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Comparisons of experimental results with numer- 

ical predictions are made to test agreement. This 

Staged combustion can be employed to reduce the 

formation of CO and NO,, stabilize the flame, 

decrease the flame temperature and create bet- 

ter working conditions in gas turbine combustors. 

To help understand influences of partial premixing 

and addition of water on NO, formation, we study 

two-stage flames in a counterflow spray burner. 

This paper reports experimental and theoretical 

results concerning two-stage combustion in which 

one feed stream is composed of a fuel-rich mix- 

ture of methane and air and the other is air. Wa- 

ter sprays are added to  the air stream. This two- 

phase laminar counterflow configuration exhibits a 

green premixed flame, a blue diffusion flame and 

a vaporization plane. All three are flat and par- 

allel. The separation distances between them de- 

crease with increasing equivalence ratio and strain 

rate. Flow visualization is provided through il- 

lumination by an argon ion laser sheet, velocity 

fields and spray structure are measured by a phase- 

doppler particle analyzer, concentration fields of 

major stable species are measured by gas chro- 

matography of samples withdrawn from the flame, 

and temperature fields are measured by a ther- 

mocouple. Numerical integrations which employ 

a recent chemical-kinetic data base are performed 

to model the flame structure and NO, formation. 

work provides information on hydrocarbon combus- 

tion in both premixed flames and diffusion flames, 

indicates how NOx is formed in fuel-rich flames and 

suggests how the pollutants can be reduced. 

NOMENCLATURE 

a strain rate (s-') 

0 2 3  Sauter mean diameter 

L distance between the jet exits 

L, separation distance between the air duct 

exit and the stagnation plane 

Mi molecular weight of i-th species 

QF volumetric flow rate of methane in fuel-air 

stream 

Q+ total volumetric flow rate of fuel-air stream 

Q- total volumetric flow rate of air stream 

r radial coordinate 

T gas temperature 

t time 

u radial gas velocity 

w axial gas velocity 

w, axial droplet velocity 

X i  mole fraction of i-th species 

Yi mass fraction of i-th species 

Yw mass fraction of water added in the air 

stream 
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z axial coordinate 

equivalence ratio of the fuel-air mixture 

P gas density 
w; molar production rate of species i 

INTRODUCTION 

Staged combustion is employed in many practical 

applications. In some cases, staged burners are de- 

signed to reduce the emissions of CO and NO, [I]. 

There are many attractive concepts for reduction 

of NO, emissions from gas turbines [2]. In one 

promising design for aircraft gas turbines, the com- 

bustor employs a two-stage combustion mechanism 

[3]; there is a fuel-rich combustion stage with equiv- 

alence ratio between 1.2 and 1.8, in which abundant 

hydrocarbon fuel rapidly consumes oxygen, and a 

fuel-lean combustion stage with equivalence ratio 

around 0.5, in which partially burned fuel from the 

previous stage burns practically completely after 

it mixes with newly introduced hot air. The for- 

mation of pollutants can be minimized in this de- 

sign, and the turbine combustor can work under 

less harsh conditions, since the flame temperatures 

are relatively low. 

In order to understand combustion processes in 

such flames and to identify the dominant reactions 

that  lead to NO, formation, experiments and nu- 

merical computations are performed here for a two- 

stage methane flame. To provide simple boundary 

conditions for the numerical modeling and to  study 

the influences of sprays on the two-stage combus- 

tion, the present study employs an axisymmetric 

counterflow burner in which a rich fuel-air stream 

from one circular duct flow against an air stream 

from another circular duct. The boundary con- 

ditions a t  the exit of each duct are well defined, 

and therefore comparisons between experiment and 

theory can be made more easily. The influences 

of sprays on the formation of NO, can be studied 

by adding sprays to either one of the two streams 

without difficulty. Further advantages of the the 

present configuration are that  it affords ready ac- 

cess for instrumentation, that  the experiments are 

relatively easy to perform, and that  comparisons 

bet ween theory and experiment are facilitated be- 

cause the conservation equations are reduced to or- 

dinary differential equations whose numerical anal- 

ysis is thereby simplified. 

