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Abstract 

Co-firing NH3 with other fuels is receiving growing interest as a feasible solution to improve its combustion 

and emission properties. Previous studies mainly focused on NOx emission, and paid less attention to soot 

formation which is investigated here using  a laminar counterflow flame configuration with ethylene fuel (75% 

by mole) mixed with different proportions of ammonia (between 0 and 25% by mole while the remainder is 

nitrogen). Soot volume fraction (SVF) was measured using planar laser induced incandescence (PLII). It was 

found that the addition of ammonia significantly reduced the measured SVF by 4-6% per 1% ammonia addition 

as compared to the reference flame (25% nitrogen). To rule out temperature effects, the experiments were 

simulated using Chemkin Pro and it was found that there were negligible differences in temperature between 

each condition implying that temperature was not responsible for the reduction in SVF. To investigate the 

chemical effects of ammonia addition, polycyclic aromatic hydrocarbons (PAH) were measured using planar 

laser induced fluorescence (PLIF) at 4 wavelengths (350 nm, 400 nm, 450 nm, and 500 nm). PLIF intensities 

at 350 nm is deemed to correlate with PAHs of 2-3 rings and measured profiles at this wavelength were nearly 

overlapping for all cases. These findings were supported by GC-MS measurements of acetylene and benzene 

with the latter showing little change in the peak for the cases studied here. At longer wavelengths, PLIF 

intensities began to show the same trends found for SVF measurements. Additionally, a specific nitrogen 

detector was used during GC-MS measurements and several nitrogen containing hydrocarbon species were 

detected with the 25% addition of ammonia. The combined results indicate that the nitrogen containing 

hydrocarbon species are likely to account for soot reduction, with the precise mechanism yet to be elucidated. 

Keywords: Soot, ammonia, laminar flames, planar laser induced fluorescence (PLIF), 

planar laser induced incandescence (LII). 
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1. Introduction 

  The aim of reducing CO2 emissions from anthropogenic combustion has resulted in efforts to find suitable 

alternative fuels to eliminate or reduce emissions of this pollutant. Ammonia combustion is one such strategy 

that continues to be explored as a viable alternative to meet emission reduction goals. Interest in ammonia as 

an alternative fuel has fluctuated for several decades due to several competing favourable and unfavourable 

properties of ammonia as a fuel. Favourable characteristics include; a renewable synthetic energy, potential to 

reduce CO2 emissions, competitive energy density, and amenability to storage and transport  [1]. However, the 

application of ammonia in combustion has been limited due to the low laminar flame speed, narrow 

flammability limits, high NOx emissions and high ignition temperatures as described in [2].   

  Co-firing NH3 with other fuels is receiving growing interest as a feasible solution to improve its combustion 

and emission properties [3,4]. He et al. checked the auto-ignition properties of NH3/O2 and NH3/H2/O2 

mixtures in a rapid compression machine [5]. The experiment demonstrated that the reactivity of the mixture 

increased at higher H2 mole fractions. Han et al. studied the laminar burning velocities of stoichiometric 

NH3/CH4/air premixed flames [3]. They observed that the laminar burning velocity of the mixture has a nearly 

linear increase with the addition of CH4. Similar results were also observed in the experiments of Okafor et al. 

[6,7]. Zhenyu et al. performed a fundamental study of NH3/CH4/O2/Ar mixtures using a McKenna burner [8]. 

They measured a number of gas reaction intermediates using tuneable synchrotron VUV photoionization and 

molecular-beam mass spectrometry and performed numerical investigations of their results. Aaron et al. 

