energies

Article

NO Formation and Autoignition Dynamics during Combustion
of H>,O-Diluted NH3/H,O, Mixtures with Air

Ahmed T. Khalil 2, Dimitris M. Manias 3, Dimitrios C. Kyritsis 12,%

check for

updates
Citation: Khalil, A.T.; Manias, D.M.;
Kyritsis, D.C.; Goussis, D.A. NO
Formation and Autoignition
Dynamics during Combustion of
H,0O-Diluted NH3/H,0, Mixtures
with Air. Energies 2021, 14, 84. https://

dx.doi.org/10.3390/en14010084

Received: 13 November 2020
Accepted: 19 December 2020
Published: 25 December 2020

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional claims
in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-
censee MDPI, Basel, Switzerland. This
article is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution (CC BY)
license (https:/ / creativecommons.org/
licenses /by /4.0/).

and Dimitris A. Goussis

Department of Mechanical Engineering, Khalifa University of Science and Technology,

Abu Dhabi 127788, UAE; ahmed.khalil@ku.ac.ae (A.T.K.); dimitris.goussis@ku.ac.ae (D.A.G.)

Research and Innovation Center on CO, and H, (RICH), Khalifa University of Science and Technology,
Abu Dhabi 127788, UAE

Department of Mechanics, School of Applied Mathematics and Physical Sciences,

National Technical University of Athens, 157 73 Athens, Greece; dimanias@mail.ntua.gr
Correspondence: dimitrios.kyritsis@ku.ac.ae

Abstract: NO formation, which is one of the main disadvantages of ammonia combustion, was studied
during the isochoric, adiabatic autoignition of ammonia/air mixtures using the algorithm of Computa-
tional Singular Perturbation (CSP). The chemical reactions supporting the action of the mode relating the
most to NO were shown to be essentially the ones of the extended Zeldovich mechanism, thus indicating
that NO formation is mainly thermal and not due to fuel-bound nitrogen. Because of this, addition of
water vapor reduced NO formation, because of its action as a thermal buffer, but increased ignition
delay, thus exacerbating the second important caveat of ammonia combustion, which is unrealistically
long ignition delay. However, it was also shown that further addition of just 2% molar of HyO, does not
only reduce the ignition delay by a factor of 30, but also reverses the way water vapor affects ignition
delay. Specifically, in the ternary mixture NH3/H,O/H,0O,, addition of water vapor does not prolong
but rather shortens ignition delay because it increases OH radicals. At the same time, the presence of
H,0O; does not affect the influence of HyO in suppressing NO generation. In this manner, we were able
to show that NH3; /H,O/H,O, mixtures offer a way to use ammonia as carbon-less fuel with acceptable
NO, emissions and realistic ignition delay.

Keywords: explosive time scales; computational singular perturbation; autoignition; ammonia;
additives; hydrogen peroxide; water vapor; NOy; ignition delay control

1. Introduction

In view of the strong societal interest in carbon neutrality, ammonia has been proposed
as a hydrogen source that can be easily liquified, cost-effectively produced and stored
at low pressures, as well as deployed through a reliable and very extensive distribution
network [1]. Its production from natural gas through the Haber process, which is widely
practiced in the industry, can be thus seen as a method of mass-production of a carbon-less
hydrogen carrier, which can act as a fuel. Ammonia use as engine fuel was proposed as
early as during World War II [2], but its combustion is severely caveated by two very
serious handicaps, namely long ignition delay and increased NOy emissions [3]. In a recent
publication [4] we were able to show that ignition delay can be shortened drastically
through H,O, addition to the mixture (even a 2% molar addition can decrease the ignition
delay by a factor of 30). However, the issue of NO, emissions remains to our knowledge
unresolved and, in fact, in [4], we showed that H,O, addition causes a modest increase
in NO,.

