
 

 

 University of Groningen

Investigation of the stability, radiation, and structure of laminar coflow diffusion flames of
CH4/NH3 mixtures
Nourani Najafi, S. B.; Mokhov, A. V.; Levinsky, H. B.

Published in:
Combustion and Flame

DOI:
10.1016/j.combustflame.2022.112282

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Nourani Najafi, S. B., Mokhov, A. V., & Levinsky, H. B. (2022). Investigation of the stability, radiation, and
structure of laminar coflow diffusion flames of CH4/NH3 mixtures. Combustion and Flame, 244, [112282].
https://doi.org/10.1016/j.combustflame.2022.112282

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1016/j.combustflame.2022.112282
https://research.rug.nl/en/publications/0dd30281-c99e-44f3-916f-a0de0c820637
https://doi.org/10.1016/j.combustflame.2022.112282


Combustion and Flame 244 (2022) 112282 

Contents lists available at ScienceDirect 

Combustion and Flame 

journal homepage: www.elsevier.com/locate/combustflame 

Investigation of the stability, radiation, and structure of laminar 

coflow diffusion flames of CH 4 

/NH 3 

mixtures 

S.B. Nourani Najafi, A.V. Mokhov, H.B. Levinsky 

∗

Energy Conversion, Energy and Sustainability Research Institute, University of Groningen, Nijenborgh 6, 9747, AG Groningen, the Netherlands 

a r t i c l e i n f o 

Article history: 

Received 17 January 2022 

Revised 21 June 2022 

Accepted 28 June 2022 

Keywords: 

Ammonia 

Diffusion flame 

Emission spectra 

Raman spectra 

Soot 

Differential diffusion 

a b s t r a c t 

The stability, radiation, and structure of laminar axisymmetric CH 4 /NH 3 /air diffusion flames have been 

studied using photographic images, spectrally resolved measurements of flame radiation, and the spatial 

distribution of temperature and major species mole fractions obtained by spontaneous Raman scattering. 

The fit procedure for the Raman spectra of NH 3 includes a hitherto unquantified overtone feature, whose 

inclusion in the fit significantly improves the NH 3 fraction obtained. Nitrogen is used to replace NH 3 to 

separate chemical effects of NH 3 addition from those due to dilution. The results show that NH 3 addition 

drastically reduces radiation from carbon-containing species, with progressively increasing strong chemi- 

luminescence from excited NO 2 and NH 2 , indicating a substantial change in flame chemistry. While the 

Rayleigh/Mie scattering from soot particles is still observed in the Raman spectra at 28% NH 3 addition, 

46% NH 3 in the fuel is seen to suppresses soot formation effectively. The measured axial and radial pro- 

files of temperature and major species indicate a substantial contribution from radial transport from the 

reaction zone, seriously complicating the relation between composition, mixture fraction, and the corre- 

sponding equilibrium temperature and mole fractions. 

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The drive to reduce the carbon intensity of the energy sys- 

em has generated much interest in the use of carbon-free fuels 

n combustion systems, such as ammonia (NH 3 ). Ammonia can be 

roduced from renewable hydrogen (H 2 ) and nitrogen (N 2 ), and a 

lobal distribution network already exists [1] , albeit for NH 3 as a 

eedstock. However, the use of NH 3 in the fuel supply also presents 

onsiderable technical challenges and public concerns, particularly 

ssociated with its toxicity and high reactivity with container ma- 

erials and water (H 2 O) [2] . From the perspective of its use as a

uel, the combustion properties of NH 3 are substantially different 

rom those of gaseous fuels such as methane (CH 4 ) and Hydro- 

en (H 2 ) [3 , 4] . The burning velocities of NH 3 /air mixtures are much

ower than those of hydrocarbon fuels [5] (5 times lower than CH 4 ) 

nd NH 3 does not autoignite in the temperature range at which 

H 4 or H 2 does ignite [6 , 7] . This complicates the use of pure NH 3 

s a “simple” replacement fuel in the current generation of com- 

ustion equipment and, in the near term, admixing NH 3 with other 

uels, such as CH , will facilitate its use, as discussed in [4] . 
4 
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While much effort has concentrated on characterizing premixed 

ystems, with an eye towards use in engines and turbines [4] , 

ost industrial combustion equipment uses non-premixed burn- 

rs. Axisymmetric laminar diffusion flames are commonly used 

s a model system to provide insight into the elementary physi- 

al/chemical processes occurring in flames of non-premixed burn- 

rs. Comprehensive experimental and computational studies of the 

tructures of these flames have been performed, particularly using 

H 4 as a fuel (see, e.g., [8–10] ). However, less attention has been 

aid to the structure of the laminar diffusion flames with NH 3 in 

he fuel. Earlier work studied NH 3 -doped flames focused on under- 

tanding the conversion of NH 3 to NO x in coflow systems. Sullivan 

t al. [11] investigated NO x formation in laminar, ammonia-seeded, 

itrogen-diluted, CH 4 diffusion flames. They measured the mole 

ractions of stable species by sampling the exhaust gasses and 

ompared the results with those of simulations of the flame struc- 

ure. Woo et al. [12] investigated the formation of nitrogen oxides 

n non-premixed coflow CH 4 jet flames, with variable oxygen frac- 

ion in the oxidizer, experimentally and numerically, also analyzing 

he NO x fraction in the exhaust. More detailed information on the 

onversion of NH 3 to NO was obtained by Bell et al. [13] , who mea-

ured the spatial distributions of temperature and NO distributions 

n laminar, nitrogen-diluted CH 4 diffusion flames seeded with NH 3 

n the fuel using Laser-Induced Fluorescence (LIF). The good agree- 

ent between the measurements and 2-D numerical simulations 
Institute. This is an open access article under the CC BY license 
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ent credence to the conversion mechanism used. While the NH 3 