A few of experimental and computational stud- 

ies of partially premixed diffusion flames for purely 

gaseous fuels have been performed for counterflow- 

ing streams, one fuel rich and the other fuel lean 

[4-61. Because the equivalence ratio was larger than 

10 in the fuel-rich stream and smaller than 0.5 in 

the fuel-lean stream, all reactions occured in a rela- 

tively narrow zone, so that the flame was essentially 

a diffusion flame. In contrast to  those studies, the 

present study is focused on two-stage combustion 

in which a fuel-rich stream with equivalence ratio 

between 1.3 and 3.0 is directed against a spray-air 

stream. 

In a series of experimental studies, Yamaoka and 

Tsuji [7-91 have investigated the structure of a rich 

fuel-air flame in the forward stagnation region of a 

porous cylinder. Their work improves understand- 

ing of two-stage combustion. Yamaoka and Tsuji 

indicated that, as the equivalence ratio decreases, 

the premixed flame approaches the porous cylin- 

der which results in considerable heat loss from the 

flame through heat conduction to  the burner and 

radiation from it. This heat loss complicates the 

boundary conditions for numerical simulation. In 

addition, because of the porous cylinder, it is diffi- 

cult to add sprays into the Tsuji burner. Therefore, 

this at  tractive geometry is not employed here. 

The NO, emission characteristics of methane-air 

combustion in two-stage flames of Yamaoka and 

Tsuji [7-91 were studied numerically by Nishioka et 

al. [lo] who used a chemical-kinetic data  base given 

by Miller and Bowman [ l l ]  in 1989, which included 

235 steps and 52 species. The results of their nu- 
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merical integrations showed that  the maximum NO 

emission index was smaller than 1 g/kg-CH4 when 

the equivalence ratio was in the range of 1.5 to 3.0 

with strain rates less than 50 s-'. They also found 

that the prompt NO and thermal NO contributed 

almost equally t o  the NO emission index. Since an 

improved chemical-kinetic data base is now avail- 

able, it is useful to  see how different the results can 

be by using different chemical-kinetic data bases. 

EXPERIMENT 

Experimental Arrangement 

A two-phase laminar counterflow burner is em- 

ployed in the present study. As shown in Fig.1, 

fuel-rich methane-air mixtures flow through the up- 

per duct and the water spray, produced by a pres- 

sure atomizer, is carried by air through the lower 

duct. Both ducts have the same exit radius of 22.5 

mm. The separation distance between the upper 

and lower ducts is L = 18 mm. The other de- 

tails of the experimental arrangement have been 

described earlier [12-131. With this burner, a well- 

defined laminar two-stage flame can be obtained, as 

shown in the photograph in Fig.1. Gas chromato- 

graphic analysis shows that methane is consumed 

in the premixed flame and produces hydrogen and 

carbon monoxide that  burn in the diffusion flame, 

which is stabilized near the stagnation plane, as il- 

lustrated in the figure. 

In the present experiment, the flame structure is 

controlled by the equivalence ratio of the methane 

air mixture in the top stream and by the strain 

rate of the counterflowing streams. The former is 

determined by the ratio of QF, the volumetric flow 

rate of methane, to  Q+,  the total volumetric flow 

rate of the methane-air mixture, while the latter 

is determined by both Q+ and Q-, the total flow 

rate of the air stream directed against the methane- 

air stream. The ratio Q+/Q- controls the location 

of the flame between the two duct exits. There 

are only three experimentally adjustable parame- 

ters, Q+,  QF and Q-, because the volumetric flow 

rate of the water spray is a function of Q-, as dis- 

cussed previously [12]. Three flowmeters are used 

in the present study to measure Q+,  QF and Q-. 

In our experiment, the ratio of QF/Q+ is adjusted 

so that the equivalence ratio is in the range from 1.3 

to 3.0. The strain rate is established in the range 

from 50 to  250 s-' by adjusting Q+ and Q-. I t  

is found experimentally that when Q + / Q - ~ 1 ,  the 

light blue diffusion flame can be stabilized a t  a po- 

sition approximately equidistant from t he two duct 

exits, and this is the condition selected for the ex- 

periments, to  minimize flame interactions with the 

ducts. 