investigated the combustion and emission characteristics of dual-fuel (NH3 with diesel) in a compression 

ignition engine [9]. Their results indicated that NO emissions using dual-fuel were lower than those using pure 

diesel fuel when the doping ratio of NH3 was less than 40%. This is because thermal NO formation is 

suppressed due to the lower combustion temperature. Co-firing NH3 with conventional hydrocarbon fuels is 

beneficial for the energy transition from non-renewable energy utilization to renewable energy utilization 

especially in countries rich in coal, such as China. Some efforts have been made in this area. Ammonia co-

fired pulverized coal combustion was investigated in a horizontal test furnace with a single burner [10], and 
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the results revealed that NOx emissions did not increase when the ratio of NH3 was more than 20% of the total 

lower heating value of the fuel. Recently, ammonia-coal co-firing in a fuel mix composed of 20% ammonia was 

successfully applied in an industrial furnace [11]. The studies cited above have typically reported NOx 

emissions. However, studies of soot formation while co-firing NH3 with conventional hydrocarbon fuel have 

rarely been reported. The non-premixed combustion mode in diesel engines, coal furnaces or gas turbines 

suggests that soot formation from hydrocarbon fuels is likely even with NH3 addition. The studies cited above 

have typically reported NOx emissions. However, studies of soot formation while co-firing NH3 with 

conventional hydrocarbon fuel are scarce. Bockhorn et al. [12], reported that the addition of H2 and NH3 

decreases soot concentration in premixed propane-oxygen sooting flames.   

In this study, the addition of NH3 on soot formation was investigated with C2H4 as a reference fuel in a non-

premixed counterflow burner. Counterflow burners have a number of advantages in fundamental soot studies 

as outlined in a recent review by Wang et al. [13]. These include the high adjustability of flame conditions, 

residence times, and the low computational cost of simulations among others.  The concentration of polycyclic 

aromatic hydrocarbon (PAH) and soot volume fraction (SVF) were monitored using planar laser induced 

fluorescence (PLIF) and planar laser induced incandescence (PLII) methods, respectively. Concentration 

measurements of acetylene, benzene, and nitrogen containing compounds were made using offline Gas 

chromatography/Mass spectrometry technique (GC-MS). Further, the chemical effects of NH3 additions were 

investigated by simulating the experiments using the counterflow model in the Chemkin Pro package with a 

C2-NH3 mechanism.  

2. Experimental and simulation details 

2.1 Burner and set-up 

The counterflow burner used in this study has been previously described in [14].  The burner, which has two 

opposing straight ducts with an inner diameter of 8.5 mm, was placed in an airtight vessel to avoid exposure 

to NH3 as shown in Figure 1. Fuel was supplied from the top side and oxygen enriched air was supplied from 
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the bottom. A separation gap of 7.35 mm was used for all conditions, and fuel and air stream momentums were 

equal for the reference condition. A global strain rate of 40.95 s-1 was used for all conditions and is defined as 

the mean gas exit velocity of air divided by half the nozzle separation distance [15]. Velocities from both the 

air and fuel side were kept constant at 15 cm/s for each condition. For the oxidizer side, air was enriched to 

24.95% O2 with the remainder N2 by mole. This was done to promote soot formation and thus improve signal 

to noise ratio during measurements [16]. It is also noted that for the case studied here, the fuel content is fixed 

so that the nitrogen diluent is substituted with ammonia as shown in Table 1. The substitution of ammonia (a 

fuel) for nitrogen (an inert) results in a shift of the flame location relative to the stagnation plane between 

conditions 1 and 4. Furthermore, replacing the nitrogen with ammonia results in a shift to the stagnation plane 

location. All conditions given are soot formation (SF) flames with Zst < 0.5 according to the definition given 

in [17]. 

Table 1: Experimental conditions showing volumetric flow percent for the fuels and diluents. 

Condition Ethylene Nitrogen Ammonia Zst 

1 75% 25% 0% 0.0968 

2 75% 19% 6% 0.0964 

3 75% 12.5% 12.5% 0.0957 

4 75% 0% 25% 0.0939 

 

2.2 Measurements 

2.2.1 Planar laser induced incandescence 

Measurements for soot volume fraction were obtained using planar laser induced incandescence (PLII). A 5-