raction in the fuel in these “seeding” studies was generally below 

5%, other studies considered NH 3 as a major fuel component. Um 

t al. [14] studied NH 3 addition (up to 90% of the fuel) to non-

remixed H 2 /air to mitigate safety issues associated with hydro- 

en combustion and examined the effects of NH 3 on the stability 

imits and nitrogen oxide emissions. As to be expected when ad- 

ixing a slow-burning component with a fast-burning fuel, they 

bserved a significant reduction in the stability limits, which they 

onsidered advantageous for H 2 safety. Montgomery et al. [15] ex- 

mined CH 4 as a combustion enhancer for NH 3 and investigated 

he effect of up to 40% NH 3 in CH 4 on soot formation in coflow

iffusion flames, using microprobe sampling to determine stable 

pecies fractions and pyrometry for soot, temperatures and volume 

ractions. To separate possible chemical effects from dilution, they 

ompared the results of NH 3 /CH 4 mixtures with those of N 2 /CH 4 

ixtures. They observed that NH 3 strongly suppressed soot forma- 

ion relative to N 2 ; the measured soot volume fraction was reduced 

y a factor of 10 at fractions of 20% or higher. Comparison of the 

easurements with 2-D detailed computations indicated the need 

or improvement in the interaction between nitrogen species and 

 3 and higher hydrocarbons in the chemical mechanism. We note 

hat the strong decrease in soot volume fraction caused by NH 3 

imited their temperature measurements to 20% NH 3 or lower. 

Natural gas is an attractive stability-enhancing fuel component 

or large-scale use of NH 3 , since the existing infrastructure pro- 

ides a ready supply to many residential, commercial and in- 

ustrial combustion systems. Maximizing the NH 3 fraction in a 

H 3 /natural gas system will be a tradeoff between acceptable 

ame stability, NO x emissions and other unwanted effects such as 

oot formation. In this paper, we report the stability, natural flame 

mission and flame structure (distribution of temperature and ma- 

or species) of laminar coflow CH 4 /NH 3 diffusion flames, in which 

H 4 is used as a surrogate for natural gas. 

While the examination of the structure of pure NH 3 /air dif- 

usion flames would provide unadulterated information on the 

hysical-chemical processes occurring in this system, laminar NH 3 

iffusion flames without additives do not appear to be stable with 

oom-temperature reactants (see [14] and below). Thus, using sta- 

ilizing additives is a necessity for the analysis of diffusion flame 

tructure. Here we investigate increasing NH 3 fraction on the struc- 

ure of laminar-coflow, non-premixed CH 4 /air flames. For this pur- 

ose, we report spectrally resolved flame emissions and distribu- 

ions of major species obtained using spontaneous Raman scatter- 

ng. To distinguish chemical effects of NH 3 addition from those due 

o dilution, the measurements are performed in flames where N 2 

s used as a fuel additive instead of NH 3 , similar to the method

sed in [15] . 

. Experimental methods 

In the present work, the measurements are carried out using a 

urner setup similar to that described in [16] , which is composed 

f an inner tube (i.d. 7 mm) carrying the fuel mixture surrounded 

y an air-coflow annulus (i.d. 58 mm). The fuel/air coflow system is 

onfined by a quartz tube to improve the stability of the flame and 

o prevent mixing with ambient air. The mass flow rates of CH 4 , 

H 3 , N 2 , and air are measured by calibrated Bronkhorst mass flow 

eters (accuracy 1% of full scale). In all flames examined, the aver- 

ge velocities of fuel and coflow air are fixed at 13.9 cm/s. The vis- 

ble appearance of flames is recorded using a digital photo camera. 

he burner is moved axially and radially by a positioner (Parker) 

ith positioning uncertainty less than 0.1 mm. 

The flame temperature and mole fractions of the major species 

CH 4 , NH 3 , CO 2 , H 2 O, N 2 , CO, O 2 , H 2 ) are measured using sponta-

eous Raman scattering. The optical setup for these measurements 
2 
s essentially identical to that described in reference [17] . In short, 

adiation from a Spectra Physics Empower Nd:YLF laser (527 nm, 

verage power 30 W) is focused in the center of the burner by 

 lens with a focal length of 500 mm. The scattered radiation is 

ollected at right angles by a lens (f/2.8, f = 300 mm) and, af- 

er passing through a long-pass filter, dispersed by a f/3.9 spec- 

rometer (Acton Research Spectra Pro 2300i). The spectrometer is 

riented such that its entrance slit is parallel to the direction of 

aser beam propagation. At the exit plane of the spectrometer, a 

I-Max intensified 1024 × 1024 pixel CCD camera (Princeton In- 

truments, 13 μm pixel size) is installed. In the present study, 40 

amera pixels are binned in the horizontal direction corresponding 

o a distance of roughly 1 mm along the laser beam, yielding the 

patial resolution of the measurements of temperature and mole 

raction. The vertical resolution is determined by the diameter of 

he laser beam and estimated to be roughly 1 mm. At every mea- 

uring point, the Raman spectrum is measured twice (see below). 

he spectrum is first measured in the spectral region 560 - 680 nm 

ith resolution ∼1 nm, to obtain the data for the species fractions 

nd then the region 597 - 604 nm is measured again at resolution 

0.1 nm to obtain the temperature from the N 2 spectrum. Binning 

 camera pixels in the spectral direction allows increasing signal 

o noise ratio without deteriorating the spectral resolution. Further 

mprovement in the signal-to-noise ratio is achieved by measuring 

he signal obtained by rotating the polarization of the laser radi- 

tion by 90 ° using a half-wave plate and subtracting this signal 

rom the measured Raman spectrum [17] . While effective at elim- 

nating unpolarized background signals of moderate intensity, the 

roperties of the reaction products in the flames studied here ex- 

ose shortcomings of this method, as discussed in Section 4 , be- 

ow. 

