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1 Introduction

To mitigate global warming, ammonia (NH3) is a prime candidate to replace hydrocarbon fuels for
energy production [1]. To counterbalance the well-documented drawbacks associated with ammonia use
as a fuel, such as a very slow burning velocity and narrow flammability limits [2,3], a dual-fuel
configuration is often considered. For instance, ammonia/methane mixtures have been extensively
studied [4-6], since methane can be produced from biomass fermentation and is also the main component
of natural gas. While studies have attempted to characterize the interactions between CH4 and NH3 in
detailed kinetics models (see [7] and references therein), much less attention has been devoted to the
interactions between ammonia and the combustion intermediates of methane/natural gas. One of these
intermediates is ethylene, C2Ha, which is also an important combustion intermediate of all hydrocarbons.
Ammonia/ethylene mixtures were studied in a few recent studies focusing on ignition delay times [8],
laminar flame speeds [9], or species time histories in shock tubes such as NH; [8] or CO, CO,, HO,
NHj3, and NO [10]. The aim of the present study is to complement this limited dataset to validate a
detailed kinetic model. In this paper, the combustion of a 1:1 C,Hs/NH; mixture was studied
experimentally by measuring CO concentration time histories in a shock tube and laminar burning
velocities in a spherical, closed vessel. The pressure was maintained at (laminar flame speed) or near
(shock tube) atmospheric pressure, and several equivalence ratios were investigated. Results were
compared to predictions from detailed kinetics models from the literature, namely the models from Elbaz
et al. [11], Li et al. [12], Zhang et al. [13], Arunthanayothin et al. [14], and Glaborg and coworkers
[15,16].

2 Experimental setups
2.1. Shock Tube and CO Diagnostic
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CO time-history profiles were measured in the Aerospace Shock Tube (AST) at Texas A&M University
using a laser absorption diagnostic. The shock-tube facility is made of stainless-steel and has the
following dimensions: 7.62-cm inner diameter and 3.25 m long for the driver section and 16.2-cm inner
diameter and is 7.88 m long for the driven section; with these two parts separated by a single
polycarbonate diaphragm. The extrapolated velocity to the endwall, measured using 5 piezoelectric
pressure transducers over the last two meters, was used to calculate the temperature (75) and pressure
(Ps) behind the reflected shock wave with 1-D normal shock equations (£1% and +0.8%, respectively).
Low pressures of 10" atm or less were achieved prior to each test. Optical window ports are located at
the same axial plan near the endwall to enable laser absorption measurements. For this study, a 50/50
NH3/C,H4 mixture was studied near atmospheric pressure at three equivalence ratios (¢) of 0.34, 1.0,
and 2.0 in 99% diluent (about 20% He, and 79% Ar, with the exact mixtures listed in Table 1, along
with the experimental conditions). Note that He was added to expedite the vibrational relaxation [17] of
CO. Lastly, C,H4 comes from Praxair with a purity of 99.995%, and all the other gases (NHs, O», He,
and Ar) were provided by Linde with 99.999% purity (99.995% for NH3).

CO concentration time histories were recorded behind reflected shock waves using a quantum cascade
laser producing light at 2059.91 cm! to monitor the P(20) line of the 1 <— 0 band for CO. The maximum
absorption strength of the P(20) line was verified prior to each experiment with a removable cell
containing a low-pressure mixture of 10% CO in Ar. The laser beam was split into two components: the
time-resolved incident intensity (/o) and the time-resolved transmitted intensity (/) that passes through
the reacting gases, both collected by detectors in a direct absorption optical arrangement. These
intensities are processed in conjunction with the Beer-Lambert relation to obtain the CO concentrations,
Xco: I /Iy = exp(—k.PLXco0), where P is the partial pressure, L the path length (inner diameter of the
driven section, 16.2 c¢cm), and k, the absorption coefficient (atmcm™). This CO diagnostic has an
estimated error of around 5.5% [18]. Note that a laser absorption diagnostic was also employed for NH3
measurements in this study [19]. However, it was found that C,H, interacts with the wavelength selected
at the combustion temperatures investigated. This broadband interaction was negligible at room
temperature and this NH; diagnostic was thus used to determine the initial ammonia concentration in
gas phase, an important information since ammonia adsorbs on the surface of the vessel [19]. The
ammonia concentrations measured have a worst-case accuracy of £ 6% over the concentration reported
in Table 1, with most cases being well under this uncertainty.