A substantial amount of experimental data has been generated for ammonia com-
bustion in engines and burners. Duynslaegher et al. [5] studied ammonia combustion
characteristics in SI engines using a wide range of compression ratios ranging from 12 to
20 with different equivalence ratios ranging from lean to rich compositions. The results
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revealed that NO emission drops drastically with rich mixtures, with 50% decrease between
equivalence ratio of 1.2 and 0.95. Moreover, with higher initial temperatures, the laminar
flame velocity, adiabatic flame temperature and thermal NO formation increased, while the
increase of pressure exhibited a minimum decrease in the adiabatic flame temperature
and no effect on the laminar flame velocity although a decrease in NO mole fractions
was observed. This indicates that pressure affects the chemical kinetics of the reactions
producing NO [5]. Westlye et al. [6] conducted several experiments using a 1:4 volumetric
fuel mixture of hydrogen to ammonia at various compression ratios in SI engines. The re-
sults revealed that near stoichiometric conditions lower NO emissions are achieved with
ammonia combustion compared to hydrocarbons. Somarathne et al. [7] studied the combus-
tion of turbulent non-premixed ammonia-air in a gas turbine combustion chamber under
high pressure and different thermal boundary conditions. The findings revealed that NO
emissions are related to the local OH mass fraction. Cai et al. [8] numerically investigated
NO emissions associated with the combustion of a premixed ammonia-air mixture on a
rectangular micro planer combustor. The results confirmed that NO emissions are highly
dependent on the stoichiometric ratio and that it increases with lean combustion mainly
due to the higher temperature and concentration of O radicals. Moreover, in line with [9],
NO mass fraction was shown to decrease by preheating the fuel mixture which results
in a narrow high-temperature region due to the increased flame velocity [8]. Li et al. [10]
studied the effect of oxygen enrichment on the combustion characteristics of ammonia
and it was shown that it led to an increase of both the laminar burning velocity and flame
temperature. It was also shown that HNO, which is considered a significant predecessor
for NO formation, also increased with oxygen enrichment. Lee et al. [11] developed a
combustion strategy for internal combustion engines using NHj as a fuel and showed that
NO production was divided into four regimes: pre-combustion, combustion, reduction,
and thermal.

The studies of the underlying chemical dynamics that would explain these experimen-
tal findings have been relatively few. Hayakawa et al. [12] investigated the characteristics
of NO emissions at various stoichiometric ratios and pressures. The results revealed that
the NO mass fraction decreased in fuel-rich mixtures and increased pressures. Using flow
reactor analysis, the authors identified the reactions in the mechanism by Tian et al. [13]
which either formed or consumed NO, as shown in Table 1.

Table 1. NO forming and reducing reactions [12].

NO Reducing Reactions NO Forming Reactions
NH; + NO — N,H + OH NO + H(+M) <~ HNO(+M)
N>H + O < NH + NO HNO + H — NO + H,
NH + NO — N,O + H HNO + OH — NO + H,O
N+ NO — N+O NH+NO — N,O + H
N+OH <+ NO+H

Overall, the rate of NO, reduction was faster than that of NO formation, which ex-
plained the deNOy action of ammonia. The reactions of the same mechanism that depended
on pressure were identified. The third body equation OH+H+M <+ H,O+M had the high-
est rate increase with increased pressure. Through this reaction, H and OH radicals get
depleted at higher pressures thus decreasing thermal NO formation through the Zeldovich
mechanism [14,15].

Some recent studies were devoted to identifying additives that would assist am-
monia in reaching the optimal combustion behavior for its application in combustion
engines [4,16-18]. In an earlier paper, we showed that hydrogen peroxide reduced the
ignition delay of ammonia-air mixtures drastically with a slight increase in NO, emis-
sions [4]. An addition of 2%-molar HyO,, the ignition delay was reduced by a factor of 30
with a cost of 2% increase in NO emission, as shown in Figure 1. This effect was the result
of both thermal and chemical action; i.e., due to an early temperature rise due to two-stage
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autoignition and to the enhanced action of reaction HyOp(+M)— OH+OH(+M). It was also
shown that the NO emission increased with the amount of H,O, in the mixture. H,O, had
the same effect on NO; and N,O, although the final mass fraction of these species was
much smaller than that of NO.

2500 [ —
2000 - _ NH3 8
< — NH_#2%H,0,
= 1500 1
1000 y |
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Figure 1. Temperature evoluti(or)l during autoignition of (i) pure NH3-air and (ii) NH;3-air with
2%H,0O, mixtures [4].

The drastic reduction of ignition delay with H,O, was an important finding because
it showed that H,O, addition offered a means to overcome a significant caveat of NOy
combustion, i.e., unrealistically long ignition delays. However, the issue of NO emissions
remained and was actually slightly exacerbated. In [4], mass fractions of NO on the order
of 1% were reported, whereas current regulatory limits are on the order of 1000 ppm molar
and decreasing. To address this issue, we have studied the dynamics of NO formation
during the autoignition of NHz-air mixtures using the method of Computational Singular
Perturbation (CSP). We particularly focused on the slow chemical dynamics that relate to
NO formation, by identifying the reactions that significantly contributed to the time scale
that characterized NO emissions as well as on the identification of an additive that would
reduce these emissions, possibly without canceling the positive effect that HyO, had with
respect to the ignition delay.