Spectrally resolved flame radiation (both chemiluminescence 

nd soot radiation) is measured using the collecting part of the Ra- 

an setup when the pumping laser is switched off. The emission 

s collected from the flame at heights from 10 to 30 mm above the 

uel tube exit. The depth of focus of the collection system is rel- 

tively large ( ∼15 mm), which allows no spatial resolution in the 

adial direction. The measurements are performed in the spectral 

ange 350–700 nm with a resolution of 1 nm. 

. Analysis of measured Raman spectra 

The Raman spectra of N 2 , CO 2 , CO, O 2 , H 2 O and CH 4 are calcu-

ated according to the procedures described in reference [17] . In 

ontrast to characterizing and quantifying the Raman spectra of 

H 3 experimentally, as done in [18] , here, we follow the method 

sed for CH 4 [17] and calculate the temperature-dependent Raman 

pectrum of NH 3 using the harmonic approximation [19] , while 

ompletely neglecting rotational structure. This approximation is 

ufficient for deriving the mole fraction of NH 3 (and CH 4 ) at low 

emperatures, where rotational structure cannot be resolved, while 

t elevated temperatures the fractions of these species are neg- 

igible. To measure mole fractions of all main species simultane- 

usly, a wide spectral range from 560 - 680 nm needs to be cov- 

red that can be only done by measuring Raman spectra in rela- 

ively low resolution. To avoid ambiguities in deriving the temper- 

ture from the low resolution spectrum [17] , we obtain the tem- 

erature from the Raman spectra of N 2 measured with moderate 

esolution as described above, allowing some resolution of the vi- 

rational and rotational structure. Because of stability of laminar 

ames studied, repeated Raman measurements do not introduce 

ubstantial additional noise. The daily calibration of Raman spec- 

ra is performed by measurement of Raman spectra in air at room 

emperature to determine the proportionality factor and lineshape 

arameters necessary for fitting individual spectral features [17] . 
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The performance of the Raman measurements has been veri- 

ed at room and flame temperatures using a McKenna Products 

at-flame burner. At room temperature, pure N 2 , CH 4 , O 2 , and CO 2 

ere flowed through the burner head. At room temperature, the 

ccuracy of the measured species fractions is ∼5%. The accuracy of 

he setup at high temperatures has been described previously [20] . 

riefly, the accuracy is estimated based on the use of reference 

ames described in a previous investigation [17] . Premixed flames 

t phi = 0.8 and 1.3 are stabilized on a McKenna Products burner 

t high enough mass flux to be essentially free flames, i.e., so that 

here is no heat transfer to the burner (flow rates of the fuel/air 

ixture 46 l/min and 40 l/min for the lean and rich flames, re- 

pectively). As observed in [17] , the measured species fractions in 

he post-flame zone of McKenna burner were always within 10% 

f the expected equilibrium values for species with mole fraction 

0.05, while the temperature was within ∼40 K of the equilib- 

ium value. We also report that varying the temperature by vary- 

ng the mass flux of the fuel/air mixture through the burner at 

= 0.8 gave experimental results that were within the same mar- 

ins when compared with calculations using the PREMIX code in 

HEMKIN package [21] using the GRI-Mech 3.0 chemical mecha- 

ism [22] . Consequently, we take 10% and 40 K as the accuracy of 

he Raman measurements of these species and temperature. 

To assign the spectral features of NH 3 and CH 4 to be used here, 

he room-temperature spectra were obtained from mixtures hav- 

ng compositions 50% NH 3 /50% N 2 , 50% CH 4 /50% N 2 , and 100% N 2 .

he measured Raman spectra in these mixtures in the spectral 

egion 210 0–360 0 cm 

−1 are given in Fig. S1 in the Supplemen- 

ary Material. In the NH 3 /N 2 mixture, two spectral features aris- 

ng from NH 3 are observed in addition to the N 2 transition at 

331 cm 

−1 . One spectral feature at 3334.2 cm 

−1 is due to a to-

ally symmetric Raman-active vibrational mode [23] and the other 

t 3255 cm 

−1 is from the overtone of a Raman-inactive non-totally 

ymmetric vibration [24] . When neglecting the frequency depen- 

ence of spectral sensitivity of the detection system, a mixture 

ith equal species mole fractions should show Raman intensities 

hose ratio is equal to the ratio of the species cross sections. The 

ata in Fig. S1 show that the ratio of the NH 3 Raman intensity at

334.2 cm 

−1 to that of N 2 is ∼4, while the ratio of the CH 4 peak

t 2914.2 cm 

−1 to the N 2 peak is ∼6. These ratios are in very good

greement with the reported values of 3.6 for the NH 3 transition 

25] and 6.0 for CH 4 [26] . To our knowledge, there is no literature

ata available for the cross section of the NH 3 overtone Raman fea- 

ure at 3255 cm 

−1 . Comparison of the intensity of this peak with 

hat of N 2 gives a value of 0.7 for the relative cross section of over-

one of the NH 3 non-totally symmetric vibration mode, which is 

ubsequently used in the fitting program to simulate the Raman 

pectra; including this feature in the fitting procedure significantly 

mproves the accuracy of the NH 3 fraction. We note that the ratio 

f the intensity of the totally symmetric mode to that of the over- 

one (unassigned in [18] ) is in good agreement with that shown in 

18] . Figure 1 shows an example of the measured and simulated 

pectra for a 80% NH 3 /20% N 2 mixture at room temperature. The 

H 3 mole fraction obtained from the simulation is ∼0.75 and in- 

icates the accuracy of ∼10% for the NH 3 Raman measurements. 