Table 1: Mixture composition and experimental conditions for NH3/C,H4/O, mixtures in He/Ar.

) Yonus3 Yoc2m4 %02 Yore Y% ar Ts (K) Ps (atm)
0.34 0.07675 0.07675 0.8465 20.41 78.59 1178 - 1573 1.36 £ 0.04
1.0 0.1739 0.1739 0.6522 20.02 78.98 1266 - 1914 | 1.28 £0.11
2.0 0.2581 0.2581 0.4838 20.02 78.98 1336 -1992 | 1.24+£0.14

2.2. Closed Vessel and Laminar Flame Speed Measurements

The laminar flame speeds were measured at ICARE CNRS Orléans in a spherical vessel with an inner
diameter of 563 mm (93.43 L vol.). This vessel is capable of reaching a maximum pressure of 200 bar
with an initial temperature of 573 K and is equipped with 4 quartz windows (200-mm optical diameter).
Two tungsten electrodes, mounted in the horizontal plane, are linked to a high-voltage discharge to create
the electric spark necessary to ignite the mixture. This electric spark is also used to trigger the recording
equipment (camera and oscilloscopes). The initial temperature was fixed at 323 + 0.5 K thanks to the
regulation of a thermo-fluid heating system. After ignition, the flame is visualized using a Z-shape
Schlieren apparatus. A white continuous lamp (300 W Xe Lot-Oriel lamp) is used to illuminate the flame
via two lenses and two concave spherical mirrors. The schlieren images of the growing flame were
recorded with a high-speed camera (PHANTOM V1611), with an acquisition rate of ranging between
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25,000 and 9,000 frames per second depending on the flame speed range. A homemade imaging
processing system is used to extract the flame radius and hence obtain the flame trajectory 7ume = f{time).
The laminar flame speed is extracted from the flame radius using the non-linear expression of the flame
speed versus stretch rate. More details about this vessel and the procedure are available in [20].

3 Experimental Results
3.1. CO concentration time histories

The CO profiles obtained during this study are visible in Fig. 1 for (a) ¢ = 0.34, (b) ¢ = 1.0, and (c) ¢ =
2.0. For the fuel-lean and stoichiometric conditions, the CO formation starts after a delay that is
temperature dependent (the lower the temperature, the longer the delay) and then reaches a peak (when
the timeframe of the experiments allows). After the peak, the CO mole fraction steadily declines towards
zero at the fuel-lean condition. For the stoichiometric case, this decline is relatively rapid at first but
then reaches a pseudo plateau, with a very slow decline. The declining part past the peak is due to the
oxidation of CO into CO,. While the stoichiometric case is relatively typical to what is observed for
hydrocarbons [17], the fuel lean case exhibits a CO consumption that is higher than typically observed
for hydrocarbons in similar conditions. For the fuel-rich case (c), the lack of oxygen in the mixture
prevents the conversion of CO into CO, and a plateau is reached after the initial growth period of CO.
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Figure 1: Evolution with time of the CO mole fractions during the oxidation 1:1 NH3:C,Hs mixtures
diluted in 99% Ar and He. (a) ¢ =0.34, (b) ¢ = 1.0, and (c) ¢ =2.0.

3.2. Laminar Flame Speed

Figure 2 shows the evolution of the laminar flame speed at 1 atm and 323 K for mixtures of C,Ha/air
and 1:1 C;H4/NH3; in air over a wide range of equivalence ratios (¢ = 0.6 - 2.0). Great care was taken in
order to ensure that the laminar flame speed was not affected neither by the flame size nor by any
deformation of its shape [20]. Since the recorded flames were up to a radius of 200 mm, the extracted
laminar flame speed is independent for the method of derivation as it has been shown in our previous
study [20]. The average standard error on the laminar flame speed is 0.5 cm/s. As can be seen, both
mixtures exhibit the classical curve, with the maximum flame speed being recorded for slightly rich
mixtures: around ¢ = 1.15 for the neat C;H4 mixture, and near ¢ = 1.05 for the mixture with ammonia.
More importantly, when half of the fuel mixture consists of ammonia, the maximum laminar flame
speed is reduced by more than 40%, from about 75.5 cm/s for the neat mixture to about 43.5 cm/s for
the mixture with NH3.