2. CSP Methodology

The autoignition of an isochoric adiabatic homogeneous mixture of ammonia/air
was examined using CSP, which provides algorithmic tools for the analysis of multi-scale
systems [19]. A chemical kinetics mechanism that consists of N = 34 species, E = 5 elements
(O, H, N, He and Ar), and K = 211 reversible elementary reactions was used in this study.
This mechanism was generated by removing all carbon chemistry from the mechanism by
Glarborg et al. in [20]. The evolution of the modeling of nitrogen chemistry in combustion
is discussed thoroughly in [20], where it is shown how the mechanism originally proposed
in [13] has evolved to a high-fidelity kinetic model of nitrogen chemistry, validated against
a substantial body of experimental results. With the K elementary reactions considered to
be unidirectional, the species and energy governing equations can be described as:

dy 1 2K ‘
= =-W) SR 1)
dt o

T 1 X

@ = oo (—h W + RTU) - kzzl SR )

where y is the N-dimension mass fraction state column vector of the species, R* and Sy, are
the reaction rate and stoichiometric vector respectively of the kth unidirectional reaction, p
is the mixture density, W is a N x N diagonal matrix with the species molecular weights,
Cy is the heat capacity, h, is the N-dim. vector of the species absolute enthalpies, T is the



Energies 2021, 14, 84

4 of 14

temperature, R is the universal gas constant, and U=[1, 1, ..., 1] [21,22]. The governing
equations, Equations (1) and (2), can be cast in CSP form as:

dz 2K A ok
Y &R =g() ©)
k=1

where z is (N+1) dimension state column vector defined as z = [y, T] T, g (z) is the (N+1)
dimension column vector field, and § is the generalized stoichiometric vector [19,23].
Resolving Equation (3) along the CSP basis vectors, yields:

dz N+1 2K . X
oY a fr =" g(z) = ¥ (6" 8)R @
n=1 k=1

where a, and b" are the column and row CSP basis vector of the nth mode, respectively
(b'-a; = (5}) and f" is the related amplitude. The vector field g(z) is decomposed into

N-E+1 modes (an ") [24-26]. The amplitudes fN~E+2 to fN*1 are by definition zero as
per the law of atom conservation, since they represent the conservation of elements E.
Ultimately, Equation (3) can be written as:

% = alfl +...+ aN_E+1fN_E+1 5)

Each CSP mode is characterized by (i) its time scale (T,;) that defines the duration of its
action, (ii) its amplitude (f") that measures its contribution to the system evolution and (iii)
the variables associated the most with that mode [23,27-33]. The time scale is approximated
by t, = ]/\n|71, (n=1,...N+1- E), with A, being the nth non-zero eigenvalue of the
Jacobian J of the vector field g. The time scale related to a positive (negative) A, is explosive
(dissipative) in nature and tends to drive the system away from (towards) equilibrium.
The eigenvalue A, can be expressed in terms of the 2K elementary reactions and the nth
right column and left row eigenvectors of J, a,, and B" respectively, as:

2K
An::Bn']""n: Zgrud(skRk)-anzc¥+...+ch (6)
k=1

Assuming that the M fastest time scales in the system dynamics are dissipative in
nature and substantially faster than the remaining time scales, the M fastest modes can be
considered exhausted, so that the system can be reduced as:

. dz N+1 .
ff=o(m=1,...M) G L af @)
n=M-+1

The M algebraic relations f™ ~ 0 define a low-dimensional surface in phase space, on
which the solution is constrained to evolve, known as Slow Invariant Manifold (SIM) [34,35].
The system of ordinary differential equations in equation Equation (7) defines the flow
along the SIM and its dynamics is characterized by the fastest of the remaining slow
time scales.

To identify the contribution of the kth reaction to the value of the nth timescale, the
Time Scale Participation Index (TPI) is defined from Equation (6) as:

_ c
leg| + -+ |kl

Tk ®)

where n varies from 1 to N-E+1, k varies from 1 to 2K, and Ei’il |7 ,’(| = 1. Positive values
of the TPI relate to the reactions that promote the explosive character of the nth mode,
while negative values of the TPI promote its dissipative character.
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Since the 2K unidirectional reactions contribute by different amounts to the amplitude
of each CSP mode, the amplitude participation index (API) is used to assess the relative
contribution of each reaction to the mode amplitude.

pr b". SkRF _ dar )
k= [0 SRi + ...+ (0% SORK] — [d] + -+ [y
where n varies from 1 to N-E+1, k varies from 1 to 2K and Y:2K |Pi| = 1[4]. In an

exhausted mode, the amplitude participation index will identify the reactions contributing
to the cancelations in the algebraic relations f™ = 0. In the explosive mode, the API would
reflect the contribution of the kth reaction to the amplitude of the CSP explosive mode.