. Results and discussion 

.1. Flame images and spectrally resolved flame radiation 

For the conditions used here, stable flames are obtained when 

 NH3 in the CH 4 /NH 3 fuel varies from 0 to 0.46. Further increasing 

 NH3 results in flame extinction. In contrast, the CH 4 /N 2 fuel are 

table up to X N2 ∼0.68. As can be seen from the images of flames

hown in Fig. 2 , both CH 4 /NH 3 /air and CH 4 /N 2 /air flames have the

ypical conical shape of axisymmetric diffusion flames. Increasing 
3 
he fractions of N 2 and NH 3 in the fuel mixtures from 0.0 to 0.46, 

ecreases the height of the flames from ∼65 mm for the pure CH 4 

uel to ∼30 mm for the CH 4 /N 2 mixture ( Fig. 2 f) and ∼45 mm

or CH 4 /NH 3 ( Fig. 2 l) flames. Since exit velocity of the mixtures is

onstant, from simple Burke-Schumann theory [27] we expect the 

ecrease in the flame height to follow the reduction in the stoi- 

hiometric air requirement for the fuel, arising from the decreased 

ixing time to reach the stoichiometric mixture at the centerline. 

he relative decrease in flame height observed here is consistent 

ith the ratios of the air requirement, going from 9.54 for pure 

H 4 to 5.1 for 46% N 2 in CH 4 and 6.8 for 46% NH 3 in CH 4 . 

As discussed in more detail below, the pure CH 4 /air flame has 

he typical bright yellow soot emission at axial distances above 

10 mm, and the blue emissions characteristic of hydrocarbon ox- 

dation close to the burner exit. Increasing X N2 in the CH 4 /N 2 fuel 

ecreases the spatial extent of the yellow emission zone, while 

he visibility of the blue emission zone improves ( Figs. 2 b-f). In 

s much as the soot volume fraction in these flames has its maxi- 

um along the centerline [15] , we still observe yellow soot emis- 

ions in the flame tip at 46% N 2 . In contrast, increasing X NH3 in

he CH 4 /NH 3 fuel mixture ( Figs. 2 j-l) rapidly decreases the extent 

f the yellow (soot) emission, while the increasing reddish-orange 

mission visible in the entire cone progressively overwhelms the 

lue emission at the base of the flame in the photographs. At X NH3 

0.28, the relatively bright spot at the flame tip suggests residual 

oot, while neither yellow nor blue emissions can be discerned in 

he image, indicating a substantial change in flame chemistry in- 

reasing NH 3 fraction. We also note the increasing intensity of the 

range emissions from the reaction zone as the NH 3 fraction in- 

reases from 28% to 46%. 

As suggested by the flame images, the spectrally resolved mea- 

urements of flame radiation show a strong dependence of the 

ame emission spectra upon addition of NH 3 and N 2 to fuel. 

igure 3 presents the emission spectra in the wavelength range 

50–700 nm at heights 10 mm and 30 mm above the burner exit, 

nd mole fractions X N2 and X NH3 of 0.0, 0.28, and 0.46. As can be 

een, the structure of the emission spectrum of the pure CH 4 /air 

 Fig. 3 a) at 10 mm is significantly different from that at 30 mm.

hile at 30 mm the spectrum is dominated by broadband soot 

mission with progressively increasing intensity with increasing 

avelength, the spectrum at 10 mm consists of sharp spectral fea- 

ures at 390.5 nm, 430.4 nm, 436.3 nm, 468.4 nm, 516.1 nm, and 

63 nm superimposed on a broadband background with a maxi- 

um beyond 600 nm. Increasing X N2 in the CH 4 /N 2 fuel to 0.28 

nd 0.46 ( Figs. 3 b and c) results in decreasing intensity of the 

roadband background at 10 mm, with a shift in the maximum 

f the background to ∼450 nm, while the intensity of the narrow 

pectral features is nearly unchanged. We ascribe the background 

t 10 mm in Figs. 3 b and c to radiation from the excited state of

he CO 2 molecule [28] . While this background may also be present 

n Fig. 3 a (pure CH 4 ), soot emission is the most likely source of the

ackground observed: the strong decrease in its intensity with in- 

reasing N 2 dilution observed at 30 mm is consistent with the dis- 

ppearance of the “reddish” background emission at 10 mm. The 

arrow spectral features observed are assigned (shown in Fig. 3 b) 

o the excited states of CH and C 2 radicals [29] , produced during 

he oxidation of the fuel in the reaction zone. The modest decrease 

n the intensity of the emissions from these radicals observed in 

igs. 3 a-c is consistent with the increasing dilution by nitrogen. 

In comparison, the admixture of NH 3 results in significant 

hanges in structure of the emission spectra. We first observe that 

t 28% NH 3 in the fuel ( Fig. 3 d) the intensity of the broadband

mission at 30 mm has decreased strongly, being comparable to 

hat seen at 46% N 2 ( Fig. 3 c), while a few sharper features begin to

ppear. This observation is consistent with the substantial disap- 

earance of soot reported in [15] , where, under the conditions of 
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Fig. 1. Simulated and measured Raman spectra of 80% NH 3 /20% N 2 at room temperature. The derived NH 3 mole fraction is 0.75. 

