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Abstract: Ammonia (NHj3) has emerged as an attractive carbonless fuel that can be co-fired with
hydrocarbon fuel to reduce carbon dioxide emissions. To understand the influence of NHj3 on
soot formation when co-fired with hydrocarbons, the soot formation propensity is experimentally
investigated via a laminar diffusion jet flame. A stable ethylene (C;Hy) jet flame doped with NHj at
different volume percentages was established for the investigation of soot formation tendency. OH*
chemiluminescence imaging revealed the change of flame structure, in which the signals emitted
from the heat release region weakened with increasing NH3 addition, while the peak intensity shifted
from the flame wings towards flame centerline region. The laser extinction method used to measure
the soot volume fraction (SVF) at different heights above the burner, which showed the effect of NH3
on soot suppression is significant, owing to the interaction between N-containing compounds with
carbon atoms that result in the reduction of key intermediate products required for the formation
of benzene and polycyclic aromatic hydrocarbons (PAH). The effect of soot inhibition appears to be
stronger for the low NHj blend fraction. The chemistry effect of NH3 on soot reduction for C;Hy
flame is ascertained by comparing with Np-doped C,H, flame at the same volume percentage. This
work highlights the need for improved understanding of hydrocarbon fuel with NHj to enable
detailed understanding on the soot generation and oxidation process.

Keywords: ammonia; diffusion jet flame; laser extinction method; soot formation; soot volume fraction

1. Introduction

The urgency to develop clean and sustainable energy solutions has been highlighted
in the 26th United Nations Climate Change Conference of the Parties (COP26) to curb the
rise of global temperature to within 2 °C [1]. Decarbonization of the energy sector is seen
as one of the pertinent measures to achieve the carbon neutrality goal. As such, hydrogen
produced from renewable energy sources has been identified as a key energy carrier that
can replace the fossil-based hydrocarbon fuels [2]. The inherent high energy per unit mass
for hydrogen and the absence of CO, emissions during combustion is hugely advantageous,
making it a favorable alternative fuel. However, the issues of storage and safety concerning
hydrogen usage present challenges for the deployment in the transportation sector [3].
Another carbon-neutral fuel that has recently gained significant attention is ammonia. The
carbonless nitrogen-based fuel requires a moderate condition for fuel storage and transport
and can be used in land-based power generation and low- and medium-speed engine
operations [4]. However, some issues related to the ammonia’s burning characteristics,
such as low velocity and heating value, longer ignition delay time, and high NOy emissions,
need to be addressed when used as fuel in existing engines [5]. One way to overcome
the drawbacks of ammonia is by adopting the co-firing strategy with hydrocarbon or
hydrogen fuels.

The usage of ammonia as operating fuel requires detailed study on the emissions char-
acteristics to enable the formulation of suitable strategy to minimize pollutant emissions.
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Various studies regarding the combustion properties of NH3 co-fired with a wide range of
hydrocarbons have been documented in different reviews [6,7], including laminar flame
speed, ignition delay, spray flame, chemical kinetics and emissions measurements, among
others. Some researchers have extended the application of NHj3 in practical combustion
devices such as internal combustion engine and micro gas turbine to examine the fuel’s
performances [4,5]. At present, oxidation studies of NH3 have mainly focused on the
emissions of gaseous pollutant, i.e., nitrous oxide (NOy), owing to the detrimental impacts
to human health and the strict industrial regulation of NOy emission. Another pollutant
that is equally harmful but less studied is the emissions of particulate matters, i.e., soot. The
study of soot particles is of importance as the emissions of PAH, which is the soot precursor,
is carcinogenic in nature, while the fine particulates of PM; 5 are harmful to the respiratory
system. To mitigate the effects of soot, the energy and transportation sectors have im-
posed stringent regulations on the emissions. The diesel fuel of EURO 6 standard specifies
the limits of the number densities and mass of particulate matters [8]. The International
Civil Aviation Organization (ICAO) implements the CAEP/8 (Committee on Aviation
Environmental Protection/8) standard that limits the particulate matters emissions from
aviation engine [9]. The International Maritime Organization (IMO) has specified the limit
of particulate matter emissions for marine vessels via Regulation 14 [10]. These challenges
have motivated the formulation of mitigation strategies and combustion techniques to
reduce the soot emissions during combustion processes. Therefore, when considering the
use of carbonless alternative fuel, the formation mechanism of soot and PAH needs to be
elucidated to optimize the combustion process for minimum soot emissions.