The CSP pointer is a tool that identifies the variables related the most to each mode;
i.e., the variables that will respond the most to a perturbation along the direction of each
mode. It is defined as:

D" = diag[b" an] = [bfa; +bjay + ...+ biqay ] (10)

where YN ' ak bi = 1[23,25,36].

The CSP methodology employed was introduced in 1989 [24] and it has since been
studied, employed, and verified extensively in various fields; among them combustion,
chemical kinetics, mathematics, biology and pharmacokinetics. In particular, we have
been able to verify the methodology for the study of oxidation and autoignition problems
in [23,25,27,29,32,33,36-38].

3. NO Diagnostics in Ammonia Autoignition

Ammonia combustion is caveated by two significant disadvantages, namely pro-
longed ignition delays and elevated NO, emissions. In a previous work [4] we examined
the chemical dynamics of autoignition and showed that addition of H,O, could drastically
decrease the otherwise unacceptably long ignition delay of ammonia. There, we were able
to investigate the autoignition dynamics of NH3 with and without H,O, addition and deter-
mine the chemical and thermal processes that drove NH3(/H>0O,) towards ignition. We are
now focusing on the slow dynamics that determine the formation of NO. NO, emission
remains a substantial challenge for ammonia combustion that hinders its application as
a fuel due to environmental regulations. Because ammonia has a relatively low flame
temperature, it is expected that thermal NO, formation will be diminished and that NO
will mainly form from fuel-bound nitrogen [39]. This is an intuitive assumption that has
never been checked quantitatively. NO accounts for most of the NO, emissions of ammonia
combustion [11], which indicates the criticality of adequately understanding the chemical
dynamics of the NO formation in order to control and reduce it.

Considering an ammonia/air mixture of equivalence ratio ¢ = 0.75 at initial temper-
ature and pressure of 850 K and 20 bar, respectively, it is shown in Figure 2 that during the
isochoric and adiabatic autoignition of an ammonia-air mixture, substantial NO formation
occurs very late in the process; i.e., at high temperature values.

In Figure 3, we are focusing on the time that NO initially overshoots, before ultimately
reaching its equilibrium value. Three indicative points were selected after ignition, when the
NO-producing mechanism was activated and before it reached equilibrium; P; was taken
at ignition when the temperature reached its maximum value, P, midway to equilibrium
and Pj3 right before equilibrium was reached. CSP diagnostics, computed at these locations,
will be studied in order to determine the reactions responsible the most for the observed
NO formation. For that purpose, at each location, the CSP mode related the most to NO
was identified, using the CSP Pointer in Equation (10). The reactions with the highest
contribution to the time scale and to the amplitude of that specific mode were identified,
using the TPI in Equation (8) and the API in in Equation (9). These reactions are listed in
Table 2.
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Figure 2. NO mass fraction and temperature evolution associated with pure NH3/air autoignition: (a) full explosive stage,
(b) final part of the explosive stage.
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Figure 3. Diagnostic points identified o(n)NO mass fraction profile; autoignition of pure NH3 /air.

Table 2. The reactions most influencing the slow chemical dynamics related to NO formation.

1: H+0;+ O+0OH 67: N+OH<+ NO+H
4: OH+H,; + H+HO 68: N+Op; < NO+O
5 OH+ OH «+ O + H,O 69: N+NO<+ N, +O
22:  HpOy(+M) <+ OH+OH(+M) 131:  NO + OH(+M) +» HONO(+M)

157: N0 + O < NO+NO

With the exception of the stable species Hy, Oz, HyO, H,O,, N, NH3, NO, and N,O,
all the other species discussed in the paper are radicals. Because of this and for facility of
presentation, we have not used the occasionally used convention of indicating radicals
with a dot.

Mixtures with ¢ = 0.75, T(0) = 850 K and p(0) = 20 bar have been considered, in order
to account for conditions that are typical of gas turbines and homogeneous combustion
compression ignition (HCCI) reciprocating engines. The related CSP diagnostics are shown
in Table 3; the symbols “f” and “b” in the number of the reactions denote forward and
backward direction, respectively.