Fig. 2. Images of CH 4 /N 2 /air and CH 4 /NH 3 /air flames with increasing X N2 and X NH3 . 
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heir experiments, the soot emission was negligible as compared 

o chemiluminescence from excited radicals from the fuel > 20% 

H 3 . However, as will be seen in Section 4.2 , below, the Raman

easurements indicate significant quantities of soot in this flame. 

he sharper peaks are more easily identifiable in the spectrum at 

0 mm in Fig. 3 d. In addition to peaks from CH 

∗ seen in Fig. 3 b,

ew narrow spectral features appear at wavelengths 543.6 nm, 

71.3 nm, 604.2 nm, 630.2 nm, and 665.2 nm. As indicated in 

ig. 3 d, the positions of these narrow features are consistent with 
4 
he structure of the NH 2 ammonia α band [30] . The NH 2 ammo- 

ia α band are superimposed on a broad background that we as- 

ign to the chemiluminescent emission of Nitrogen Dioxide (NO 2 ) 

ollowing the recombination of NO with O atoms [31–37] , which 

roduces NO 2 in the excited A 

2 B 2 , B 

2 B 1 and α2 A 2 states that sub-

equently decay to the X 

2 A 1 ground state with emission of a pho- 

on [34 , 36] . We note that the absence of a soot background in the

pectrum at 10 mm of the CH 4 /N 2 mixture at 28% N 2 in Fig. 3 b,

here the soot emission at 30 mm is roughly 5 times more in- 
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Fig. 3. Chemiluminescence spectra of CH 4 /air (a), CH 4 /N 2 /air (b, c) and CH 4 /NH 3 /air (d, e) flames at 10 mm (blue trace) and 30 mm (orange trace) above the burner exit. 

(Please note the changing scales on the left intensity axis). 

Fig. 4. Raman spectra of CH 4 /air (a), CH 4 /N 2 /air (b, c) and CH 4 /NH 3 /air (d, e) flames at 10 mm (blue trace) and 30 mm (orange trace) above the burner exit. 
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ense than in the 28% NH 3 mixture at the same height above the 

urner, argues against any soot contribution at 10 mm in Fig. 3 d. At

8% NH 3 in the fuel, the peaks from C ∗
2 

have all but disappeared.

ncreasing the NH 3 fraction to 46% ( Fig. 3 e) results in essentially 

dentical spectra at both axial distances, including a suggestion of 

H 

∗ at 10 mm. 

.2. Raman spectra 

Raman spectra in the region 150 0–40 0 0 cm 

−1 , measured in the

ames at the centerline, are shown in Fig. 4 at 10 mm and 30 mm

bove the burner and at X N2 and X NH3 of 0, 0.28, and 0.46 in fuel,

orresponding to the flame emission data shown in Fig. 3 . The Ra- 

an spectrum of the undiluted CH /air flame ( Fig. 4 a) at 10 mm
4 

5 
onsists of the transitions of N 2 (at 2330 cm 

−1 ), CH 4 (2914 cm 

−1 ),

nd H 2 O (3657 cm 

−1 ). As expected, increasing X N2 in the CH 4 /N 2 

uel to 0.28 and 0.46 ( Figs. 4 b and c) does not alter the form of the

aman spectrum, while upon addition of NH 3 to the fuel ( Figs. 4 d

nd e) the Raman peak of NH 3 at 3334 cm 

−1 appears. 

At 30 mm in Figs. 4 a, b and d, the Raman spectrum is ob-

cured by (partially) polarized scattered laser light from soot parti- 

les, which frustrates the subtraction of the signals obtained using 

ifferent polarizations of the laser radiation (outlined in Section 2 , 

bove). This radiation is also intense enough to “leak” through the 

ong-pass filter in front of the spectrometer. We note that the setup 

sed in [15] could not detect soot at X NH3 > 0.2. Consistent with 

he observations obtained from the spontaneous emission spectra 

n Fig. 4 , above, and the conclusions from [15] , at 28% in the mix-
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Fig. 5. The axial profiles of Temperature (a), N 2 (b), CH 4 (c), NH 3 (d), H 2 O (e), and CO 2 (f) at 46% additive in the fuel. Symbols denote CH 4 /N 2 flame (blue circles) and 

CH 4 /NH 3 flame (orange triangles). 
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d

ure ( Figs. 4 b and d), the soot signal in the CH 4 /NH 3 mixture is

ore than 5 times lower than that from the CH 4 /N 2 mixture. At 

.46% additive in CH 4 ( Figs. 4 c and e), the background from soot

cattering at 30 mm is essentially absent and only Raman tran- 

itions of N 2 , NH 3 and H 2 O are observed. We remark that the in-

reased noise in the spectrum at 30 mm in Fig. 4 c is the result of a

mall residual signal from soot scattering; since the measurements 

t different polarizations of the laser are performed sequentially, 

oise in these spectra is not removed in the subtraction process. 

hile less noisy than in Fig. 4 c, the measurements at 30 mm in

he CH 4 /NH 3 mixture in Fig. 4 e also show increased noise. In this

ase, subtraction process is effective at removing the strong un- 

olarized chemiluminescence from excited NO 2 (and, to a lesser 

xtent, NH 2 ), but at the expense of increased noise as observed 

or the soot scattering. Since these chemiluminescent emissions 

re in the desired spectral region for the Raman signals, they fall 

ithin the transmission window of the long-pass filter. Anticipat- 

ng the discussion of the axial profiles, below, we note that at some 

xial/radial distances the background in the Raman spectra (from 

oot in the CH 4 /N 2 flames or from intense emission from excited 

O 2 in the CH 4 /NH 3 mixtures) was so large as compared to the 

aman signal that the noise after the background-subtraction pro- 

ess swamped reliable measurement of a number of species (see 

urther in Section 4.3 ). 