Of late, some research groups have attempted to understand the fundamental sooting
characteristics of ammonia co-fired with fossil hydrocarbon fuels. Li et al. [11] evaluated
the influence of ethanol and ammonia addition on PAH formation in premixed ethylene
flames. It was found that both ethanol and ammonia addition could cause PAH reductions
in premixed ethylene flames as their blending ratios increase. The suppression of PAH was
due to low concentration of key intermediates such as C,Hj, C3H3, PC3Hy, and C4Hy in
flame, which are essential species needed for the formation of aromatic benzene ring and
PAH growth [12]. Montgomery et al. [13] reported similar effect where NHj inhibits the
formation of benzene (CgHyg) in NH3-CHy diffusion flame, of which the soot emission was
reported to reduce by a factor of 10 with 20% of NHj addition in CHy. Interestingly, the
suppression effect on the formation of C¢Hg was found to be stronger for NH3 than Ny, as
observed by the reduced concentration of CoHj; species in the NH3-CHy4 flame compared to
N,-CHy flame [13]. The N-radicals from NH; decomposition would react with C-radicals
from conventional hydrocarbons to form cyanide and hydrocarbon amines; thus, the carbon
species needed for the formation of benzene is reduced [14]. Cheng et al. [15] investigated
the soot formation characteristics of n-heptane co-flow laminar diffusion flames with
different blend ratios with ammonia. Results showed that the soot volume fraction (SVF)
decreased with the addition of NHj3, implying that the ammonia is effective in inhibiting
the formation of PAHs. Even under the turbulent jet diffusion jet flame condition [16], the
ammonia addition to ethylene flame was found to reduce soot volume fraction with smaller
soot nanoparticles compared to those emitted by neat hydrocarbon fuels, indicating the
soot growth process is inhibited. The competition by the nitrogen-based compounds such
as HCN, H3C,N, and H3C3N for the carbon radicals available in flame ultimately reduces
the carbon required for soot formation [17]. The impact of NH3 on soot suppression was
found to be more apparent when PAH is larger than 2-3 rings, as was observed in the
speciation study in a counterflow flame of NH3-CyHjy [17]. Li et al. [18] reported that NH3
addition leads to stronger soot suppression effect than Hj, even though both fuels are
carbonless. The addition of H, in CoHy resulted in the increase of flame temperature; hence,
the thermal effect on soot enhancement is more dominant. The soot particles produced
from NH3-doped C,H,4 flame are more thoroughly oxidized, as evident by the shorter and
more tortuous soot morphology. These results indicate the complexity of soot formation
process involves not only the chemistry effect, but also the convolution of other factors,
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such as thermal and dilution effects, which require extensive experimental data to elucidate
the soot formation mechanism.

In the present study, the soot formation characteristics of ammonia blended with
ethylene fuel is compared under diffusion jet flame condition. To quantify the soot volume
fraction of the blended fuels, the laser extinction method, which is known to provide
measurement with high fidelity, is adopted for the present study. The planar flame structure
of the NH;3-CpHy flames is investigated via the Abel-transformed OH* chemiluminescence
imaging to investigate the main heat release area. The thermal and dilution effects of NH3
were investigated via the calculation of theoretical NHj flame temperature and measured
SVF of nitrogen-doped C,Hy flames. The present work highlights the characteristics of
NHj3-doped fuels in generating soot, paving the way for understanding the formation of
soot in actual combustion systems.

2. Experimental
2.1. Burner Setup and Fuels

A co-flow laminar diffusion jet flame burner was utilized to establish the flames for
soot measurements. The burner consists of a central jet tube with an inner diameter of
10.5 mm and an outer co-flow tube with inner diameter of 95.6 mm. A flow straightener was
used to ensure the supply of co-flow air is uniform to shroud the flame from disturbance.
The burner was placed on a motorized traverse, which allows for the spatial translation of
axial and radial directions with the accuracy of 0.1 mm, to enable the spatial measurement
of soot volume fraction in flame via the laser extinction method. The gaseous fuels used
in the present experiment to establish a laminar diffusion flame were ethylene (C,Hy4)
and ammonia (NHj3). The blending of the ethylene fuel with ammonia was performed at
upstream of the burner prior to ignition at the central jet outlet in diffusion mode. Figure 1
shows the schematic of the burner and flow delivery system. The supply of the co-flow air
and gaseous fuels were regulated via mass flow controllers (Sevenstar CS230, accuracy 1.0
full scale). The co-flow air was maintained constant at 9.91 cm/s for all cases. Blending of
the NHs with C,H4 was performed at different ratios ranging from 9.1 to 50% by volume.
Table 1 shows the geometry and operating condition of the burner system. The diluent gas
used to blend with ethylene flames was nitrogen (N,) to decouple the dilution effect from
the chemistry effect.
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Figure 1. Schematic of the co-flow diffusion jet flame setup and the optical setup for laser extinction
measurement. BS: beam splitter, ND: neutral density filter, PD: photodiode, CVL: convex lens, CCL:
concave lens, NB: narrow band filter, AMP: amplifier, DAQ: data acquisition board. Dimensions are
in millimeters.
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Table 1. Geometry and operating conditions of the burner system.