Experimental Diagnostics 

The species H2, 0 2 ,  N2, CH4, CO, C 0 2 ,  C2H2, 

C2H4 and C2H6 are measured by a Varian 3600 gas 

chromatograph (Varian Instrument Group) that 

has molecular sieve and porapak-Q columns with 

a thermal conductivity detector. A Varian DS-651 

data  system (Varian Instrument Group) is used to  

control the gas chromatograph and to  perform the 

data analysis. High-purity helium is employed as 

the carrier gas flowing in the columns and as the 

reference gas. The quartz micro-sampling probe 

employed was a standard type, as described by 

Fristrom and Westernberg [14] and by Saito et 

a1.[15], and it is mounted on an r-z positioner to  

fix the probe a t  the desired location. The inner 

diameter of the probe tip is smaller than 0.1 mm. 

Samples are withdrawn from the flame continuously 

a t  a line pressure of 0.6 atm, monitored by an elec- 

tronic pressure transducer. Since this transducer 

does not have room to  accumulate gas, the sample 

volume needed in the measurement is significantly 

reduced, compared with a mechanical vacuum pres- 

sure gauge. In the measurement, as long as the 

sampling line pressure is the same, the values of 

peak area are very repeatable for all the species ex- 
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cept H20.  The well-known difficulty with H 2 0  is 

due t o  water condensation in the sampling system 

and to  interaction of water vapor with the mate- 

rial in the columns. The problem is greatest when 

samples are taken from the flame zone where water 

concentrations are high. In the data analysis, we 

assume that the water concentration in the flame 

zone is a known parameter which is given by the 

numerical computation. Since air contains 0.932% 

argon, which elutes with oxygen, the results for 

oxygen are corrected to  account for argon by use 

of the measured concentration of nitrogen. 

Centerline temperature profiles in the present 

two-stage flame are measured by a Pt-6%Rh vs. 

Pt-3O%Rh thermocouple with a bead diameter of 

135pm. Corrections for radiation are made based 

on available literature[l6]. Although the two-stage 

flame is very flat over a circle with diameter equal 

to  the diameter of the duct exit, the flame curves 

up a t  the edges because of the exhaust ventilation 

(see photograph in Fig.1). When the thermocouple 

is positioned between the the upper duct exit and 

the premixed flame, the curved flame outside of the 

duct heats the thermocouple extension, and heat 

conduction from the extension to  the bead is not 

negligible so that the temperature measurement in 

that region becomes inaccurate. In the present pa- 

per, we therefore do not report the results of tem- 

perature measurements in that region. 

Velocity fields and spray structure are measured 

by a two-component fiber-optical phase-doppler 

particle analyzer(PDPA) that has been discussed 

previously [13]. The probe volume formed by the 

laser beams of the PDPA is positioned at the de- 

sired point by moving the burner assembly axially 

and radially. Data on the arrival time, velocity 

and diameter of droplets passing through the probe 

volume are then recorded by collecting about 4000 

samples at each probe position. 

The flame configurations are recorded by a cam- 

era, and the separation distance between the pre- 

mixed and diffusion flames is measured on the pho- 

tograph. A thin laser sheet is constructed by di- 

recting a 2W argon-ion laser beam (wavelength 488 

nm) through cylindrical lenses t o  observe the rela- 

tive position of the vaporization plane of the water 

spray, with respect to  the flame location. Trajec- 

tories of the water droplets in the spray stream, 

illuminated by the laser sheet, are recorded by a 

camera. These photographs provide useful infor- 

mation in interpreting the experimental results ob- 

tained by the PDPA. 

Analysis of the flow-visualization and PDPA 

data  gives droplet trajectories, droplet number den- 

sities and evaporation rates. These experimental 

results, along with the measured profiles of temper- 

ature and species concentrations, can be compared 

with results of numerical computations. 

NUMERICAL INTEGRATIONS 

The numerical integrations apply t o  laminar flames 

with potential flow in the outer streams. Only 

the radiation from CO, C 0 2  and H 2 0  is taken 

into account in the energy equation. In accounting 

for water addition, single-phase flow was assumed 

throughout the computational domain for simplic- 

ity, but the heat of vaporization of water is taken 

into account in the energy equation. With these as- 

sumptions, the equations of continuity, T-direction 

momentum, energy and chemical species essentially 

reduce t o  those given previously [5,6], with the air- 

side external strain rate a as a constant parameter. 