.3. Temperature and main components mole fraction profiles 

To describe the overall structure of the flames from these mix- 

ures, the axial and radial profiles of temperature and species mole 

raction have been measured in at 46% additive in the fuel for both 

 2 and NH 3 . 

.3.1. Axial centerline profiles 

The axial profiles of temperature and mole fractions of N 2, 

H , NH , H O, and CO along the centerline of CH /NH /air and
4 3 2 2 4 3 

6 
H 4 /N 2 /air flames are shown in Fig. 5 . The measurements are per-

ormed at heights z = 1 - 40 mm above the exit of the fuel tube.

n this region, the measured mole fractions of O 2, CO, and H 2 in 

oth flames are too low ( < 0.01) to quantify reliably and are not 

hown in Fig. 5 . As discussed above, scattering of the laser light 

rom soot increased the noise in the CH 4 /N 2 /air flame at heights 

 = 20 - 30 mm, precluding the quantification of the tempera- 

ure and mole fractions in this region from the Raman spectra. 

hile 46% NH 3 has effectively suppressed soot formation, permit- 

ing measurement of temperature, N 2 , CH 4 and NH 3 at these axial 

istances, the strong chemiluminescence in the CH 4 /NH 3 /air flame 

escribed above has increased the noise in the profiles, as can be 

een in the additional scatter in the N 2 profile in this region in 

ig. 5 b. The relatively low fractions of H 2 O and CO 2 in the flames

f both additives (compared to N 2 and the fuel molecules) and 

he scattering/chemiluminescence interference limited quantifica- 

ion to the axial distances shown in Figs. 5 e (H 2 O) and f (CO 2 ). 

As can be seen from Fig. 5 a, the temperature profiles in the 

H 4 /NH 3 /air and CH 4 /N 2 /air flames at heights from 1 to 20 mm

re nearly identical and increasing monotonically from ∼300 K 

o ∼1600 K. The relatively low temperatures in this region argue 

gainst substantial heat release from chemical reactions, with con- 

uction from the reaction zone situated in the mixing layer at 

he radial boundary of the flows. We attribute the rising tempera- 

ure further downstream in both flames to oxidation in the center- 

ine region. The increased scatter in the temperature profile of the 

H 4 /NH 3 flame ( Fig. 5 a) at axial distances 20–30 mm is from the

trong excited NO 2 emissions, indicating intense chemical activity. 

t heights > 30 mm, the measured temperatures in the two flames 

egin to diverge, albeit by less than 150 K. While the temperature 

n the CH 4 /NH 3 /air flame increases progressively to ∼1960 K, the 

emperature in the CH 4 /N 2 /air flame decreases from ∼1870 K at 

0 mm to ∼1800 K at 40 mm. These differences are outside both 

bsolute and day-to-day uncertainties of the Raman measurements 

nd are consistent with the simple estimates of flame height in- 

icated in Section 4.1 , above, arising from the differences in sto- 
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chiometric air requirement. While the leveling of the centerline 

emperature of the CH 4 /NH 3 flame suggests proximity of the mix- 

ure to its stoichiometric value, the decreasing temperature in the 

H 4 /N 2 flame indicates that the mixture is becoming lean. We note 

hat the maximum temperatures, which are also measured in the 

adial profiles, below, are substantially lower than the adiabatic, 

toichiometric values for these fuel mixtures, which are 2140 K 

nd 2190 K for the CH 4 /N 2 /air and CH 4 /NH 3 /air flames, respec-

ively. At the relatively low exit velocity here ( ∼14 cm/s) we expect 

apid transport processes to make substantial contributions to the 

pecies and temperature profiles in the flames studied here [38–

9] . The importance of accounting for differential (radial) transport 

hen assessing the degree of non-equilibrium was recently consid- 

red in the context of MILD combustion [20] and the species pro- 

les shown below indicate significant differential transport. How- 

ver, we cannot exclude the possibility of non-equilibrium chem- 

stry, such as non-equilibrium NO/N 2 (see, e.g., [40] ), based on the 

urrent data. Quantitative measurements of NO and flame struc- 

ure calculations using detailed chemistry are needed to ascertain 

he contributions of these different processes. The measurements 

resented in Fig. 5 will help assess the veracity of such calcula- 

ions. 

The axial profiles of the major species shown in Fig. 5 reflect 

he transport and chemical processes occurring in the flames. As 

an be seen in Fig. 5 b, the measured mole fraction of N 2 rapidly

ncreases from their initial values, corresponding to the fractions 

n the fuel mixtures, during the first 15 mm. Since the mixture 

emperatures ( Fig. 5 a) are still below 1500 K, and that the con-

ribution to N 2 mole fraction from the fuel during oxidation is 

mall (only ∼0.025 from NH 3 and ∼0.09 from N 2 as diluent), this 

ncrease arises from diffusion of N 2 from the reaction zone. Fur- 

her downstream, the N 2 mole fraction remains almost constant at 

alue of ∼0.7, which is close to the N 2 mole fraction of 0.72 and

.69 in the equilibrium stoichiometric CH 4 /N 2 /air and CH 4 /NH 3 /air 

ixtures, respectively. We note that even in the absence of differ- 

ntial transport the N 2 fraction in and of itself has little utility as 

n indicator of local equivalence ratio/mixture fraction, since the 

ependence of it is relatively insensitive to local equivalence ratio 

nd its variation around the stoichiometric value is within the un- 

ertainty of the measurements shown in the figure. 