Jet diameter (mm) 10.5
Co-flow tube diameter (mm) 95.6
Co-flow medium Air
Co-flow velocity (cm/s) 9.91
NHj blend fraction (vol.%) 9.1-50.0
NHj; flow rate (L/min) 0.02-0.2
C,yH, flow rate (L/min) 0.2

2.2. Measurement Techniques
2.2.1. OH* Chemiluminescence Imaging

Imaging of the via OH* chemiluminescence signal emitted from the laminar diffu-
sion jet flame was performed using a CCD camera (LaVision SX-4M) coupled with an
intensifier (IRO X) fitted with a UV lens (Nikon 85 mm) and a bandpass filter centered at
306.4 nm +1 nm (Thorlabs). The intensifier was set to 100% gain, 900,000 ns gate, 150 ns
delay, and 30 Hz imaging frequency. For each case, 150 frames with the spatial resolution of
0.2005 mm /pixel were taken for averaging after the established flame was stabilized. The
actual flame images were captured using a digital single-lens reflex camera (Sony A35) with
the setting of ISO 100, f1.8, and 1/100 s. For image post-processing, Abel transformation
was performed to obtain the 2D planar OH* signals representative of the flame structure at
center plane.

2.2.2. Laser Extinction Measurement Technique

The schematic of the laser cavity measurement system is shown in Figure 1. A
monochromic diode laser (Laserwave, LWRL638-150 mW, 638 nm wavelength, 150 mW
maximum power) was used as the detection laser source. A relative long near IR region en-
sures a good validity of Rayleigh Approximation for the detection of soot volume fraction.
Moreover, the polycyclic aromatic hydrocarbons (PAHs) absorption of laser energy can
be ignored in the region [19]. Thus, the A, = 638 nm was selected as an optimal detection
wavelength for the present study.

The laser beam is split into a reference beam (about 1% of the total laser energy) and a
main measuring beam (about 99% of total energy) by a beam splitter (Thorlabs BSF10-A).
The reference beam intensity is measured by a photodiode (Thorlabs SMO5PD1A Silicon
Photodiode, 350-1100 nm) equipped with a neutral density filter (ND1: Thorlabs NE20A-
A, optical density = 2.0), and the laser energy is proportionally converted into a small
electric current i,,s. The main probe beam passes through a concave lens (Thorlabs LC4888,
—100 mm focal length) and a convex lens (Thorlabs LA1461-A, 250 mm focal length) to
be collimated into a thin Gaussian beam before entering the target flame. Therefore, the
finest possible spatial resolution of the measurements is approximately 200 um [3]. Another
ND filter (Thorlabs NE10A-A, optical density = 1.0) and a NB filter (FL635-10 -&J1” Laser
Line Filter, CWL = 635 + 2 nm, FWHM = 10 £ 2 nm) are used to attenuate the probe laser
intensity and filter the flame luminosity, respectively. The main laser beam is measured
using an identical photodiode for the reference beam and produces a photocurrent i,,, which
is proportional to the attenuated laser beam. The currents from the two photodiodes i, ¢
and i, are collected and compared by a logarithmic amplifier (Texas Instrument LOG104),
and the output voltage of the amplifier V is given as:

i
Vout = Clog,, ﬁ (1)
re

where the amplification constant C = 0.5 V is provided by the manufacturer. The voltage
is recorded by using a data acquisition board (NI USB-6009) at a 12-bit resolution and at
150 Hz for 10 s. By taking the ratio between the reference beam and main probe beam’s
photocurrents via the logarithm amplifier, measurement uncertainty caused by the energy
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output fluctuation of the diode laser source could be cancelled, as the ratio of the two beams
remains a constant given when the optics are stable. The values of Vy,t when the flame is
on (with soot) and off (without soot) are measured separately. Providing the photocurrent
is proportional to the laser intensity, the ratio of I and I; in Equation (3) is evaluated, and
hence, P, is obtained.

2.3. Laser Extinction Theory

The laser extinction technique [20-22] is used to quantitatively measure the soot
volume fraction distribution fy in the target flames. The extinction measurement is based
on the principle that when a laser beam passes through a flame containing soot particles,
the intensity of the beam will reduce due to the absorption and scattering of soot. The laser
beam’s power reduction follows Lambert-Beer Law [23,24] as shown in Equation (2):

Al

T = —KeAx (2)
where [ is the incident laser beam intensity, Al is the reduction of the incident laser beam
intensity after travelling through a small distance Ax in the probe volume, and K, is the
extinction coefficient determined by the local volume fraction and the optical properties of
soot. By integrating Equation (3) along x, we obtain:

I +o0
—1n5:/’ﬂ: Kedx = P, 3)
Ii Ii I —00

where I; and I; are the intensities of the laser beam before and after the it passes through
the flame, respectively. The projection value Py represents logarithmic extinction of the
laser intensity. The extinction of a laser beam is caused by the absorption and scattering
of soot particle in flame [25,26]. The relative contribution of scattering and absorption to
total extinction is determined by the ratio of incident beam wavelength A, and the particle
diameter D [27]. When A, is much larger than D, the interaction between the beam and
particles are in the Rayleigh Approximation Region [28]. Within the Rayleigh Region, the
total extinction coefficient can be considered as the arithmetic sum of scattering coefficient
Ks and absorption coefficient K,. The value of K could be estimated by multiplying
the total scattering cross section area of soot and the relative frequency of occurrence of
scattering [27], as shown in Equation (4):

o 8n YF(m) [ 6
KS—Ns(Ae) T/o P(D)D®dD 4)

where m is the complex refractive index of soot, P(D) is the probability distribution function
of soot particles’ diameter, and F(m) is the scattering function of soot particles, which could
be calculated as a function of m:

2
m?—1

m2+2 ®)

FOn) = |

Similarly, the absorption coefficient of soot particles K, can be calculated as the product
of extinction cross section and the particle number density:

2 )
K, = Nn—E(m)/ P(D)D*dD ©)
Ae 0
where the absorption function E(m) is given by the imaginary part of a function of m as
shown in Equation (7):
E(m) = —tm ("1 7
(m) = — m(nﬂﬂ) @)
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By combining Equations from (1) to (6), the ratio of Ks and K, is proportional to
D/A.. A non-dimensional size parameter d = wD/ A, is introduced as a criterion for the
validity of Rayleigh Approximation. When d < 0.3, the scattering is negligible, and one
can consider K, = K; [29]. In the present study, the soot particles produced in the base
undiluted flame are mostly small than 60 nm in diameter [30], which falls in the Rayleigh
Region considering the detection laser used is A, = 638 nm. Moreover, the NH; diluted
cases produce smaller particles than the reference undiluted case, which ensures an even
better validity of the Rayleigh Approximation. Therefore, the fy and K, can be linearly
related as:
67tE(m)

Ae

The projection value of Py along each chord position y across a certain height of the
flame is measured experimentally. By applying inverse Abel transform [22] to Equation (3),
the extinction coefficient as a function along radial distance in a flame height K. (r) could
be obtained from the measured projection value along each chord position Py(y), as:

Ke =Ky = fv 8)

/ \/m ©)

where P{(y) is the first-order differential of Py(y). Equation (9) is solved numerically by
using the one-dimensional discrete three-point Abel transform scheme [31], and hence, the
soot volume fraction as a function of radial distance fy () can be evaluated.

2.4. Validation of the Laser Extinction Technique

Validation of the present laser extinction measurement method is performed by com-
paring with the soot data obtained from a jet diffusion flame via the 2D planar laser-induced
incandescence (LII) measurement method [20]. The LII method is based on the principle of
heating the soot particle with a high-power laser to temperature high enough to emit mea-
surable quasi-blackbody radiation. Subsequently, the emission of the radiation is recorded
with gate detection technique to resolve spatially to derive the particle-distribution or
volume-fraction measurements related to the primary-particle size information [19]. In the
present study, the target flame used for validation is a standard diffusion co-flow flame
was established with 0.18 LPM of ethylene diffusion flame, surrounded by the co-flow of
air supplied at 35.0 LPM [20]. The flame appearance is a typical cone-shape jet flame at
laminar condition. Figure 2 shows the half-plane measurement of the SVF for a standard
ethylene diffusion at different height above burner (HAB) derived from the two methods.
The y-abscissa represents the burner centerline, while the x-abscissa represents the radial
displacement from the burner centerline. Near the jet exit nozzle at z = 15 mm, the SVF
is seen to peak at a distance from the centerline. Further increase in flame height location
shows the peak SVF shifts towards the jet flame centerline. At about z = 50 mm, the peak
of SVF is located at the jet centerline with slightly lower magnitude compared to the peaks
at flame wings (z = 30-35 mm).

The laser extinction method is able to reproduce the SVF trends rather closely at all
axial heights above the burner including the peaking location and magnitude, in spite of
some slight discrepancy observed at the center region of the flame and at height above
burner of z > 40 mm. The discrepancy could be due to the fluctuation of the flame; in
particular, the flame is more susceptible to the dynamic of flame interaction with the co-flow
at higher HAB. Further, the uncertainty induced by the Abel transformation of LII and
extinction method due to signal trapping could be another reason for the discrepancy.
Nevertheless, the validation shows that laser extinction method is able to provide quantita-
tive measurement with high confidence for SVF up to HAB = 40 mm. It should be noted
that the LII data were calibrated against the extinction method by using the procedure
described in [21,22]. In other words, the LII results are not independent of the extinction.
As the calibration process involves matching the total integrated SVF over the flame radial
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distance between the extinction and LII [21,22], the good agreements between the two
techniques in both maximum SVF and profile of SVF along radial distance demonstrated
that the extinction measurement is sufficiently accurate to resolve the gradient of SVF along
with radial distance without losing information.
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Figure 2. Comparison of the soot volume fraction of a standard ethylene diffusion jet flame at
different heights above the burner measured by laser extinction and LIl methods.
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A detailed uncertainty analysis for the extinction measurement system was performed
in our previous publication [22]. Although combined uncertainty was calculated for
the multi-pass system in the study [22], the conclusion is applicable for the single-pass
system that was used in the present study, as the cavity configuration does not change
the uncertainties contributed by the flame fluctuation, the absorption function E(m), and
Abel transform. Via a detailed error propagation analysis [22] and a field reconstruction
simulation [22,31], it was found that the uncertainty arising due to tomographic inversion
and discretization of the Abel transform is estimated to be around 10-20% at the peak
soot volume fraction (SVF) position in flame. The uncertainty caused by E(m) is difficult
to quantitatively estimate. Some previous studies shows that the value of m and E(m)
are both wavelength and fuel dependent [32,33]. The discrepancy on the reported E(m)
for the soot produced in the hydrocarbon flames that are similar to the present study can
be as large as 40% [34,35]. Using the value of 0.26 in the present study [35] is likely to
underestimate the SVF deduced by extinction measurement. However, given that the
Rayleigh Approximation may still overestimate SVF (by neglecting scattering) [35], further
accurate values of E(m) would still directly improve the accuracy of the extinction method.
Therefore, considering the large uncertainty associated with E(m), the experimentally
obtained values of K. alongside with the SVF values are reported in the Supplementary
Materials. The values of K¢ are independent of any assumptions about E(m) and can be
useful in the validation of future models.