Hz Nd:YAG laser operating at the fundamental frequency of 1064 nm was used. The laser sheet was formed 

by first cropping the beam with a 1 mm slit. The beam was relay imaged to the burner with an f = 400 mm 

cylindrical lens placed after the slit at a 2f distance from the slit and a 2f distance from the burner. The laser 

had an average shot to shot power deviation of 2.3% and an average laser fluence of 415 mJ/cm2. A knife edge 

was used to measure the beam profile in 1 mm increments and the cropped beam profile had a deviation of less 

than 20% thus maintaining the LII signal within the signal plateau region. Images were acquired at 90° to the 

laser sheet using an ICCD camera with a 435 nm bandpass filter to reduce background noise. The camera had 
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a gate width of 50 ns and began acquiring the LII signal 20 ns following laser heating. A gate width of 50 ns 

provided a good compromise of a high signal to noise ratio and a shorter gate width to prevent signal bias 

toward larger particles. The spatial resolution of the camera was 0.027 mm/pixel. Timing between the camera 

and laser system was achieved using a delay generator. A total of 100 shots at each condition were acquired 

and ensemble averaged to account for deviations in the laser system, camera system, and flame fluctuations. 

The flame background was removed by ensemble averaging 100 shots of the flame background and subtracting 

these from the LII images. The LII intensity is typically related to SVF through a linear calibration factor 

although errors related to differences in particle sizes can result in uncertainty as high as ±30% for particles 

between 5 and 60 nm [18]. For a more comprehensive analysis of errors associated with the LII technique, the 

reader is referred to the excellent review in [19].  A calibration value for the LII measurements was found using 

LII measurements from flame condition 1 and SVF measurements made using 2D diffuse line of sight 

attenuation (2D LOSA) at condition 1. The 2D LOSA measurements and setup are described fully in [20,21]. 

Briefly, this technique measures path averaged soot extinction (KL) using a light source with a Lambertian 

profile. Images are taken with the flame and light source turned on (I) and those of the flame background (If) 

are subtracted from I. Finally, images of the light source are taken with the flame off (I0) and the background 

is subtracted from this by taking an image with the light source off and flame off (Ibg). KL is found by taking 

the negative log of the extinguished light divided by the transmitted light: KL = -log((I – If)/ (I0 – Ibg)). Local 

extinction (K) is then obtained using a tomographic inversion, and converted to soot volume fraction using 
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Equation 1 where λ is the wavelength measurements were taken at, ρsa is the soot scattering to absorption ratio, 

and E(m) is the soot refractive index function.  

𝑓𝑣 =
𝐾𝜆

6𝜋(1+𝜌𝑠𝑎)𝐸(𝑚)
           Equation 1 

LOSA measurements were performed at 655±25 nm. Values for ρsa and the soot refractive index were chosen 

as 0 and m = 1.57 - 0.56i based on [22,23]. Uncertainties in this measurement technique have been previously 

discussed in [21]. These are related to uncertainties in ρsa and E(m) and can be significant. Reported values for 

E(m) range from 0.18 to 0.42 as summarized in [24]. Values for ρsa depend on the soot morphology and the 

measurement wavelength. Since these data are not available for counterflow flames and depend on numerous 

experimental parameters, this source of uncertainty was not included in the analysis of the data. Furthermore, 

since the calibration value was obtained for only the reference condition, uncertainty in LOSA does not affect 

the soot loading trends seen with different amounts of NH3 addition.       

Fig. 1: Experimental setup. Counterflow burner was setup inside a pressure vessel. PLII, PLIF, and gas sampling setup are shown in 

the figure but measurements were not performed simultaneously.    
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2.2.2 PAH Planar laser induced fluorescence 

Measurements of polycyclic aromatic hydrocarbons (PAHs) were made using planar laser induced 

fluorescence (PLIF). The fourth harmonic of a 10-Hz Nd:YAG laser (266 nm) was used to excite PAH. The 

laser power was adjusted to avoid laser induced incandescence signal and had an average shot to shot power 

deviation of 6.4%. The laser sheet was formed by initially cropping the beam using a circular aperture with a 

diameter of 4 mm. The beam was then expanded with an f = -50 plano-concave cylindrical lens and focused to 

the burner with an f = 400 mm cylindrical lens. A laser sheet of approximately 400 µm was formed at the 