In the period of interest (P; to P3) the mode that exerts the most significant influence
on the evolution of the process is the one related to NO, say aNofN O, This influence is
established by the fact that the amplitude fN© of this mode is the largest. In this period,
most of the chemical reactions have equilibrated. This is manifested in Table 3 by the large
number of contributions to TPI and API by pairs of forward and backward directions of
the same reaction canceling each other. Neglecting the reactions that provide very small
net contributions to TPI and API, leaves reactions 69f (N + NO — N, + O), 67b (N + OH
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< NO + H) and to a smaller extend 68b (N + O, < NO + O) as those that contribute the
most to the characteristic time scale and amplitude of the anofN© mode. It is noted that
although very frequent in hydrocarbon combustion, thermal NO formation does not strictly
require he presence of C/H radicals, but rather formation through the set of reactions 67-69,
which constitute the extended Zeldovich mechanism [40]. Especially equation 69b shows
that the mechanism for formation of N, which is a necessary prerequisite for the formation
of NO, is the attack of O to the N molecule of the air, i.e., it does not depend on the presence
of ammonia. This challenges the intuitive expectation that NO formation during ammonia
ignition would be due to fuel-bound nitrogen [39], but it is in agreement with the findings
of [4], which established that in NH3 autoignition, the chemical runaway is suspended
very early during the process and the largest part of the ignition delay comprises a thermal
runaway that leads to a Semenov-type explosion.

NO can be reduced either by increasing its consumption or reducing its produc-
tion. Since the TPIs reported in Table 3 indicate that the NO-consuming reactions 69f, 67b
and 68b are the ones that mainly determine the time frame and the impact of the NO
evolution, it follows that their reactants, atomic N, H and O, must be increased in order to
reduce NO. Since reactions 69f, 67b and 68b constitute the Zeldovich mechanism and since
there is no realistic chemical way to suppress N, H or O, reducing the ignition temperature
is the only practical way to reduce NO, possibly with the identification of an appropriate
additive, as in [37].

Table 3. The largest TPI, API and Po values for the slow mode that relates to NO at the points P; to
P3 shown in Figure 3; Only contributions larger than 5% are shown. In italics are contributions to TPI
and API by pairs of forward and backward directions of the same reaction canceling each other.

Py P, P3
t; =3.9255s t) =3.926s t3 =3.927 s
A1 =—1090s~1 Ay =—1120s71 Az =—1130s7!
TPI
69f: —0.142 69f: —0.175 5f: —0.148
5b: —0.119 5b: +0.106 5b: +0.148
5f: +0.119 5f: —0.106 69f: —0.138
67b: —0.084 67b: —0.091 67b: —0.068
68b: —0.048 68b: —0.053 4b: +0.055
4b: —0.044 69b: —0.052 4f: —0.055
4f: +0.044 4b: +0.040 69b: —0.041
69b: —0.042 4f: —0.040 68b: —0.040
API
69f: +0.133 69f: +0.147 69f: +0.147
67b: +0.099 69b: —0.130 69b: —0.141
69b: —0.097 67b: +0.096 10 +0.097
67f: —0.080 1b: +0.093 1f: —0.097
1b: +0.076 1f: —0.093 67b: +0.092
1f: —0.076 67f: —0.089 67f: —0.089
68b: +0.062 68b: +0.061 68b: +0.058
68f: —0.050 68f: —0.056 68f: —0.056
Po
NO: +0.949 NO: +0.918 NO: +0.907
O, : +0.062 0y: +0.059 O,: +0.058

In practice, temperature reduction is achieved by dilution with water vapor [41,42].
Tingas et al. [38] evaluated the effect of HyO dilution on the ignition delay of CHy/air mix-
ture and on the subsequent NO formation. That study concluded that H,O
dilution exerted:
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1. achemical effect that led to a shortening in the ignition delay, mostly through the
increase of OH production by the chain-initiating reaction 22f,

2. adifferent chemical effect that led to the depletion of the O-radical after ignition, thus
limiting the NO production and

3.  athermal effect in reducing the temperature, acting as a thermal buffer.

On the other hand, the results in [4] indicated that the explosive mode throughout
the ignition delay of NHj3/air mixture was also promoted by OH-producing reaction 22f.
This action of 22f was reinforced by smaller contributions from the ammonia dissociation
reactions NH3 + H,NO — NHy + OH and NHj3 + H,N — NyHy + OH that assisted
in building up the pool of OH radicals required for explosion. Since the reactions that
relate to OH production play a substantial role also with NH3/air combustion, it is worth
investigating the effect H,O dilution has on both NO emission and ignition delay.

