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1. Introduction

Nowadays there is an increasing interest in
ammonia as energy carrier: thanks to its high
hydrogen content (17.8% wt.), and the absence of
carbon atoms in its structure, it is an attractive
solution both to traditional fuels and to hydrogen
for the storage and transportation of energy. For
this reason, it is more and more crucial to
investigate flammable limits for ammonia
mixtures in a wide range of operating and storage
conditions of temperature, pressure, and
composition, not only for safety reasons, but also
to optimize the usage of ammonia as a fuel, that is
becoming increasingly widespread in industry.
The aim of the thesis is to investigate a predictive
model for determining flammability limits.

2. Kinetics Convalidation

Flame speed is a function of ¢ and its behavior
remembers a Gaussian curve with a maximum
approximately in ¢ = 1.1. In lean/rich condition
(respectively in the left and right part of the curve)
there must be a ¢, a value in which the

propagation of a self-sustaining flame does not
occur. This ¢y, corresponds to UFL and LFL
concentrations. Hence the importance of
convalidating the kinetics.

2.1. Methodology

In order to proceed with the kinetics modelling of
ammonia flammable limits, it was been necessary
to validate the kinetics, proposed by Stagni [1]. For
this purpose, 184 simulations related to laminar
burning velocity for different ammonia mixtures in
different conditions, have been carried out using
the software OpenSMOKE++. This tool allows to
take in consideration thermodynamics, kinetics,
and transport phenomena, and it is able to solve
ODE (Ordinary Differential Equations), that
describe the combustion process.

10 mixtures have been taking in consideration:
» NH; + AIR
» NH; + CO + AIR
= NH;+CO+ H, + AIR
» NHs; + H, + AIR
* NH;+CH,+AIR
* NH; + C,Hg + AIR
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= NH; + C3Hg + AIR

= NH; +CH;0H + AIR
= NH; +C,H;0H + AIR
= NH;+0,+ He+ Ar

In all the simulations, the molar composition of air
has been considered 0.21 in oxygen and 0.79 in
nitrogen, unless otherwise stated.

2.2. Simulation Results

From simulation results it could be noted a
systematic error on the right part of the curve that
described the laminar burning velocity behavior,
for ¢ > 1.1: the model overestimates the
experimental data, as in the 3 examples reported
below. The only exception is the case of NH; +
CH;0H + AIR mixtures, for which the results
underestimate the experimental data.
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Figure 1: Experimental data related to a mixture
of ammonia/air at 298 K and 1 atm: circles [3],
squares [4], diamonds [5], triangles [6], empty

circles [7], crosses [8], empty diamonds [9]. The

orange line represents model result
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Figure 2: Laminar burning velocity behavior for

ammonia/hydrogen/air mixtures, at 298 K, 1 atm

and H>=0.4, taking in consideration experimental

data from [10]. The orange line represents model
result
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Figure 3: Laminar burning velocity behavior for
ammonia/methane/air mixtures, at 298 K, 1 atm
and CH4=0.4, taking in consideration experimental
data from [11]. The orange line represents model
result

To correct this deviation from experimental data,
the contribution of radiation has been considered
and in OpenSMOKE++ have been implemented
emissive coefficients proposed by Nakamura [2]
for nitrogen compounds (NO, N,0, NH;). Below are
reported the results for the 3 mixtures previously

considered.
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Figure 4: Experimental data related to a mixture
of ammonia/air at 298 K, 1 atm: circles [3], squares
[4], diamonds [5], triangles [6], empty circles [7],
crosses [8], empty diamonds [9]. The two lines
represent models results: orange line does not
consider radiation contribution and emissive
coefficients, that grey line does
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Figure 5: Laminar burning velocity behavior for
ammonia/hydrogen/air mixtures, at 298 K, 1 atm
and H>=0.4, taking in consideration experimental
results from [10]. The two lines represent models
results: orange line does not consider radiation
contribution and emissive coefficients, that grey
line does

=R N
o 00 O

=
N b
‘\
®
| 4

Laminar Burning Velocity
[cm/s]
=
H OO 0 O
=
( J
7
@

065 085 1.05 125 145 1.65
phi

Figure 6: Laminar burning velocity behavior for
ammonia/methane/air mixtures, at 298 K, 1 atm
and CH4=0.4, taking in consideration
experimental results from [11]. The two lines
represent models results: orange line does not
consider radiation contribution and emissive
coefficients, that grey line does

Although the model better fits experimental data,
the error persists. However, the deviation is not
significant, and the kinetics shall be considered
validated.

3. Flammable Limits

In order to determine the flammable limits for
ammonia mixtures, 41 simulations have been
carried out in OpenSMOKE++.

10 mixtures have been taken in consideration:
= NH; + AIR
» NH; +H,+AIR
= NH;+CH, + AIR
= NH;+ H,+ CH, + AIR

3.1. Final Results

Final results are summarized in the following
Figures:
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Figure 7: Comparison between experimental data
and data obtained by simulations, not considering
emissive coefficients proposed by [2]
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Figure 8: Comparison between experimental data
and data obtained by simulations, considering
emissive coefficients proposed by [2]
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Figure 9: Comparison between experimental data
and data obtained by simulations, not considering
emissive coefficients proposed by [2]
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Figure 10: Comparison between experimental data
and data obtained by simulations, considering
emissive coefficients proposed by [2]

Simulations have been carried out both taking in
consideration radiation contribution and emissive
coefficients proposed by [2], and ignoring these
factors. The difference between the results of these
two approaches is not significant for LFL, whilst
for UFL there is an improvement in the agreement
with experimental data. However, it could be
noted a systematic error in overestimating UFL.

4. Conclusions

The interest in ammonia as energy carrier, is
becoming more and more relevant. For this reason,
it is important to investigate flammable limits of
ammonia mixtures in several conditions, not only
for safety reasons, but also for industrial
applications. In order to predict flammable limits,
the flame speed-based method has been
considered, and kinetics [1] has been validated
after 184 simulations in OpenSMOKE++. Despite
the introduction of radiation contribution and
emissive coefficients proposed by [2] in the
simulations, a systematic error of overestimation in
the rich part of the curve persists. However, the
deviation from experimental data was not
significant and the kinetics has been considered
validated. 41 simulations to determine flammable
limits in ammonia mixtures, have been carried out



and results highlight the overestimation of UFL
values. It could be a consequence of a kinetics not
consolidated yet, and further investigations are
required on this topic. From a safety point of view,
an overestimation of UFL can be considered as a
conservative approach. All of the experimental
data collected for this study have been uploaded in
SciExpeM, a valuable tool that will allow different
users to use the database I have saved, to develop
and convalidate new kinetics.
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