burner tip. An ICCD camera capturing 5 images of a 50 shot accumulation was used to capture images at 90° 

relative to the laser sheet. The camera gate was set to 250 ns, and imaging began 50 ns prior to lasing. The 

longer gate duration was chosen to ensure the entire fluorescence signal was captured and was short enough 

for flame emissions to be negligible. To prevent capturing LII signal, a laser fluence below 20 mJ/cm2 was 

used. To verify that PAH signal and not LII signal was being captured, the laser fluence was increased until 

both the fluorescence signal and LII signal could be captured. A delay generator was used to synchronize the 

camera and laser system. Images were acquired using 4 bandpass filters at 350±10 nm, 400±10 nm, 450±25 

nm, and 500±10 nm. Background images without laser excitation were taken and subtracted from the PLIF 

images. Fluorescence from PAHs generally shifts to longer wavelengths as the number of rings increases [25–

27] with caveats described in [28]. Fluorescence from 2-3 ring PAHs is typically found in the UV range around 

350nm [27] while 3-4 ring PAHs have been shown to fluoresce at 400 nm [28,29]. Larger PAHs are expected 

to fluoresce at the 450 nm and 500 nm bandpass filters. The complex nature of the PAH fluorescence process 

makes a quantitative analysis challenging as described in [30]. Measured fluorescence intensity depends upon 

a number of factors such as temperature, oxygen concentration, and the quenching environment. Thus 

qualitative fluorescence intensity values are reported only. While the flame conditions used in these 

experiments are expected to have similar combustion characteristics, comparisons of intensity between the 

different filters should be avoided.  Furthermore, it should be noted here that the LIF signals may also arise 
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due to condensed phase nanoparticles in the size range of the order of 1-5nm [31], but such considerations are 

not addressed in this paper.  

2.2.3 Gas chromatograph/Mass spectrum 

Quantitative measurements of acetylene and benzene, and qualitative measurements of N species were 

performed offline using gas chromatography-mass spectrometry, GC-MS, instrument (7890A GC/5975C MS, 

Agilent technologies, USA). The instrument was equipped with 3-way splitter in order to split the column flow 

into MS, flame ionization detector (FID) and nitrogen-phosphorous detector (NPD), simultaneously. The flame 

centreline was sampled using a ceramic tube 10 mm long with a 1 mm OD. The ceramic tube expanded into 

another ceramic tube of 3 mm OD. Gas was suctioned from each sampling location for 5 minutes and trapped 

in 1 mL loops using a multi-position valve (model EUTA, Valco Instruments Co., USA). The valve was 

connected online to the GC-MS and each gaseous sample trapped in the loop was transferred into a heated 

split/split less inlet of the GC-MS using helium as a carrier gas. Sampling was repeated 3 times for condition 

1 to ensure repeatability and GC-MS measurements showed an error of less than 20% between the repeated 

measurements. A detailed review of uncertainties related to gas sampling can be found in [32] and have been 

shown to depend upon the probe geometry, probe material, and flame thickness. Furthermore, the insertion of 

a probe into the flame significantly affects the temperature profile, thus affecting species concentration 

measurements and gas temperature-time history. The probe also induces shifts in velocity fields in the axial 

and radial direction increasing uncertainty in the sampling location and further limits spatial resolution of the 

measurements. Due to the challenges of quantifying uncertainty from the probe interference in the flame, 

relative rather than absolute concentrations should be used in modelling comparisons.  Calibration of the GC-

MS system for acetylene and benzene quantification were made using calibration gas mixtures of different 

concentration levels and were analysed using the same GC-MS conditions. The GC-MS parameters were as 

follows: the GC-MS capillary column used was a GasPro 30 m long with a 320 µm internal diameter (cat # 

113-4332GS, Agilent technologies, USA); helium was used as a carrier gas and the constant column flow was 

set to 3 mLmin-1; the heated split/split less inlet was kept at 250˚C with a split ratio of 15:1. The oven 
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temperature program was set at an initial temperature of 60˚C and was held for 6 min before the temperature 

was ramped up to 240˚C at a rate of 35˚Cmin-1; the final oven temperature was kept constant for 4 min. The 