4. The Effect of H,O Dilution on the Combustion of the NH3/Air Mixture

Using the same mixture and initial conditions defined earlier (¢ = 0.75, T(0) = 850 K
and p(0) = 20 bar), H,O was added to NH3/air mixture in various molar percentages
(5%,10%, 15%, 20%, 30%, 40%, and 50%). Similarly positioned indicative points in the
post-ignition regime, as those defined earlier in Figure 3, were used to compute the CSP
diagnostics. As in the case of pure ammonia, the mode exhibiting the largest NO CSP
pointer was identified and the reactions with the largest contributions to the time scale
and the amplitude of that specific mode are listed in Table 4 for the case with 10% H,O.
The same table also lists the variables that relate to the NO-mode the most. The diagnostics
are almost identical to those of Table 3. This development leads to the conclusion that the
effect of HpO dilution in the NO generation is mainly thermal.

Table 4. The largest TPI, API and Po for the slow mode that points to NO in the mixture of NHjz /air
with 10%HO for the points shown in Figure 3; Contributions larger than 5% are shown.

P P, Ps
t; =4.014s tp =4.015s t3 =4.016 s
A =—811 Ay =—831 Az =—840
TPI
5b: —0.142 69f: —-0.197 5f: —0.156
5f: +0.142 67b: +0.103 5b: +0.156
69f: —0.118 5b: +0.082 69f: —0.129
67b: —0.070 5ﬂ): +0.082 67b: —0.062
4b: —0.052 68b: —0.063 4b: +0.057
4f: +0.052 69b: —0.056 4-f: —0.057
68b: —0.041 157b: —0.036 68b: —0.038
131f: +0.040 4b: +0.030 69b: —0.036
131b: —0.040 4f: 0.030 131b: +0.034
API
69f: +0.130 69f: +0.144 69f: +0.147
67b: +0.098 69b: —0.122 69b: —0.140
69b: —0.092 67b: +0.095 1b: +0.097
67f: —0.078 1b: +0.089 lf: —0.097
1b: +0.073 1f: —0.089 67b: +0.090
1f: —0.073 67f: —0.086 67f: —0.087
68b: +0.063 68b: +0.062 68b: +0.059
68f: —0.050 68f: —0.056 68f: —0.057
Po
NO: +0.956 NO: +0.927 NO: +0.911

Oy : +0.059 Oy: +0.056 Oy: +0.055




Energies 2021, 14, 84

9of 14

The changes in ignition delay, final temperature, and NO mass fraction, for various
degrees of HyO dilution, are listed in Table 5. It can be seen that H,O dilution reduces the
final equilibrium temperature and the NO mass fraction; additional reduction is achieved
with higher percentages of H,O. On the other hand, the ignition delay increases with the
amount of dilution. The results also indicate that the drop in final temperature is relatively
small compared to the reduction in NO emissions.

Table 5. Change in ignition delay, final temperature and NO mass fraction with various mole fraction
of H,O in the initial mixture.

% tign [s] % Tfinal [K] % yNO
0% 3.936 2535.68 112 x 1072

5% H,O +0.75 —0.62 —3.04
10% HyO +2.24 —-1.29 —6.30
15% HyO +4.13 —2.03 —9.79
20% H,O +6.40 —2.84 —13.5
30% H,O +12.26 —4.72 -219
40% H,O +20.61 —7.05 —31.6
50% H,O +33.12 —-10.0 —429

To understand the effect that H,O dilution has on ignition delay, we present in Figure 4
the evolution of selected species prior to and post-ignition; O, OH, H,O,, N, and H mass
fractions along with the temperature are presented as a function of scaled time (time
divided by the ignition delay). It is shown that in all three cases of H,O dilution considered,
there is a short initial period (up to about 5 to 15% of t;¢,,) in which radicals are generated
at a very high rate. This rate diminishes considerably after this period and picks-up again
close to t;g,,. These features suggest that the chemical runaway regime is very short in this
case and that the thermal one is relatively long, occupying the largest portion of ignition
delay. Figure 4 shows that increasing H,O dilution accelerates the action in the chemical
runaway regime, the most notable effect there is the increased OH generation. In contrast,
during the thermal runaway regime increasing H,O dilution does not introduce significant
additional changes. This indicates that the chemical activity of water vapor is significant
only during the chemical runaway. A similar behavior was reported in [38], where it was
shown that the presence of water vapor resulted in decreasing the ignition delay of CH,/air
autoignition, mainly via the action of reaction 22f: HyOy(+M) — OH+OH(+M). The absence
of significant chemical activity during the long thermal runaway regime, displayed in
Figure 4 and the increasing t;,, with increasing H>O dilution suggest that vapor acts
mainly as a thermal buffer there, in accordance to what is reported in [42].

