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Real gas effects on ammonia-oxygen laminar flame speed
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1 Introduction

The achievement of carbon neutrality in the coming decades is a major goal of many countries, which
implies replacing fossil fuels with clean and renewable energy sources, such as wind and sun light. How-
ever, the intrinsic discontinuous characteristic of renewable energy production is an important drawback
for industrial and domestic activities, which requires developing energy storage strategies to supply on
an almost-continuous demand. In this framework, ammonia is a promising chemical storage candi-
date [1] with still unknown combustion features that are currently being addressed.

In this regard, the laminar flame speed (LFS) is an important global combustion parameter used to
characterize flammable mixtures [2]. The literature for NH3 and its blends with other fuels, i.e., Hy [3]
and CHy [4] is extensive and has grown exponentially in recent years, both experimental and numerical,
covering a wide range of conditions [5]. The common missing piece is that, although NH3 is known
to have a strong non-ideal behavior [6], herein referred to as real gas (RG) effect, this aspect has been
largely ignored in previous works on LFS. Only a limited number of studies on the effects of RG on
LFS exist, all of them focusing on other fuels such as hydrogen or methane [7, 8]. Despite these, among
others, relevant studies, it remains unclear under which conditions RG effects should be taken into
account for ammonia-based flames. Therefore, aiming to fill this gap, our goal is to evaluate the extent
of RG effects on the LFS of ammonia-oxygen (NH3-O3) mixtures.

2 Computational methodology and theoretical modeling

Given a one-dimensional, constant pressure configuration, the equations of conservation for mass,
species mass fractions, and energy for an inviscid fluid in a gravity-less environment are [9]
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The momentum equation is not included due to the low-Mach assumption. The novelty is that the
Redlich-Known (RK) equation of state (EoS) was used to account for RG effects on the EoS and the
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mixture thermodynamic properties:

pRT ap?

P = - .
1—pb 14 pb

2

P: pressure; R: specific gas constant; a: intermolecular attraction term; and b: co-volume. Expressions
of a, b, mixing rules and the thermodynamic functions can be found in [7]. The RG effects on the mass
action law are included using the approach of Giovangigli et al. [10],
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X;: mole fraction; ¢;: fugacity coefficient; ky ;/k;;: forward/backward reaction rate constants; v; ;/v;’;:

stoichiometric coefficients of the i*" species as reactant/products, and j: j** reaction. The reaction rate
ky ; follows the Arrhenius form, while , ; is evaluated with kf j /K, ; where K ; is the equilibrium
constant. The expressions of K. ; and ¢; are in [7]. Additionally, transport properties are corrected
for high-pressure conditions. The model of Chung et al. [11], modified by Gopal et al. [12], is used to
calculate the thermal conductivity. The binary diffusion coefficients were obtained using the Takahashi’s
model [13]. The mixture-averaged transport model is used.

Calculations for the RK cases were performed using FreeFlameRK, a modified freely-propagating flame
solver, implemented in Cantera 2.4 [14], see details in [7]. Calculations for the ideal (IG) case were
performed with the default flame solver of Cantera, i.e., FreeFlame, in which the IG EoS and thermo-
dynamics are used. The steady planar flame solutions were obtained in 5 cm domain which contained
more than 2000 points to ensure grid-independence.

Two recent reaction mechanisms are used: (i) Zhang et al. [15], 264 reactions and 38 species; and
(i1) Stagni et al. [16], 203 reactions and 31 species. Both mechanisms were extensively validated and
utilized in the recent ammonia LFS study of Hamadi et al. [17].

3 Results and discussion

NHj3-O2 mixtures with equivalence ratios ® = 0.5, 1, and 2 are considered. To cover a wide range of
conditions, calculations are performed for initial temperatures and pressures in the close vicinity of the
saturation curve of NHj3 between its triple point (73 = 195.5 K, P, = 6.09 kPa) and its critical point
(I. =405.2 K, P, = 11.36 MPa) [18]. The table included in Fig. 1 provides the initial thermodynamic
states, and the compressibility factors (Z) of the mixtures.

3.1 Laminar flame speed and burning flux

Figure 1 shows the LFS of NH3-O5 mixtures calculated with the IG and RK models and ® = 2. The two
reaction mechanisms provide similar overall qualitative and quantitative trends, although the predicted
LFES can differ significantly under some conditions (note shown here for conciseness), in line with
Hamadi et al. [17]. For the shown cases, LFS calculated with the IG model continuously increases as
pressure and temperature of the mixtures are increased. On the contrary, including the RK model makes
LFS to increase until point 6, then it decreases. The difference between the predictions of the IG and
RK models reaches up to 29% with the maximum difference obtained for point 16 at 7' = 410 K and
P =11.34 MPa.
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Figure 1: Table includes temperature, pressure, compressibility factor (Z). At each condition, a range of Z, increasing with
®, is given. Top-LFS and Bottom-LBF predicted by IG and RK models for NH3-O2 with & =2. Triangles: [15]; circles: [16].