4 Model Comparison
Selected CO profiles from Fig. 1 are compared with the selected models from the literature in Fig. 3.

For the fuel-lean case, (a), all models predict the shape well but are significantly under-reactive. The
Glarborg and Elbaz models also slightly under-predict the amount of CO at the peak. On the other hand,
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the stoichiometric case (b) is much better predicted overall, with the Glarborg one being the most
accurate with regards to CO-peak timing. The Elbaz model is the closest to the data in terms of CO
production at the peak, with the two Li and Zhang models being both over-reactive and over-predicting
the CO mole fraction at the peak by more than 300 ppm, i.e. about 11%. The Arunthanayothin model
also overpredicts CO by about 10% at the peak but is under-reactive. The Liu model is significantly
under-reactive, and the least accurate, for all conditions investigated herein. Lastly, for the fuel-rich case
(c), the Glarborg model is the most accurate for all criteria considered, with the Elbaz and
Arunthanayothin models being strongly under-reactive and the two remaining ones being too reactive
and over-predicting the CO mole fraction.
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Figure 2: CoH4/air and 50 C;H4/50 NH3 in air laminar flame speeds at 1atm and 323 K and comparison
with detailed kinetics models from the literature.
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Figure 3: Evolution with time of selected CO mole fraction profiles during the oxidation 1:1 NH3:CH4

mixtures diluted in 99% Ar and He. (a) ¢ = 0.34, (b) ¢ = 1.0, and (¢) ¢ = 2.0; and comparison with

detailed kinetics models from literature.

For the laminar flame speed, the model comparison is visible in Fig. 2. Note that convergence issues
were found for the Zhang model, even with its high-temperature version and using Chemkin or Cantera.
For the neat C;Hs4 data, the Elbaz model accurately predicts the experimental results, whereas the
Glarborg and Arunthanayothin models under- and over-predict it, respectively, by about 6-7%. Lastly,
the maximum laminar flame speed is accurately predicted by the Liu model, but the curve is notably
shifted toward the fuel-rich side. When 50% ammonia is present in the fuel mixture, the Glarborg model
predicts the data with acceptable accuracy whereas the two other models over-predict the data: by about
10% at the maximum laminar flame speed for the Elbaz mechanism, and by about 20% for the
Arunthanayothin mechanism. Like for the neat C;Hs mixtures, the shift toward the fuel-rich side is still
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present when ammonia is added to the mixture for the Liu model, but the laminar lame speed is
accurately predicted otherwise.

5 Conclusions

The interactions between ammonia and ethylene were characterized by experimentally measuring the
laminar burning velocity and CO concentration time history of 1:1 NH3/C,H4 mixtures over a range of
equivalence ratios and at (laminar flame speed) or near (CO measurements) atmospheric pressure. The
flame speed results showed that having 50% of ammonia in the fuel mixture reduces the maximum flame
speed by about 40%, whereas the CO profiles were similar to those typically observed for neat
hydrocarbons under similar conditions.

Models from literature were generally capable of predicting the overall trend of the data but room for
improvement remains. For the CO concentration time histories, the fuel-lean mixture is poorly predicted
by all models whereas the Glarborg model was relatively accurate for the other conditions investigated.
The flame speed results showed that no model is capable of predicting both the data for the C,Ha/air or
C,H4/NHas/air mixtures, showing that more work is required to characterize the interactions between
ammonia and the double bound present in ethylene. Future work will focus on this area, and the resulting
mechanism will serve as a foundation to better characterize the interactions between ammonia and
hydrocarbons in dual-fuel systems.
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