——32500
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Figure 4. Evolution of species mass fraction against scaled time (t/t;,,) with various HyO percentages
(0%: solid lines, 20%: dashed lines and 50%: dotted lines).
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Although it was established that the main influence of H,O dilution is based on its
action as a thermal buffer, it also exerts a chemical influence. This action can be established
by investigating the dynamics of reaction 69f, which was shown by the results displayed
in Tables 3 and 5 to influence the most the CSP mode related to NO. Figure 4 shows that
in the post-ignition region O-radical mass fraction decreases with increasing H,O diluent.
Since O is one of the reactants in reaction 69b and a primary agent for NO formation,
this feature leads to a reduced NO formation. To understand the chemical effect related to
the reduction of O, the CSP mode related to O was investigated at points P; to P3, shown
in Figure 3. The reactions with the largest contribution to the time scale and the amplitude
of that specific mode were identified. The results computed at P are displayed in Table 6;
those at P; and P53 being qualitatively similar.

Table 6. The largest TPI, API and Po for the mode that points to O at P; Only contributions larger
than 5% are shown.

TPI API Po
5b —6.78 x 101 5b —395 x 107! (0] 747 x 1071
5f —1.79 x 101 5f 3.95 x 101 OH 2.03 x 1071

The mode related to O, say apf©, is a fast exhausted mode (f© ~ 0). As Table 6 shows,
this mode expresses the equilibration of reaction 5: OH + OH « O + H,O (large APIs of its
two directions, canceling each other), which is mainly driven by its backward direction
(involves the most pointed species and exhibits the largest TPI). Clearly, insertion of H,O
into the mixture shifts this equilibrium to lower mass fractions of O, which will lead to
decreased NO generation via reaction 69b.

5. The Effect of H,O Dilution on the Dynamics NH3/Air and 2%H;0, Mixture

In [4], we were able to show that mixing NH3 with HyO, tackled a first important issue
of ammonia combustion, namely it shortened the ignition delay. In particular, we were able
to show that inserting just 2% molar HyO, in the reactant mixture reduced the ignition
delay by a factor of approximately 30, as seen in Figure 1. It is noted that as explained
in detail in [4], HpO; is not only a component of the initial mixture but an intermediate
product of oxidation with a pivotal role in chemical kinetics. As with what has been shown
in [43-45], its formation is preceded by the formation of HO, through the reaction of the
H radical, which comes from H-abstraction from the fuel molecule, with O, according to
the reaction H + Oy(+M) — HO»(+M) [4]. The formation of H,O, follows as a result of
HO; chemistry. Insertion of H,O; into the initial mixture causes a drastic increase of OH
production through reaction 22f and, therefore a drastic decrease of ignition delay.

However, the ignition delay decrease came with a modest increase in NO, emis-
sions. On the other hand, in the previous sections of this paper, we have shown that
insertion of water vapor into the mixture can decrease NO, but at the expense of an increase
in ignition delay (Table 5). This brings up the need for the investigation of the combus-
tion of ternary NH3/H,O/H,0O, mixtures with the aim to perhaps identify an optimum
composition. To achieve this, H,O was added to a mixture of NH3-2% HO»-air in various
mole fractions of HyO (5%,10%, 15%, 20%, 30%, 40%, and 50%). Similar to the previous
case in Section 3, the change in ignition delay, final temperature, and NO mass fraction of
three-part mixture are listed in Table 7.

It can be seen from Table 7 that when HyO, is present, H,O dilution reduces the
ignition delay of the mixture significantly and that the reduction increases with the increase
of HpO content. Also, the decrease of the final temperature and of the final NO mass
fraction is very similar to the one with the same H,O dilution, as reported in Table 5,
but without HyO,. This implies that the effect of H,O dilution on NO, as a thermal buffer,
remains essentially unaffected by the presence of HyO5.
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Table 7. Change in ignition delay, final temperature and NO mass fraction of NH3-2%H,O»-air

mixture, with various percentages of H,O.