For the present problem, the boundary conditions 

are 

YCH~ = YCH~ -, , YO, = Yo2 -, = ~ Y c H ~  -m /a, 
Y N ~  = YN, -, = 3.3y0, -, , = 0, otherwise 

T = 298K, pw = p-,w-, at r = -La;  

yo2 = yo,,, Y N ~  = YN,, = 3.3y02,, 

YHzO = YW, = 0, otherwise 
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The present reaction mechanism consists of 140 

elementary steps most of which are reversible. The 

rate coefficients of 55 reactions related to the C1 

and C2 chemistry come from a recent publication 

(namely, reactions 1-18, 21-24 and 29-61 in Table 

1 of [17]). The rate data  for the other 85 reac- 

tions, related to  CH, 3CH2, ' C H ~  and NO, forma- 

tion, are essentially the same as those given in [18] 

but updated by Hewson et al. [19]. The following 

38 species are involved in chemical scheme: CH4, 

0 2 ,  CO, C02,  H2, H20, H, OH, 0, H02, H202, 
CH, CHO, CHCO, 'CH2, 3CH2,CH20, CH3, C2H, 

C2H27 C2H3, C2H4, C2H5, C2H6, N, NH, NH2, 
NH3, NO, HNO, HCN, HNCO, NCO, CN, NO2, 

N2, N2H, N2O. 
The present numerical computations are per- 

formed employing a numerical code developed at  

RWTH, Aachen, Germany [20]. The method of so- 

lution implemented in the code is essentially the 

same as in an  older code [5,6,21]. This code was 

modified locally to  include the effects of droplet va- 

porization in the energy equation. In the present 

paper, we report results for a strain rate of 100 s-' 

a t  atmospheric pressure. The equivalence ratio is 

varied from 9 =1.3 to  9 =3,0. For each value of 

@, the water mass fraction Yw in the air stream is 

changed from 0 to  15% in the calculations. 

RESULTS 

Droplet Velocity and Spray Structure 

Experimentally, the stagnation plane is always lo- 

cated in the light blue region of the diffusion flame 

when (9 is in the range from 1.3 t o  3.0 and the strain 

rate is in the range from 50 to 250 s-', although the 

stagnation plane may not completely coincide with 

the center of the blue region. For convenience, the 

light blue diffusion flame is set in the center plane 

between two exits by adjusting Q- and the stag- 

nation plane can be assumed to be nearly midway 

between the duct exits. As shown in Fig.1, the 

origin of the r - r coordinates is at  the center of 

the stagnation plane, with z = L,  a t  the air-spray 

exit and z = - L ,  a t  the methane-air exit. In this 

coordinate system, particles moving upward have 

negative velocity and vise versa. 

Different initial flow conditions are studied to 

obtain different strain rates in the counterflow 

streams, but in the present paper the main con- 

dition discussed has &+=a70 cm3/s and Q-=850 

cm3/s. The local strain rates on the burner axis 

are determined based on the PDPA measurement. 

We first plot the measured axial velocity as a func- 

tion of the coordinate r and fit a curve to  the data 

to define the air-side strain rates as a = -dw/dz. 

With the flow condition given here, a = 100 s-'. 

Figure 2 shows the spray structure for an equiva- 

lence ratio of 1.4. For convenience, the number den- 

sity, Sauter mean diameter and liquid volume flux 

are normalized by 18800 cmd3, 38pm and 0.0035 

cm3/cm2-s, respectively. The axial velocity w p  is 

shown as open circles, while other symbols repre- 

sent normalized number density, Sauter mean di- 

ameter, and liquid volume flux. The results in this 

figure are what one would expect for counterflow 

streams with the flame present. The Sauter mea.n 

diameter becomes larger in the neighborhood of the 

vaporization plane because smaller droplets move 

away from the stagnation streamline in the radial 

direction more easily and vaporize faster. 