3. Results and Discussion
3.1. Flame Imaging and OH* Chemiluminescence

The establishment of laminar co-flow diffusion jet flames enables a stable cone flame
anchored at the burner outlet for soot measurement. Figure 3 shows the flame appearances
of the diffusion jet flames of ethylene doped with different concentrations of NHj. It is
observed that the flame heights do not differ much for the range of blends tested, with
all the flame heights hovering around 90 mm from the nozzle exit, but the inner cone
of the flame is noticeably increased in height with the increasing NH3 blend ratio. It is
important to note that the blending of NHj to the initial 0.20 LPM of ethylene results in
the increase of total flow rate, and hence, the flow velocity at the exit of the burner varies.
Nonetheless, the carbon content for all the flames is the same; hence, the soot formation
tendency is compared under the same amount of carbon compounds. The fuel is then
fed to the reacting flame front where the reaction takes place in the luminous zone. The
increasing area exhibited by the inner cone shows that a higher NHj3 blend fraction results
in a delayed reaction at the flame front. This is expected as the NHj3 is known to have low
flame speed, high activation energy, and longer ignition delay time [36].

The Abel-transformed OH* chemiluminescence imaging shows that the heat release
region differs rather significantly for different CoHy-NHj blend ratios. At the low NHjs
blend, the heat release region is noticeably larger with higher OH* intensity near the flame
root and the center region downstream of the inner cone. With the increase of NH3 blend
fraction, the peak OH* signal is seen to shift further downstream towards the flame tip
region, in accordance with the elongated inner cone. This concurs with other experimental
study, which shows the addition of NHj3 decreases the flame temperature at the early stage
of the flame and increase the flame temperature at the post stage [12]; thus, the soot loading
is shifted correspondingly from the flame wing to the flame centerline. By blending 44.4%
vol. of NHj3, the OH* chemiluminescence emission intensity is seen to weaken relative to
the low NHj blends, owing to the chemistry effect of the blend mixture and inherent low
heating value of NH3. The OH* intensity signal at the flame root is also seen to reduce at
a higher fraction of NHj, implying that the NH3-enriched flame is more prone to flame
blowout, should the flame stabilization mechanism be affected by insufficient reactivity
and heat loss to the burner rim.
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Figure 3. Flame images and the corresponding OH* chemiluminescence images of ethylene diffusion
jet flame doped with ammonia at different volume percentages.

To account for the effect of dilution, the measurement of the SVF for ethylene flame
doped with different N; blend fractions is performed. Similar to the C;H4-NHj set of
flames, the C,Hy flow rate is fixed while the Nj is blended prior to burning in diffusion
mode. In general, the flames established were stable with similar flame heights of around
100 mm for the range tested, as shown in Figure 4. Although the flame length (luminous
yellowish flame region) does not vary significantly between the flames, the inner cone
region shows an increasing height with higher fraction of N,. Compared with the C,Hy-
NH; flames of the same total flow rate, the growth in size for the inner cone is less, implying
the reactivity of the N>-doped ethylene flame is higher than the NH3-doped counterparts.
This is validated by the corresponding Abel-transformed OH* flame images, where the
flame structure is similar for all the flame tested. The flame wings and flame centerline
region downstream of the inner cone show high intensity of the OH* signal, indicating the
dilution of Nj has insignificant impact on the fuel chemistry reaction. Figure 5 shows the
comparison of the flame heights for the NH3- and N>-doped C,Hy diffusion jet flames. The
luminous flame height is defined as the length of the flame from the burner outlet to the tip
of the flame, whereas the length of the inner cone is defined as the nozzle outlet to the tip of
the cone located at the centerline. The NH;3-doped C;H4 flames show a consistently shorter
flame length than N>-doped flames, but the inner cone length for the former is longer than
the latter, in particular for C;Hy flames with an NH3 addition at >30% by vol.
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Figure 4. Flame images and the corresponding OH* chemiluminescence images of ethylene diffusion
jet flame added with nitrogen at different volume percentages.
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3.2. Soot Volume Fractions
3.2.1. Effect of Ammonia