As can be seen from Fig. 5 c, for the region accessible for mea-

urement (heights below 15 mm and above 30 mm), using N 2 in- 

tead of NH 3 in fuel mixture has no apparent influence on the 

easured CH 4 profiles. At z > 30 mm the measured CH 4 mole 

ractions are less than 0.01 in both flames. We note that the 

ata provided in the Supplementary Material in reference [15] , but 

ot discussed in [15] itself, suggest that under similar conditions 

40% additive in the fuel) the last 10% of the CH 4 in the CH 4 /N 2 

ame was oxidized somewhat more slowly than in the ammonia- 

ontaining flame (i.e., the CH 4 fraction in the Nitrogen-containing 

ame reached zero at greater axial distance, despite having a lower 

xit velocity); the soot interference in the measurements reported 

ere prevent adequate comparison. The measured NH 3 axial pro- 

le in the CH 4 /NH 3 /air flame shows the similar behavior to that of

H 4 (see Fig. 5 d), decreasing from its initial mole fraction in the 

uel to ∼0.1 at z = 15 mm, primarily due to mixing with com- 

ustion products from the radial combustion zone. As mentioned 

bove, the strong chemiluminescence from excited NO 2 (and NH 2 ) 

t z = 20–30 mm indicates oxidation of the fuel along the center- 

ine. We recall that in CH 4 /air diffusion flames (e.g., [9] ) the fuel

raction decreases below 10% before significant heat release occurs 

t the centerline. 

While the CH 4 profiles in the two flames in Fig. 5 c are indis-

inguishable, the H 2 O profiles in Fig. 5 e are not. Even in the first

5 mm or so, where mixing dominates the profiles, the H 2 O mole 

raction is significantly higher in the CH 4 /NH 3 flame than in the 
7 
H 4 /N 2 flame, clearly the result of the additional H 2 O production 

rom NH 3 diffusing radially inward from the reaction zone. As dis- 

ussed above, background from excited NO 2 increased the scatter 

n the profile for H 2 O in the ammonia-containing flame. At heights 

bove 30 mm, the H 2 O profiles are nearly constant with the mea- 

ured H 2 O mole fractions in the CH 4 /NH 3 /air flame being ∼50% 

igher than in the CH 4 /N 2 /air flame. A salient feature of these 

easurements is that the H 2 O mole fractions are well below those 

t stoichiometric equilibrium. For the CH 4 /NH 3 fuel, the expected 

quilibrium mole fraction is nearly 22%, versus ∼13% measured, 

hile for the CH 4 /N 2 mixture, the equilibrium indicates ∼17% as 

ompared to the roughly 9% shown in Fig. 5 e. 

The CO 2 mole fractions at the last 5 mm of the measuring do- 

ain ( Fig. 5 f) are also essentially constant in both flames, with the 

ata from the ammonia-containing flame showing more scatter as 

een in the other profiles. As expected from the stoichiometry of 

he combustion reaction, CO 2 mole fraction in the CH 4 /N 2 /air flame 

 ∼16%) is higher (by roughly 30%) than those in the CH 4 /NH 3 /air

ame ( ∼12%). While this difference corresponds to difference in 

alculated CO 2 equilibrium mole fractions in the respective stoi- 

hiometric mixtures, they are substantially above the equilibrium 

toichiometric mole fractions themselves ( ∼8% for the N 2 addi- 

ive and ∼6% for the NH 3 mixture). We emphasize that the differ- 

nces observed between the measured species fractions and those 

xpected for the stoichiometric equilibrium mixture for both H 2 O 

nd CO 2 are well outside the uncertainty of the current measure- 

ents. Such large deviations suggest a strong impact of diffusion 

n the profiles presented here. Noteworthy is the observation that 

he measurements reported in [15] at 40% additive in CH 4 (in the 

upplementary Material, but not discussed in the paper) also ap- 

ear to deviate substantially from equilibrium, with H 2 O being 

ell below, and CO 2 well above, the equilibrium mole fractions ex- 

ected from the mixtures. Here too, the analysis of detailed flame- 

tructure calculations is necessary to assess and quantify the rel- 

tive importance of molecular transport and chemistry in these 

ames. 

.3.2. Radial profiles 

Figure 6 shows the radial profiles of temperature and mole frac- 

ions of CH 4 and NH 3 measured between the radial distances (r) of 

8 to 8 mm at z = 5, 10, and 20 mm above the fuel tube exit. As

iscussed for the axial profiles, chemiluminescent emissions from 

O 2 or soot scattering diminished the quality of several of the ra- 

ial profiles, particularly those of the H 2 O and CO 2 . They are thus 

ot shown here. However, the quality of the H 2 O profiles at z = 5

nd 10 mm is, albeit with a few missing radial points at the peak 

f the NH 3 flame, adequate for illustrative purposes, and are in- 

luded in Fig. 6 . 

The measured temperature profiles in the two flames ( Fig. 6 a- 

) are nearly identical. At z = 5 mm, the maximum temperature is 

ust above 1800 K and occurs at radial distance ∼5 mm, which is 

omewhat outside radius of the fuel tube (3.5 mm), as observed in 

ther low-velocity diffusion flames [16 , 39] . At z = 10 and 20 mm,

igs. 6 b and c, the maximum temperature exceeds 1900 K, in 

greement with that observed on the centerline in Fig. 5 a. We also 

ote the spreading of the high-temperature region with increasing 

xial distance. In addition to showing centerline temperatures con- 

istent with the axial profiles in Fig. 5 a, the temperature profiles at 

0 mm ( Fig. 6 d) show a “dip” (local minimum) in the radial pro-

le around the centerline for the CH 4 /NH 3 flame, while the profile 

rom the CH 4 /N 2 fuel is essentially flat in this region. This sup- 

orts the conclusion drawn above that heat release is still occur- 

ing in the ammonia-containing flame at this axial distance. Note- 

orthy is that the presence of 46% NH 3 has no significant impact 

n the profiles of temperature and CH 4 , despite its relative unreac- 

ivity, even at 5 mm above the exit of the fuel tube ( Figs. 6 a and
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Fig. 6. The radial profiles of Temperature (a,b,c,d), CH 4 (e,f,g), NH 3 (h,i,k) and H 2 O (l,m) at 46% additive in the fuel at heights z = 5,10,20, and 30 mm. Symbols denote 