FID detector was operated at 260˚C with hydrogen, air and make up gas (N2) flows at 35, 350, and 15 mLmin-

1, respectively. The NPD detector was operated at 260˚C with hydrogen, air and make up gas (N2) flow at 3, 

60, and 5 mLmin-1, respectively. The mass spectrometer (MS) was operated using electron ionization (EI) 

source which was kept at 230˚C with electron energy of 70 eV and the temperature of the single quadruple 

mass analyser was set at 150˚C. The MS instrument was tuned and calibrated prior to the analysis according 

to the manufacturer auto-tune specification.   

2.3 Simulations 

Simulations were run using CHEMKIN-PRO software [33]. The simulation inputs including boundary 

conditions and burner configuration were the same as the experiments for all conditions. Specifically, the 

simulated inlet gas velocities of both nozzles were set as 15.05 cm/s with the temperature at 298 K. The 

simulated pressure was set as 1 atm. The separation distance of the nozzles was 7.35 mm. The kinetic 

mechanism applied used in the simulations was a C2-NH3 mechanism from [34]. All of the subsets of this 

mechanism have been validated using experimental data. This model currently only includes species of 1-2 

carbons. Thus the information of nitrogen-contained PAHs and soot is unavailable for this paper but will be 

developed for future work. 

3. Results and discussion 

3.1 Soot volume fraction 
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Profiles of soot volume fraction, SVF were extracted from the measured images by averaging a 0.16 mm wide 

area along the nozzle centreline as shown in the top plot of Fig. 2. The mean values are represented by the 

curves while the shaded areas represent the standard deviations due to random experimental error that were 

calculated from the 100 LII images taken. Uncertainties due to the LII measurement technique or the calibration 

method are not included in this figure but are discussed in Section 2.2.1.  The baseline case with 75% ethylene 

and 25% nitrogen had the highest SVF values. In this work, the addition of ammonia was found to be more 

effective than nitrogen addition for inhibiting soot formation. Similar experimental phenomenon has been 

previously observed in a premixed sooting flame [12]. The bottom plot in Fig. 2 shows peak soot formation 

values versus the percent addition of ammonia. The addition of ammonia at 6%, 12.5%, and 25% each had 

Fig. 2: Top- SVF profiles for conditions 1-4 as a 

function of distance from the fuel tip. Bottom- Peak 

SVF versus ammonia addition. 
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significant reduction effects on soot volume fraction decreasing peak SVF by approximately 4-6% for each 

percent increase in ammonia.  

The impact of any additive/diluent on soot formation can be attributed to collision effects, thermal effects and 

chemical effects. In this study, the N2 on the fuel side is partially or totally replaced by NH3 for a total mixture 

of 75% ethylene and the remainder being N2, or NH3. This means the collision effect of N2 and NH3 on soot 

formation is expected to be the same. The thermal effect is negligible, which is evidenced by the simulated 

temperature profiles as shown in Fig. 3. It should be noted that due to the lack of a soot model in our modelling 

work that heat losses due to soot radiation are not included in the temperature simulations but have been found 

to reduce temperature by less than 2% for a counterflow flame with a peak SVF value of ~2.4 ppm [35]. 

Therefore, it is reasonable to deduce that differences in the soot volume fractions noted between the cases listed 

in Table 1 are due to the chemical effect of NH3 on soot mechanisms. 

 

3.2 PAH and GC-MS measurements 

PAH is regarded as the main soot precursor [36,37]. To investigate the potential reasons for decreasing SVF 

with ammonia addition, PAH PLIF was performed. Profiles from these measurements were made by averaging 

an area 0.55 mm wide along the burner centreline and are shown in Fig. 4(a-d). The shaded area represents 

standard deviations from random experimental noise and were calculated from the 5 accumulated images. For 

the 350 nm BP filter, nominally corresponding to 2-3 ring PAH, the fluorescence counts are nearly the same 