Measurements of the soot volume fraction for ammonia-blended ethylene flames
were performed at different HAB to characterize the planar soot distribution. Due to
the axisymmetric nature of the jet diffusion flame, measurements were conducted at the
half-plane of the flame. Figure 6 shows the radial soot volume fraction of C;Hy-NHj3 flames
measured at HAB = 25, 35, and 45 mm from the burner centerline. The measurements
were conducted at the spatial distance of 0.25 mm for ethylene flame with NHj blend
fraction of 18.2%, 25.0%, and 30.8% by volume. Comparison of the radial SVF profiles
shows a distinct difference in the peaking location of SVF. For the lower NHj fraction,
the SVF peaks at radial location between 2 and 3 mm from centerline with a higher peak
SVF value compared to flames with higher NHj3 fractions. This also implies the flame has
wider flame wing with higher reactivity that is prone to form more soot. An increase of
NH3 to 25% results in a drastic decrease of SVF at all HAB. The peak location of SVF shifts
towards the centerline, indicating the thinning of the flame reaction zone with reduced
reactivity. The reduction of soot can be attributed to the reduction of benzene (C¢Hg) and
polycyclic aromatic hydrocarbons (PAH), which are the precursors needed for the growth
and formation of soot [12,14].

Interestingly, a further increase of NHj to 30.8% results in marginal decrease of SVF,
but the flame structure remains the same as those of 25.0% NHs, as evident by the same
peak SVF locations. At z = 45 mm, the peak of SVF is not reflected in the cases with
>25% NHj blend fraction, but plateaus with an almost constant value of SVF of 1 ppm.
The SVF at HAB = 45 mm is reduced by a factor of 2 for the flame with 25% NHj as
compared to the peak SVF of 18.2% NHj in ethylene flame. The varying degree of
soot reduction can be explained by the rate-limiting step of benzene formation. It is
known that the formation of C4Hg from C,Hs decomposition follows the pathway of
C2H4 — C2H3 — C2H2 — C3H4—P — C3H3 — C6H6- The C6H6 then proceeds to form
PAH via the hydrogen-abstraction C2H2-addition (HACA) growth mechanism [37]. The
plausible C¢Hjg inhibitory route in the NH3-doped C,Hy4 flame occurs via the suppression of
C,Hj species. The dominant C3Hj formation pathways are CoHy +H <> CoHs + Hy (R1),
C2H3(+M) ~ CHy + H(-l—M) (R2), and C,H, + CHp +» C3Hz + H (R3) based on the
kinetics elucidated via the AramcoMech mechanism [14]. The H, produced from the pyrol-
ysis of NHj suppresses reaction R1, and thus, the formation of C;Hjz. A consequence of
this is the formation of Co;H; and C3Hj is inhibited.

Since the formation of C¢Hg is mainly governed by the reactions 2C3Hz => CgHp (R4)
and CgHg + H(+M) = CsHg(+M) (R5) at 1400 K, the lack of C;H; and C3Hj radicals
directly inhibits the formation of C¢Hg. The importance of C3Hj for the inception of CqHg is
also corroborated in another non-premixed NH3-CyHy reaction mechanism study via the re-
actions of CoHy + CH, = C3H3 + H (R6) and C3H3 + OH <« CpH3z + HCO (R7) [12]. Fur-
ther, the formation of propyne (C3Hy-P) is disrupted as a result of a higher H, mole fraction
produced from NH; decomposition, i.e., via the reaction C3Hy; — P+ H « C3H3 + H, (R8),
which inhibits the conversion of C3Hy-P into C3H3 [14]. In short, the intermediate species
of C,H,, C3H3, and C3Hy-P, which are essential for the formation of C¢Hg, are affected
when NHj is added to C;Hy flame. Instead, the interaction between nitrogen and hy-
drocarbon leads to new reaction pathway to produce hydrocarbon amines such as HCN,
CH;NH, CH,CHNHj, and CH3NH,, amongst others, which reduces the carbon-based
species required in the soot aggregation process [12,38]. At higher NHj3 blend fraction, there
is significantly lesser amount of carbon atoms available for C¢Hg formation, which explains
the reduction of soot is not as evident compared to low NHj3 blend fraction as shown in
Figure 6. Other than benzene, other soot precursors such as naphthalene, phenanthrene,
and pyrene were also shown to decrease with increasing ammonia fraction [12]; hence, the
growth of nascent soot is disrupted.
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Figure 6. Half-plane radial distribution of SVF for ethylene flames blended with NHj of different
volume at HAB = 25, 35, and 45 mm. The C,H4 was supplied at constant flow rate of 0.18 LPM.

