames

In this chapter, the effects of radiation and reabsorption combined with equivalence ratio, stretch rate and
amount of CO, added to air on the flame structure and NO, formation in CH4/air and CH/air/CO, counterflow
premixed flames were numerically investigated and discussed, with special emphasis on premixed lean flames. In
premixed flames, the radiation and reabsorption has more obvious effects on flame thickness than that in diffusion
flames. Different from diffusion flames in which radiation and reabsorption have only large effects on NO
formation, radiation and reabsorption have more significant influences not only on NO but also on N,O
production in premixed flames. For CH4/ait/CO; premixed flames, radiation and reabsorption also has an obvious
influence on the NO, emission at the stretch rate extinction side in addition of the effects at low stretch rate. The
ranges of equivalence ratio at which the radiation and réabsorption effects on NO, formation are important, and
the influence of radiation and reabsorption on flame extinction limit resulted from CO, addition are obtained.
Furthermore, the validity of the optically thin model for predicting the nitric oxide formation in counterflow

premixed flames is examined.



Chapter 5. Effects of Radiation Reabsorption on NO Emission
from CH,/High-temperature Air Counterflow Diffusion Flames

In this chapter, the effects of radiation and reabsorption on NO emission from “High-temperature Air
Combustion Technology (HiCOT)” were numerically investigated by using counterflow diffusion flames. A
mixture of N, and CO, was used to model the exhaust gas. The effects of radiation and reabsorption on NO
emission with varying some flame characteristics such as preheated temperature of oxidizer, stretch rate of flame,
CO; and the O, concentrations in oxidizer and the exhaust gas recirculation rate as well were clarified. The effects
of radiation and reabsorption on NO emission from high temperature counterflow diffusion flames become
significant and important as the temperature of the oxidizer increases and the flame stretch rate decreases. The
increase of CO, concentration and decrease of O, concentration in gas mixture caused by exhaust gas recirculation
further enhance these effects. This means that the reabsorption effect should be considered in actual HICOT
generally operated under conditions of low oxygen concentration resulting from exhaust gas recirculation.

It is firstly clarified that radiation and reabsorption play a very important role in creation of the uniform
temperature distribution in HiCOT. The mechanism of radiation and reabsorption is distinctly different between
the flames with low oxidizer temperature and those with very highly preheated oxidizer temperature. The
absorption zone on the fuel side and the emitting zone on the high temperature oxidizer side that both increase
with increasing oxidizer temperature and exhaust gas recirculation contribute to spreading the reaction region and
flatting the temperature distribution. Although NO emission greatly increases with increasing preheated
temperature of oxidizer, it is numerically demonstrated that low NO emission can be indeed achieved in HICOT

from the results obtained in this study.

Chapter 6. Summary and Conclusions

In this chapter, the main conclusions obtained through this study were summarized.



mEEMRORE

HSCHRBAROBRIIBIZEERRFO—DOTHD, NO,ERA BT =X LR EORFEABICK E
BYBESXS, KEPO 0, 00 2E DS HBIUSA L HBEIUIE /N R Z2HS, K
KOS HEFRITRD DD, N RASKHBEEZER L ZERBLISHETINIHETDH
Do B3, FEREIIRS HET I LI FISHEE Z AW T, NO, ER & KEBEITHT 5 5<
HERNOZEIET O RERTHNMARREZEEDZDOT, 2FE6ELD 2D,

EI1EBZFRTHD. EPROTREANIIOVWTRRTNS,

F2ETI, FHIMEEEZRANT, HASASHO/N REH ERRINEER L2 KRD N A
BB I— RERAFEL TV, TORFETINEVOBIEBHTEIIOVWTHERL TS, Zhidk#k
D NO,ERICEHT 2R ICKEREREEZ S,

3BT, CH/Air & CH/AIT/CO R MITRIARA K DT 217> T, NOERA T Z X LRNK
KEBBICHT D, S<HBRN. HER, C0, BME. EAREOHESHREZHSMILTNS,
FOHT, KRB AL FETF IV TET U N, AR T B O2EMN. /EBREEEL RS
FREMER DI EZZCHOTHSMNILTWS, ZNSIBHLVWARTHD, HERRRTHS,

HLAETIE. CH/AIr & CH/AI/CO,MFEIRTESAROBY 217> T, S<HAEKNIZEHIFEHK
LD NO, ZERR & K ARSI R IFTHBEBR O ML TWS, IBAKERE> T A< HESNSHE
AU NO AR 2T TS NO ERICHDRERFEEG A TS, ZRSRETESREIIRITS
NO, AR 2ER T 2 L TCEAMICBO TEERARTH S,

HEOS5BETIE. BREIMEHMICBITS N EROBETZT > TnW5, B{IEHTFEEE. HEHX
BREER, KABEREUTBHPO 0, & 0,DREREDNT A—F 2E{LEIY, BEEIOME
RZohrhb 5T, N, OEBPERTES ZE2ERMICHSMILTWS, ZN5ITHRZER
BEINOMEEZER I T2 L TEERBREARTH 5,

H6ERRRTH D,

PLEBTBIZARRNE HZXS<HON Y FRE EERINEZER L 2 KL D N0, ERENI— R %
PR L. Bk K. TEAKSL BRESBIEOBE2HBHTL. S<H &S HERINAN, EK &
KEEEITRIETHEEZHONMNILAEBDT, PMEFHIFRURET¥ORBIFSTHLIAS
U A
XoT, FHMXIEBL (I OFEMNHILELTERERD S,