Fig. 3: Simulated centreline temperature profiles for each 

condition 
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for each of the conditions. This means the formation of 2-3 ring PAH is not affected by NH3 addition in the 

counterflow SF flame configuration. Interestingly, the signal trends for PLIF measurements of larger PAHs 

are different than that of the 2-3 ring PAH. The PLIF profiles using the 400 nm BP filter corresponding to 4 

ring PAH begin to diverge. The reference flame (condition 1) has the highest peak fluorescence counts. The 

6% ammonia (condition 2) and the 12.5% ammonia (condition 3) fall within the error bars of each other. Finally 

the addition of 25% ammonia had the lowest fluorescence counts (condition 4).  The 450 nm BP filter showed 

a larger deviation between each condition as compared to the reference flame with the same trends as the 400 

nm BP filter. Finally the 500 nm BP filter showed the highest divergence between the conditions with 0% 

ammonia addition having the highest fluorescence counts followed by the 6%, 12.5% and then 25% ammonia 

addition. Trends for the 400 nm images, 450 nm images, and 500 nm images of PAH PLIF were consistent 

with the measured soot volume fraction trends found using LII with condition 1 showing the highest 

fluorescence counts and conditions 4 showing the lowest fluorescence counts.  
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Fig. 4: PAH PLIF profiles corresponding to (a) 350 nm BP filter, (b) 400 nm BP filter, (c) 450 nm BP 

filter, and (d) 500 nm BP filter. 
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In C2H4 flames, it is widely accepted that 2 ring PAH is dominantly formed via the hydrogen abstraction acetylene 

addition (HACA) route [38], where acetylene and benzene are the most important precursors. GC-MS 

measurement results revealed that the peak concentrations of acetylene was within a factor of 2 for flame 

conditions 1, 3 and 4 (C2H4/N2/NH3 = 75%/25%/0%, 75%/12.5%/12.5%, 75%/0%/25%), as shown in Fig. 5 and 

nearly overlap for benzene concentration measurements. The uncertainty bars included in Fig. 5 represent the 

uncertainty due to the repeated measurements.  Therefore, it is understandable that the detected 350 nm PAH PLIF 

signals also nearly overlap for each condition and that there are no apparent effects on benzene from the nitrogen 

chemistry early in the flame. Furthermore, repeated measurements showed that condition 4 (C2H4/N2/NH3 = 

75%/0%/25%) had the highest measured acetylene concentration as compared to the other conditions. The higher 

acetylene concentrations would typically result in higher soot formation, yet the opposite trend was observed under 

these conditions.  

Fig. 5: (Top) GC-MS profile measurements and 

simulated concentrations of acetylene. (Bottom) GC-

MS measurements for benzene for conditions 1-4. 
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Simulations of C2H2 profiles are shown at the top of Fig. 5. Simulations showed less than 4% difference 

between peak C2H2 concentrations of condition 1 and 4 with condition 1 having the higher peak concentration. 

While the uncertainty was significant for experimental measurements, peak concentration profiles were found 

to range between 19% and 64% with condition 4 (25% NH3 in ethylene) having the highest peak concentration.   

3.4 Detection of nitrogen compounds 

Detection and qualitative measurements of nitrogen containing compounds were performed during the GC-

MS measurements using a nitrogen detector. Nitrogen containing compounds were only detected for the fourth 

condition containing 25% ammonia dilution. Several nitrogen containing compounds including HCN, H3C2N, 

and H3C3N were detected and normalized signal intensities are shown in Fig. 6. Many previous papers have 

explored HCN formation and destruction in premixed flames of gaseous fuels and during pyrolysis of solid 

fuels [39–43]. While there is relevant literature related to the oxidation of nitrogen species or pyrolysis of some 

nitrogen containing species, the effects of nitrogen containing species on PAH formation is unexplored.  

3.3 Numerical Results 

Simulations were run using the Chemkin Pro software. Current ammonia/carbon mixture modelling 

capabilities are limited. The model used from [34] focuses on combustion with carbon species of 1-2 carbons. 