Figure 3 compares the profiles of axial velocity 

for a strain rate of 100 s-'. The points are mea- 

sured mean axial velocities of droplets smaller than 

5 pm, which we take as a measure of the gas ve- 

locity, since small droplets are expected to follow 

the gas. To assist in understanding how the flame 

affects the velocity field, the predicted temperature 

profiles are plotted in the figure as well. Agree- 

ment is good where data exist. Where droplets are 

absent, the computed velocity profiles differ consid- 

erably for the two values of (9. 
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Flame Structure 

The separa t io~  distance between the premixed 

flame and the diffusion flame at  a given strain rate 

strongly depends on @. Figure 4 illustrates how the 

measured distance between the two flames changes 

with changing equivalence ratio. It indicates that 

the separation distance increases with decreasing 

@. Figure 4 also indicates the predicted distances 

between the concentration peaks of OH and C2H4 

and those of OH and CH. It shows that the for- 

mer is larger than the latter although they become 

nearly equal for @ < 1.5. The measured distance 

is closer to  the predicted distance between the con- 

centration peaks of OH and c2H4,  suggesting that 

the green emissions come not from CH but rather 

from species involved in C2H4 formation. 

Figures 5a and 5b for @ = 1.35 and Figs.6a 

and 6b for @ = 2.20 show profiles of tempera- 

ture measured by thermocouple and concentrations 

measured by gas chromatography. The agreement 

between experiment and numerical computation is 

very good for temperature and for most of the 

species measured. There is some quantitative dis- 

agreement between experiment and theoretical pre- 

diction for XH, in Fig.5a1 but even these agree bet- 

ter than a factor of two. 

We see from Fig.5 that methane and oxygen in 

the rich mixture react very rapidly to  form CO and 

Hz, and Xco and XH, reach maxima as XCH, be- 

comes zero. The further oxidation of CO and H2 to 

form C 0 2  and H 2 0  occurs in the diffusion flame. 

The C2 species, such as C2H2, C2H4 and C2H6 

are produced rapidly as CH4 disappears. However 

these species have very short lives, and they can- 

not be found experimentally in the diffusion flame 

in Fig.5. Figures 5b and 6b clearly show that the 

concentrations of C2 species strongly depend on 

the equivalence ratio; the richer the flame is, the 

higher is the concentration of C2 species, consistent 

with observed soot emissions in fuel-rich methane- 

air flames. Since the computations here overpredict 

Xc,, the reaction mechanism needs some revision 

to be consistent with the experimental results. 

Since radicals such as H, OH and 0 play dom- 

inant roles in hydrocarbon flames, knowledge of 

their distributions in the flame should help in un- 

derstanding flame structure and NO, formation. 

Figures 7a and 7b show predicted profiles of con- 

centrations of H, OH and 0 ,  for @ =1.35 and 2.20, 

respectively. The separation of peaks for @ = 1.35 

means that two flames are present, while for @ = 

2.20 they have merged into one. To give further 

information on minor fuel species, XCH3 and and 

Xc,, which includes C2H2, C2H4 and C2Hs, are 

also plotted. Both peak in the premixed flame. It 

is found that the maximum concentrations of CH3, 

3 C ~ 2 ,  'CH2 and CH are of order 1 0 - ~ ,  

and respectively, while those of C2H2, C2H4, 

C2H6, C2H5, C2H3, and C2H are of order 5x10-~,  

2 x l 0 - ~ ,  2 x l 0 - ~ ,  lo-', lo-', respectively. 

INFLUENCE OF WATER ADDITION ON NO, FORMA- 

TION 

Influence of Water Addition on the Prompt Mechanism 

Since the prompt NO formation begins with the re- 

action CH + N2+HCN + N as found by Fenimore 

[22], it is helpful to  understand how the species in 

this reaction are distributed in the flame zone and 

how the temperature and water concentration af- 

fect them. Figures 8a, 9a and 10a show concen- 

tration profiles of CH, N and HCN without wa- 

ter added, respectively, while Figs.8b, 9b, and lob 

show distributions of these species with Yw = 10% 

water added in the air stream. In these figures, @ 

changes from 1.35 to 3.00, and profiles of temper- 

ature corresponding to each @ are also plotted for 

reference. 