CH 4 /N 2 flame (blue circles) and CH 4 /NH 3 flame (orange triangles). 
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). As remarked above, the low velocity of the fuel mixture pro- 

ides residence times that allow strong radial transport. Thus, at 

 mm, heat conduction from the reaction zone has already raised 

he centerline temperature to ∼700 K. Also noteworthy is the ef- 

ect of radial molecular diffusion, as evinced in the radial profiles 

f H 2 O at z = 5 and 10 mm ( Figs. 6 l and m, respectively). Com-

aring these profiles to those of temperature at the same heights 

 Figs. 6 a and b), we observe that the local minima around r = 0 in

he H 2 O profiles are much less deep than those for temperature; at 

 = 10 mm ( Figs. 6 b and m), the “dip” in the H 2 O profile has nearly

anished (the minimum mole fraction at r = 0 is ∼90% of the max- 

mum), while strongly present in the temperature (temperature at 

he centerline is only ∼65% of the maximum). As discussed above, 

trong molecular transport complicates the analysis of the mixture 

n terms of degree of equilibrium. 

Similar to the observation in the axial profiles, above, we note 

hat the mole fractions of both CH 4 ( Fig. 6 e) and NH 3 ( Fig. 6 h) at

 = 5 mm decrease to zero between r = 3–4 mm, where the tem-

erature increases to roughly 1500 K. 

. Summary and conclusions 

The stability, radiation, and structure of laminar axisymmet- 

ic CH 4 /NH 3 /air and CH 4 /N 2 /air diffusion flames have been stud- 

ed using photographic images, spectrally resolved measurements 

f flame radiation and the spatial distribution of temperature and 

ajor species mole fractions obtained by spontaneous Raman scat- 

ering. The fit procedure for the Raman spectra of NH 3 includes 

 hitherto unquantified overtone feature, whose inclusion in the 

t significantly improves the NH 3 fraction obtained. The results 

rom the flame images show that, for the current geometry, stable 

H 4 /NH 3 /air flames are obtained when the X NH3 varies from 0.0 

o 0.46 while further increasing X NH3 results in flame extinction. 

s expected from dilution with N 2 in an alkane fuel, increasing 

 N2 in the CH 4 /N 2 /air flames reduces the spatial extent and inten- 

ity of the yellow soot emission zone, while increasing the extent 

f the visible blue emission zone (arising from carbon-containing 

pecies). In contrast, increasing X NH3 in the CH 4 /NH 3 /air flames 

rastically reduces both blue and yellow emission zones, with pro- 
8 
ressively increasing strong orange chemiluminescence from ex- 

ited NH 2 and NO 2 distributed throughout the reaction zone, in- 

icating a substantial change in flame chemistry upon NH 3 ad- 

ition. Depending on the mole fraction of N 2 or NH 3 , we ob- 

erve interference in the Raman spectra in certain spatial re- 

ions of these flames, which are not entirely removed by the 

ackground-suppression methods used in the Raman setup [17] . 

ayleigh/Mie scattering from soot particles overwhelms the Ra- 

an signals in regions of substantial soot fraction. In CH 4 /NH 3 /air 

ames, strong emissions from excited NO 2 , which occur at the 

ame wavelengths as the Raman peaks used in the analysis, 

re effectively suppressed by the experimental method but re- 

ult in extra noise in the measurements, confounding quantifica- 

ion of the Raman measurements in spatial regions of high NH 3 

onversion. 

The experimental results show that NH 3 addition suppresses 

oot formation as reported in the literature [15] . While earlier 

easurements [15] using pyrometry suggested negligible soot for- 

ation at 20% NH 3 in the fuel, scattering from soot is clearly ob- 

ervable in the Raman measurements reported here at 28% NH 3 . 

uantification of the soot volume fraction using a more sensitive 

ethod will enable more detailed analysis of the impact of NH 3 on 

oot formation in these flames. As expected from the stoichiometry 

f the oxidation of the fuels, the axial profiles of H 2 O show sub-

tantially more H 2 O formation from the CH 4 /NH 3 fuel. The results 

how that the measured temperatures and mole fractions of H 2 O 

nd CO 2 are substantially different from their values at adiabatic, 

toichiometric equilibrium. While we cannot rule out a contribu- 

ion from non-equilibrium chemistry (such as the degree to which 

O or N 2 is formed [40] ), the spatial profiles of major species, par-

icularly H 2 O, suggest a significant contribution from radial trans- 

ort [20] . The radial profiles of temperature and H 2 O support this 

otion, since at z = 5 mm the profiles show more than 7% H 2 O at

he centerline, where the temperature is only 700 K. As a result, 

he relation between composition, mixture fraction and the cor- 

esponding equilibrium temperature is different than in the case 

f equal transport of all species [20] . Computations with detailed 

ransport and chemistry are needed to understand the structure 

f these flames and the effect of NH 3 addition on the processed 
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etermining flame structure. Furthermore, measurements of NO 

n ammonia-containing flames will help assess the chemical pro- 

esses occurring in diffusion flames. 
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