The normalized SVF of C,H4-NHj flames and neat C,H, diffusion flame at the axial
centerline are shown in Figure 7a. Being a sooty flame, the C;H4 flame produces the
largest amount of soot, followed by the increasing blend fraction of NH3. A non-monotonic
decrease of soot production is reflected, where the 9.1% NHj3 blend shows a decrease
by more than 50% compared to the neat CoH, flame, whereas the 16.7% NHj3 blend
shows a drastic reduction of SVF by approximately 80%. This shows that a relatively
low blend ratio of NHj3 with hydrocarbon flame can achieve a significant improvement
in soot emissions. From the NH3 decomposition perspective, N-containing species react
with C-based species to form cyanogen, cyanides, and hydrocarbon amines, thus reducing
the amount of carbon for hydrocarbon growth chain [14,17]. For instance, hydrogen
cyanide (HCN) is produced via the reaction HyCN <+ HCN + H (R9), in which the H,CN
is produced from the reaction NH3 + CH <+ H,CN + 2H (R10) [14]. A similar conclusion
was reported by the study [39], where the introduction of ammonia results in the increase
of HCN and CN, highlighting the competition between NHj3 and O over carbon atoms,
thereby causing the decrease of CO and CO; concentrations [40].

Concurrently, the NO formed from NHj3 oxidation would enhance the consumption of
CyH via CoH + NO +» HCN + CO (R11) and C;H+ NO < CN + HCO (R12) , which
then suppresses the formation of C3Hy-P, leading to the decrease of C4Hg formation.
However, the gradient of soot reduction decreases with further addition of NH3, in which
the increase of NHj to 23.1% by volume does not result in large drop in soot production,
as opposed to the lower HNj3 blend fractions. Another interesting observation is that
the peak SVF at the centerline axial profile is shifted further downstream with increasing
NH3 blend fraction. This concurs with the global phenomena of increasing inner flame
cone length as observed in Figure 3, thereby pushing the main heat release rate further
downstream towards the flame tip region. The effect of NH3 addition was reflected not
only in the overall decrease of soot formation, but also the soot particle size was shown
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to reduce [12,38]. Figure 7b shows the non-linear decrease of SVF with the addition of
increasing ammonia fraction in C2H4 flames.
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Figure 7. Comparison of the (a) centerline axial profile of normalized SVF and (b) peak SVF for
different CoHy-NHj flames with the baseline C;H, flame. The C,Hy was supplied at constant flow
rate of 0.18 LPM.

3.2.2. Factorizing of the Soot Suppression Effects

A sensible way to investigate the factors that inhibit the soot formation in an ammonia-
diluted flame was proposed by Law and coworkers [41,42] and has been extensively used
by other following researchers [21,43,44]. Law and coworkers [41] suggested that the
non-sooting additives prohibit the soot formation in flames via three ways: (1) dilute
the reactants (dilution effect), (2) lower the reaction temperature for soot formation (ther-
mal effect), and (3) participate and slow down the chemical reactions for soot formation
(chemical effect).

To investigate the chemistry effect of NH3 on soot formation, the dilution effect is
decoupled by comparing with the N,-blended C;H, flame. Figure 8 shows the radial
distribution of SVF between 10% Nj- and 10% NH3-doped ethylene diffusion flames. The
net difference between the two profiles signifies the chemical influence of NHj3 on soot
suppression. The addition of Nj lowers the flame adiabatic flame temperature, thereby
resulting in a decrease of the hydrocarbon growth rate and soot formation process [45].
In addition, the presence of N, reduces the collision frequency between the fuels and
its products, which contributes to the suppression of soot formation [13]. The peak SVF
locations are similar at different HAB for both profiles but shift towards the centerline
axis as the HAB increases. This is expected as the flame shape changes with respect to
flame height. Since the addition of Ny lowers the C¢Hg concentration through dilution
and thermal influences, the net difference between the NH3 and N profiles suggests the
chemical influence on C¢Hg formation rates. A speciation experimental study has reported
that the difference of C,Hj; level is similar between Nj- and NH3-doped methane flames,
implying that NH3 most likely affect the formation of C¢Hg by disrupting the formation of
other precursors such as C3Hg, C4Hg, or C3Hy-P [13].
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Figure 8. Radial distribution of the SVF for 10% of NH3 and N; by vol. added to ethylene diffusion
flame. The C;Hy was supplied at constant flow rate of 0.18 LPM.

The results shown in Figure 8 indicate that temperature is key information to under-
stand the soot formation footprint in the flame. However, it is not possible to perform a
thorough soot formation analysis in a 2D SVF map against the temperature distribution in
the corresponding flames. By using a simplified one-step soot reaction model involving
the Arrhenius term, the relative importance of the three factors in reducing soot formation
could be obtained and compared. Giilder et al. [43,44] proposed and verified that the
maximum soot mass fraction (SVFnax) in the centerline of a diffusion jet flame could be
linearly related to a term as below:

—Eg
SVFmax = BpHZ X e '/ (10)

where B, is a constant for all cases, and H is the visible flame height, whose square
root is considered as proportional to the residence time for soot formation along flame
center [21,43]. X is the ethylene molar fraction in the in the coming fuel jet. The value of
the global activation energy for soot formation in ethylene flames 200 k] /mol is taken from
the [46]. Ry is the ideal gas constant, and the flame temperature Ty is estimated using the
ultra-fast reaction model for the non-premixed flame [21], as:

Ty = §stYP,oCQ +¢st(Tr0 — Top) + Top (11)
P

where Yry and Y are the boundary mass fractions of fuel and oxygen at the fuel side
and oxidizer side, respectively. In the present study, Yr = 1, as ethylene and ammonia are
all fuels for the flame, and Yy = 0.233 for the air, which is used as oxidizer for all cases.
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Trp and To are the boundary temperatures for fuel and oxidizer, respectively, which is
298 K for the present study. Q is the heat value of the fuel mixture, which is obtained by
calculating the mass-fraction-weighted mean low heat value (LHV) of the mixture as:

Q = YaQa + YeQe (12)

where Y,, Q;, and Y,, Q. are mass fractions and LHVs for ammonia and ethylene, respec-
tively. Here, we take Q, = 18.8 MJ /kg [5] and Q, = 47.7 MJ/kg [47]. The mixture fraction
for non-premixed flame ¢ is defined by:

- (YF_iQ)_( F_Y?O>o,o
( F_YTO)FO_ (YF_YTO>O,0

7

(13)

The subscript 0 means the boundary values, and S is the mass ratio of the oxygen
and fuel for a complete combustion. The flame temperature Ty is hence calculated against
the blending ratio of ammonia in the fuel jet, and the results are plotted in the Figure 9
using solid red line. It shows that the heat value of ammonia is lower than ethylene by 61%;
however, because significantly less air is required by ammonia, and hence a higher mixture
fraction at the stoichiometric location s can be achieved, the flame temperature for pure
ammonia flame is only roughly 5% lower than that of the pure ethylene case, as shown in
the figure.

The contribution of dilution effect, thermal effect, and chemical effect of ammonia
addition to the soot formation can be analyzed separately. By taking the value of Tras a
constant of pure ethylene case, we can obtain the SVFnax (with terms H and B)) against
ammonia’s blending ratio. The SVFs are then normalized against the pure ethylene flame.
Considering the flame heights H are very similar across all tested cases, and B, is a constant,
they can be cancelled, and the normalized SVF at a constant flame temperature is calculated
as showed (blue dashed line) in the Figure 9. As in the calculation, the temperature is
set as a constant; therefore, the reduction of SVFn.x is entirely caused by the dilution
effect. Unsurprisingly, the dilution effect of ammonia to the soot formation presents a
linear manner as the blue dashed line is a straight line, with a gradient of 1. Next, the
calculated Ty from Equation (11) is inserted into Equation (10), and normalize the calculated
SVFmax, and the results are plotted in the Figure 9 using a solid green line. As the actual T,
values are used for the calculation, the thermal effect on soot reduction could be obtained
by comparing the SVFy,x obtained from the previous step (blue dashed line). Finally, by
comparing against the measured SVFnax (shown as dots in Figure 9), the chemical effect
of ammonia for soot reduction can be evaluated. Obviously, the reduction of soot mainly
attributes to the dilution and chemical effects of ammonia. The conclusion is in a good
agreement with the results shown in Figure 8. The contribution of thermal effect is small
compared to the other two. This is due to (1) an insignificant temperature reduction with
the ammonia addition, and (2) a relatively small global activation energy of soot formation
for ethylene. A chemical analysis will be performed in detail in our future study.
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Figure 9. Normalized measured maximum soot volume fraction SVF (dots) at the flame centerline as
a function of the volumetric percentage of ammonia (left axis). Calculated flame temperature (right
axis). Model predictions: concentration change via dilution (blue dashed line), single-step model
(green solid line).

4. Conclusions

The soot formation tendency of NH;3-doped C;H, flames was investigated via the
establishment of a co-flow laminar diffusion jet. Flame imaging shows that the flame
physical appearances for NHz-doped CoHy flames have similar flame heights, but the inner
cone height increases with the NH3 blend fraction. Similar flame structure was observed
for the Np-doped CyHy flame at different N fractions. Despite the similar flame heights,
OH* chemiluminescence imaging revealed the peak heat release shifts from flame wings to
the centerline flame region with increasing NHj3 /N, blend fractions, while the intensity
of the OH* emission decreased, indicating reduced flame reactivity. Measurement of the
soot volume fraction within the flame using the laser extinction method showed that the
effect of NHj3 on soot reduction is evident. At different HAB, the SVF was observed to
reduce with increasing NHj3 blend fraction, largely attributable to the reduction of key
intermediate species such as C,Hj, C3Hjs, which disrupts the formation of benzene. The
chemical interaction between the nitrogen species and carbon species reduces the carbon
availability for hydrocarbon growth and soot formation process. To isolate the effect of
dilution, the NH3-doped C,Hy flames were compared with those of Ny-doped flames at the
same blend percentage. Results show that the chemistry effect of NH3 on soot inhibition
is significant, as evident from the net differences between the N,-C,H, and NH;3-CyHy
SVF profiles. The present work shows that NHj is effective in suppressing soot formation
in hydrocarbon flames, but the chemical effects and reaction kinetics need to be further
elucidated in detail to accurately describe the growth mechanism of soot.
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