According to Fig.8a1 without water, the peak 

concentration of CH is high a t  @ =1.35, decreases 

to  its lowest value a t  @ =1.5 then increases to a 
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large value a t  9 =3.0. As shown in Fig.8b, the wa- 

ter addition in the air stream significantly reduces 

the CH concentration when 9 is larger than 1.7 but 

has little influence on CH when @ is smaller than 

1.55. It is found that  the concentrations of CH are 

directly controlled by the reactions 

where the first three consume CH and the last two 

produce it. It  is clear that  when the premixed flame 

is close t o  the diffusion flame (@>1.7), the CH pro- 

duction can be slowed significantly by increasing 

water concentration in the air stream. When the 

premixed flame is far from the stagnation plane, 

the water added in the air stream cannot reach the 

region where CH is produced. As expected, the re- 

action CH + N2+HCN + N is unimportant for the 

CH concentration because it is much slower than 

reactions 1 to  3. 

When @ is relatively high, water addition in the 

air stream seems to  greatly reduce the concentra- 

tion of the radical N, as illustrated in Figs.9a and 

9b. For example, with @ =3.0, the maximum value 

of XN is about with water addition, while it 

is about ~ X I O - ~  without water addition. Of impor- 

tance for N are 

6 N2 + C H e N  + HCN 

7 N H + H + N + H 2  

8 NH + OH+N + H z 0  

9 N C O + M + N + C O + M  

10 N + O H + N O + H  

11 N+O2?=NO+O 

where reactions 6 through 9 produce N, while 10 

and 11 consume it. The calculations show that  

reaction 6 contributes most to  the production of 

N, while reaction 10 is much faster than reactions 

11 in consuming N. Reaction 6 slows down when 

XCH decreases. From these discussions, we can see 

that most of the N produced here comes from the 

prompt mechanism. 

The species HCN is an  important intermediate in 

NO, production. As indicated in Figs.lOa and lob, 

its concentration strongly depends on the flame 

structure and water addition in the air stream. Re- 

actions for XHCN are 

6 N2 + C H e N  + HCN 

12 NO + CH+O + HCN 

13 HCN + O+NCO + H 

14 HCN + H+CN + Ha. 

The HCN is produced by the first two reactions and 

is consumed by the last two. At lower equivalence 

ratios, reaction 6 plays a more important role in 

the production of HCN, while 12 is more important 

at  high equivalence ratios. Water addition reduces 

HCN by reducing CH concentrations in both reac- 

tions 6 and 12. Whether HCN yields NO or N2 
depends on the oxidation of NCO and CN. 

Influence o f  Water  Addition on the Emission Index 

The NO emission index by reaction j is defined as 

where -cjCH, is the total consumption rate of 

methane. The total NO emission index is defined 

by 

According to  these definitions, some of the Ej are 

negative, describing "reburn" of NO. 
Figure 11 illustrates the emission index Ej  con- 

tributed by various reactions. Several conclusions 
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are suggested from this figure. First, NO forma- 

tion is dominated by the prompt mechanism, since 

the thermal NO reactions 11 and 19 are not irnpor- 

tant and since the N atom in reaction 10 is mainly 

produced by the reaction CH + N2+HCN + N, as 

discussed previously. Second, Ej for a specific re- 

action j may be much higher than E because of 

NO consumption. For instance, Els, is about 3 

g/kg-CH4, while E is only 1.8 g/kg-CH4 for O =3.0 

without water addition. This suggests strategies for 

reducing the NO, formation by slowing down the 

reactions that contribute most to  NO formation. 

Third, water addition in the air stream can greatly 

affect E at  large O. 

The role of water addition in reducing the emis- 

sion index can be understood by studying Figs.12a 

and 12b. Comparison can be made between profiles 

of XNO without water added, as shown in Fig.l2a, 

and those with water added in the air streams, as 

shown in Fig.12b. We see that concentrations of 

NO increase with increasing O without added wa- 

ter, and the concentration peaks become substan- 

tially smaller when water is added. Results in these 

two figures indicate that  the NO formation strongly 

depends on the flame structure and on the water 

concentration in the flame. 