Due to model limitations, predicting soot formation with current models is unavailable. While model 

Fig. 6: Nitrogen compounds detected from gas sampled at 

condition 4. 
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development is outside the scope of this paper, the increased interest in ammonia combustion suggests further 

model development has the potential for significant impact in the combustion community. Despite these 

limitations, numerical simulations can provide some insight into the experimental results. Results from these 

simulations for temperature are shown in Fig. 3.  

To check if the soot reduction could be attributed to formation and oxidation by NOx, plots of C2H2 and NO 

were made and are shown in the top plot in Fig. 7. NO2 plots were also made, but not included since the NO2 

production occurred near the oxidizer nozzle and did not appear to overlap. Soot oxidation through NOx 

mechanisms has been extensively investigated in the past and is shown to be significant [44–47]. A plot of NO 

versus C2H2 showed significant overlap for each condition. However, while the addition of NH3 leads to a 

significant increase in the peak NO, the decrease in C2H2 does not correspond with this increase in the peak 

Fig. 7:  (Top) The left axis is the C2H2 mole fraction and the 

right axis is the NO mole fraction profiles for all conditions. 

(Bottom) The left axis is the HCN and CN mole fraction 

profiles for all conditions normalized to Condition 4 HCN 

and CN peak molar concentrations. The right axis is the 

temperature profile from Condition 4. 
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but rather seems to correlate with the NO in the region of overlap. C2H2 peaks closer the fuel end (~3mm) 

while both CO and NO peak at outer locations (~4.0-4.5mm). It may be that NO, as well as CN are reducing 

the concentration of heavier PAH species that may peak at similar locations and this is consistent with the 

experimental results shown in Fig. 4 and further discussed in the next section.  

Another potential theory for soot inhibition was found in [39] where it was shown that the addition of NH3 to 

a premixed fuel rich flame resulted in a linear conversion to HCN. The incoming NH3 is theorized to make the 

fuel leaner by one C atom for every N atom thus effectively inhibiting soot formation [48]. The bottom plot in 

Fig. 8 shows delayed onset of CN growth compared to peak acetylene growth, a key precursor to PAH and a 

good indicator of the PAH zone. As acetylene is consumed in these simulations, CN begins to form at the 

higher temperature. The resulting CN has the potential to react with PAHs possibly inhibiting further growth 

or soot nucleation. Studies on PAH growth at low temperatures have shown the potential for CN to react with 

phenylacetylene, a soot precursor [49]. Other studies at low temperatures have found CN is reactive with 

benzene and toluene [50].  

The Chemkin Pro reaction pathway analysis for flame condition 4 (C2H4/N2/NH3 = 75%/0%/25%) is shown in 

Fig. 8 within the green box on the left. The right side shows unexplored areas of soot formation with nitrogen 

containing species and must be further explored. Furthermore, this area is of interest due to the heightened 

toxicity of nitrogen containing PAHs as compared to PAHs without nitrogen [51,52].    

3.4 Synthesis of results and further discussion 

Fig. 8:  The reaction pathway analysis from Chemkin Pro is shown in the green box on the left. The unknown reaction pathway is shown on 

the right in the orange box. 
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In this section, experimental data obtained using optical diagnostics and gas sampling methods will be 

combined and analysed together. Fig. 2 and Fig. 4 show experimental measurements obtained using non-

intrusive laser diagnostics. Fig. 5 and Fig. 7 show experimental data obtained using gas sampling techniques. 

Uncertainties related to gas sampling are reviewed in [53]. In [54], OH PLIF is used to explore probe effects 

on gas sampling in a counterflow flame. They found that their probe with a 340 µm OD induced a flow shift 

of 0.6 mm or less in the measurements. In the top plot of Fig. 9, a combination of the non-intrusive data and 

intrusive data is shown for condition 1 (0% NH3 in ethylene). The intrusive data from gas sampling was shifted 

by 0.07 mm to match peak C6H6 measurements to the peak 350 nm PLIF measurements. This shift is justified 

because PLIF at 350 nm is deemed to correlate with benzene. C2H2 peaks nearer to the fuel side than the 350 

nm PLIF measurement at ~2.1 mm after the fuel nozzle. Following this, the 450 nm PLIF measurement peaks 

at ~2.5 mm and peak SVF occurs at ~2.69 mm from the fuel burner tip. 