%o tign [s] % Tfinal [KI] % yNnoO
0% 0.1568 2550.03 0.1139 x 10~1
5% H,O —7.00 —0.61 —3.01
10% H,O —13.88 ~1.26 —6.24
15% H,O —20.61 ~1.99 —9.71
20% H,O —27.18 —2.78 —13.42
30% H,O ~39.73 —463 —21.85
40% H,0O —51.27 —6.94 —31.66
50% H,O —61.41 991 —43.12
2500 ™=
—NH,
20007 NH_+29%H,0, 1
< NH_+10%H,0
" 1500/ | | — NH,+10%H,0+2%H,0, || -
1000 I
0 1 2 3 4

Figure 5. Temperature evélﬁlion of pure NHj3-air, NH;3-air with 2%H,0,, NHz-air with 10%H,O
and NHs-air with 2%H»0,+10%H,O mixtures.

Figure 5 shows the effect of HyO and/or H,O; dilution on ignition delay. In the
absence of H,O, a 2% H,O; addition decreases considerably ignition delay. On the other
hand, a 10% H,O dilution of pure NHj increases slightly ignition delay, while a similar

. —NH L
10 -- NH2+20%H20 B 2500 — NH,+10%H,0
- NH;+50%H,0 NH,+2%H,0,
— NH;+2%H,0,
10 - NH2+2%H62-2+20%H20 g 2000 | — NH3*+10%H,0+2%H,0, -
- - NH#2%HO#50%H,0 ] <
o] - =
” g 1500 — -
E 1000 — -
0.0 0.5 1.0
t/t
ign

dilution of the NH3-2%H;O, mixture causes a slight decrease.

(@

Figure 6. (a) Evolution of OH mass fraction against scaled time (t/t;¢;), when considering NH3-2%H;O, mixture with
various HyO molar percentages (0% denoted by solid lines, 20% denoted by dashed lines and 50% denoted by dotted lines),
(b) Temperature evolution against scaled time (t/t;¢,) for NH3-10%H, 0O, NH3-27%H; 0O, and NH3-10%H;0-2%H; 0, mixtures.

(b)

This response of the NH3 autoignition in the presence of H,O and H,O, addition can
be explained on the basis of the results displayed in Figure 6. In particular, Figure 6a shows
that the addition of HyO, increases considerably the OH levels during the early stage
of the ignition delay (chemical runaway regime). This is in agreement with the findings
of [4], where it was shown that this feature was due to the enhanced action of reaction
22f: HyOy(+M)— OH+OH(+M). Figure 6a also shows that the addition of H,O leads to
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increased levels of OH in both the absence and the presence of HyO,. Evidently, the rise
of OH with the addition of H,O is higher in the presence of H,O; in both the relative
and absolute sense. As a result, the increase of the OH contribution towards autoignition
caused by HyO is higher in the presence of HyO;. Figure 6b shows that in the presence
of HyO, two-stage ignition occurs, with an early increase in temperature, as a result of
the early generation of OH via reaction 22f. In closure, the decrease of the ignition delay
with the addition of Hy,O; is due to the enhanced chemical action in the early stage of the
process, while the addition of H,O results in a small increase in the absence of HyO, (due
to the thermal buffer effect) and in a small decrease in its presence (due to the enhancement
of the H,O, chemical action).

6. Conclusions

The conclusions of this work can be summarized as follows:

¢ NO formation during isochoric, adiabatic autoignition of ammonia/air mixtures is a
slow process that develops after temperature has reached its maximum value and the
rest of autoignition chemistry has equilibrated.

e NO formation occurs through the reactions of the extended Zeldovich mechanism,
which implies that NO formation is thermal and not due to fuel-bound nitrogen.

*  Assuch, it can be suppressed by addition of water vapor to the fuel mixture, but this
causes an increase of the already unacceptably long ignition delay of ammonia.

e Addition of just 2% molar of hydrogen peroxide to the mixture does not only decrease
the ignition delay by a factor of 30, but also changes the way water vapor acts.
Specifically, in the ternary mixture NH3 /H>O/H,O,, addition of water vapor does not
prolong, but rather it shortens the ignition delay, because it facilitates the increased—
due to the H,O, presence—production of OH radicals.

In closure, it was shown that NHz /H,O/H,0O, mixtures can be used to overcome two
very important disadvantages of ammonia combustion, namely NO formation (through the
action of H>O) and long ignition delay (through the action of HyO,). The great advantage
of this formulation is that the action of each additive does not counter the action of the
other. This can potentially lead to the establishment of a carbon-less fuel and hydrogen
carrier, for the storage and transportation of which extensive knowledge and infrastructure
already exist.
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