Figure 13 plots the predicted E as a function of 

9 and Yw at  a strain rate of 100 s-'. It can be 

seen that when Yw =O, E decreases slightly and 

then increases as O increases from 1.36 to  3.00. As 

Yw increases, E decreases, and the water addition 

is always more effective in reducing NO, when O is 

large. 

The NO, emission index is very sensitive to the 

rate parameters for the reaction CH + N2-HCN + 
N. The most direct determination of those param- 

eters is the shock-tube study of Dean et al. [23] 
and from the experimental results, the rate con- 

stant is found to  be k = 4.4x1012 exp (-11072/T) 

cm3/mole-s. With this rate, the NO, emission pre- 

dicted by the present study is higher than that pre- 

dicted by Nishioka et a1.[10], who used a lower rate 

constant. Measurements of NO, in these flames 

would be desirable to  test these predictions. 

CONCLUSIONS 

Well-defined two-stage flames in counterflowing 

streams have been employed in testing a chemical- 

kinetic data  base for H-C-N-0 combustion sys- 

tems recently published. Agreement between mea- 

sured and predicted profiles of temperature and 

CO, C o n ,  CH4 and O2 is very good. The present 

computation overpredicts the concentrations pro- 

files of C2H2, C2H4 and C2Hs and thus suggests 

that the reaction mechanism needs to  be revised in 

the future. Flame visualization and PDPA mea- 

surements indicate that  water droplets in the air- 

spray stream very rapidly disappear through vapor- 

ization at  the vaporization plane, which is close to 

the diffusion flame. The water vapor from the spray 

helps to  increase the water concentration in flame 

zone. Numerical computations reveal that  prompt 

NO in the present two-stage counterflow combus- 

tion plays a dominant role in NO, formation and 

that the NO, emission index strongly depends on 

the flame structure and on the mass fraction of wa- 

ter added in the air stream. The NO, emission in- 

dex can be substantially reduced by adding water 

to  remove CH. 
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Fig. la :  Sketch of a two-stage u methane-air flame in water-spray 
counterflowing streams. 

F ig lb :  A photograph of the flame sketched above. 
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Fig. 2 : Measured droplet axial velocity, number density, Sauter 
mean diameter and liquid volume flux on the burner axis ( the 
last three variables are normalized by their maximum values). 
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F1g.3: Comparison between measurement and prediction of 
pmfiles of axial velocity. 
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a . 4 :  Comparison of measured distance between two luminous 
flames with predicted distances between the concentration 
peaks of CH and  OH and  of GH, and  OH. 
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I 3 g . 5 ~  Comparison between measurement and prediction 
for concentration profiles for e1.35 without water. 

Fig.5b: Comparison between measurement and predichon 
for profiles of temperature and of the s u m  of the mole 
fractions of C,H2, C2H4 and &He for @=1.35 without water. 
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I 3 g . k  Comparison between measurement and prediction 
for concentration profiles for -20 without water. 

Fig.6b: Comparison between measurement and prediction 
for profiles of temperature and of the s u m  of the mole 
fractions of C,H,, C,H, and C,H, for (P=2.20 without water. 
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m.7~ Predicted pmflles of temperature and radical 
concentration for e1.35. 

Fig.7b: Predicted profiles of temperature and ra&cal 
concentration for @=2.20. 
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Fig.8a: Predicted rofiles of temperature and CH 
concentration wi P hout water. 

Fig.8b: P r d c t e d  rofiles of t em erature and CH P S concentration wi h 10% water a ded i n  air stream. 
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Fig.%: Computed rofiles of temperature and N 
concentration wit g out water. 

Fig.9b: Computed rofiles of temperature and N 
concentration wit g 10% water added in air stream. 
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E.lg.10~ Computed profiles of temperature and HCN 
concentration without water. 
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Fig.lOb: Computed profiles of temperature and HCN 
concentl-ation with 10% water added in air stream. 
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Fig.11: Contributions to NO emission index from various 
reactions. 
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Fig.12~ Computed pmfiles of temperature and NO 
concentration without water. 

Fig.12b: Computed pmfiles of temperature and NO 
concentration with 10% water added in air stre- 
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Fig.13: Predicted NO emission index as a function 
of equivalence ratio and mass percentage of water 
added to the air stream. 
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