According to [19,20], the laminar burning flux (LBF), i.e., the LFS multiplied by the fresh gas density,
is the actual “eigenvalue” of one-dimensional planar flames, indicating that LBF should coincide re-
gardless of the gas model used. The LBF for the different ammonia-based mixtures is presented in Fig.
1 as well. Unlike LFS, which demonstrates complex variations as pressure and temperature are varied,
LBF shows a continuous increase. In addition, LBF calculated with the IG and RK models are not ex-
actly the same, consistent with the results of [7] on the RG effects on LFS of sCOs-diluted syngas- and
methane-based mixtures. While the difference in LBF is significantly lower than for the LFS, it remains
above 5% for rich NH3-O9 under high-pressure conditions.

3.2 Analysis of the real gas effects

To further explore the origin of the differences between the IG and RK models and following the lead
of previous studies [7, 10, 21], the contribution of several parts of the RK model can be more clearly
identified by progressively incorporating new feature to the initial IG model. To clarify the notation:

Model 1 (M1 or IG): IG

Model 2 (M2): + RK EoS and thermodynamics

Model 3 (M3): + high-pressure transport

Model 4 (M4 or RK): + modified kinetics (Eq. 3)
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Figure 2: LFS for a NH3-O2 mixture with ® = 0.5. Chemistry from [16] and different gas models.

Figure 2 shows the LFS for the lean NH3-O2 mixture obtained when considering these different sets
of assumptions. The said equivalence ratios were computed and discussed, but not included for con-
ciseness. For all compositions and conditions investigated, no modification of the reported qualitative
trends is observed from M2 to M4. Nevertheless, while the LFS obtained with M2 to M4 are close to
each other, they do not exactly match quantitatively. For instance, for the NH3-O2 mixture with ® = 0.5
and the conditions of point 16, the difference between M1 and M4 is of 12%; the one between M1 and
M2 is of 14.1%, which represents a relative increase of 17%.

Let’s recall the expression of the LFS derived by Mallard and Le Chatelier, and by Zeldovich, Frank-
Kamenetskii and Semenov [22],

A d
LFS s, 4)
pucp  dt

«: thermal conductivity; ¢: progress variable; and w: reaction rate.

Changing from M1 to M2 induces a change of « through the modification of the fresh gas density and
of the heat capacity, see Fig. 3. Both quantities are largely increased by the change in the EoS and
thermodynamics functions, which leads to a significantly higher LFS in a high-pressure 1G.

In addition, moving from M1 to M2 affects the w through the modification of temperature, of the en-
thalpy of reaction, and of the Gibbs free energy. The flame temperature depends on the equilibrium
composition which is modified by the RG effects. These aspects are illustrated in Fig. 3. Depending
on P, significantly less or more ammonia is consumed when considering RG effects, and in most con-
ditions, the amount of N, O, formed is lower when including RG EoS and thermodynamics. These
observations indicate that RG effects should be accounted for when evaluating the production of pollu-
tants formed during high-pressure combustion of ammonia-based mixtures.

4 Conclusion
The influence of including real fluid modeling was investigated for NH3-O2 LES calculations along the

vapor saturation curve of ammonia. Results show a strong influence of RG effects on the computed LFS
of the tested mixtures. Qualitatively, the IG model yields a continuous increase of the LES with pressure
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Figure 3: Left - RG impact on ¢, and p,. Right - Constant pressure equilibrium temperature and mole fraction ratios.
NH3-O2 mixtures using the chemistry from [16].

and temperature, while including RG effects results in a decrease of the LES for P > 1.062 MPa and
T > 275 K. Quantitatively, the largest discrepancy is found for the highest combination of pressure and
temperature, up to 29 % for a NH3-O2 mixture with ®=2. Progressively adding real gas effects, i.e.,
EoS and thermodynamics, transport, and chemical kinetics, shows that the main aspects responsible for
the change of LFS are the real gas EoS and thermodynamics, while high-pressure transport models and
kinetics are of second-order importance. In light of the results, RG effects should be included when
modeling NH3 combustion in future analyses.
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