To check if similar growth in PAH is expected in simulations, a more complex mechanism was used (KAUST 

mechanism 2.0) with PAHs up to Coronene for condition 1 [55]. Profiles of C2H2, A1, A4, and Coronene are 

shown in the center of Fig. 9 where each species is normalized by its peak concentration. Simulations showed 

that the stagnation plane was at ~3.3 mm while the peak temperature was at ~3.9 mm. Similar trends were 

found for initial growth of PAH, but peak locations of larger PAH were not necessarily closer to the oxidizer 

side. While differences in the experimental measurements and simulations exist, exploring these differences is 

outside the scope of this paper. Measurements in other SF flames have found similar PAH sequences [26,56–

58]. 

In the bottom plot of Fig. 9, a combination of the non-intrusive data and intrusive data is shown for condition 

4 (25% NH3 in ethylene). The intrusive data from gas sampling was shifted by 0.64 mm to match peak C6H6 

measurements to the peak 350 nm PLIF measurements. The data was again normalized by peak signal 

intensities for each respective species. While H3C2N and H3C3N were found to form early in the flame, these 

did not seem to affect early PAH formation as previously discussed. Following the peak PLIF signal from 350 



Page 20 of 27 

 

nm BP filter at 1.85 mm, peak HCN occurs at 2.15 mm from the fuel nozzle. Peak 450 nm PLIF signal occurs 

shortly after at 2.34 mm followed by peak SVF at 2.45 mm.  

Fig. 9:  (Top) Normalized intensity of experimental 

measurements from condition 1. (Center) Simulated normalized 

signal intensity of condition 1 using KM2 mechanism (Bottom) 

Normalized signal intensity of experimental measurements for 

condition 4.  
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The spatial separation in CN formation as compared to C2H2 is confirmed in the simulation and is shown in 

Fig. 7. Therefore, with NH3 addition, it is reasonable to link the soot reduction to the formation of active CN 

compounds which then influence the heavier PAH species. This evidenced through the link between LIF-

450nm and HCN which peak at similar locations. It should be noted that reactions of CN compounds with 

benzene and 2-3 ring PAHs are possible, but the reactions are likely to be significantly suppressed due to the 

spatial separation of reactive CN compounds from benzene and 2-3 rings PAH in our case. Furthermore, the 

formation of H3C2N does not appear to affect PAH from the 350 nm BP filter as condition 1 and condition 4 

have similar PAH intensities at this wavelength. Based on simulations and as shown in Fig. 7, there is an 

expected separation of CN formation as compared to the HCN with the CN formation beginning near the HCN 

peak. Experimentally, HCN formation peaked nearer to the 450 nm PAH rather than the 350 nm PAH. The 

PAH fluorescence intensities of condition 4 at 450 nm are then subsequently lower than condition 1 where 

these nitrogen species are not present and ultimately SVF is lower for condition 4 as compared to condition 1.   

5. Conclusion 

In conclusion, this paper explores the effects of ammonia addition on soot formation using a non-premixed 

counterflow flame configurations. Experiments measuring SVF, PAH PLIF and GC-MS measurements of 

acetylene and benzene were made. Nitrogen containing compounds such as HCN, H3C2N, and H3C3N were 

detected when ammonia was added into the combustion process. Based on experimental observations and 

simulation results the following conclusions can be made. 

• The addition of ammonia was shown to have a chemical effect in reducing soot formation for the 

conditions investigated.  

• The chemical effect of ammonia addition on soot formation reduction was not apparent during initial 

PAH formation processes with PAHs of 2-3 rings not being affected as shown by PAH PLIF and GC-

MS measurements but began to appear for PAHs larger than 2-3 rings.  
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Future work will explore mechanisms for soot reduction from ammonia addition. Furthermore, the toxicity of 

soot produced in dual-fuel plants should be assessed and effective controls implemented to reduce the impact 

of this alternative fuel on the environment. 
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