Numerical study on laminar burning velocity and ignition
delay time of ammonia flame with hydrogen addition
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ABSTRACT

This study focuses on the application of NHz as a carbon-free alternative fuel in internal combustion
devices. The two key parameters for fuel combustion, namely, laminar burning velocity and ignition delay
time of the NH3 flame at various H. blending levels, are numerically investigated. Results show that the
selected modified Dagaut-Kéromnés mechanism is acceptable and repeatable for calculating the burning
velocity and ignition delay time of NHs-air flame at various H addition conditions. Hz addition increases
the reactivity of NHs combustion at all conditions and enhances the burning velocity. This enhancement is
mainly due to chemical effect caused by the reduction in chemical activation energy and the transport
effect resulting from the high mobility of H,. Furthermore, an increase in pressure and H, addition ratios
can significantly decrease the ignition delay time of NHsz mixtures and promote NHs ignition. The

enhancement of H» addition on NHj3 ignition and laminar burning velocity is mainly attributed to the
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contribution of the three following reactions: O + Ho=OH + H, H+ O, = OH + O, and H2 + OH = H20 +
H. These reactions can significantly increase the concentration of free radicals and accelerate the peak of
radicals.
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1. Introduction

In recent decades, the study of alternative and clean fuels has attracted increasing attention with the
depletion of fossil fuels and strengthening of pollutant emission regulations [1,2]. One of the prospective
alternative fuels is NHs [3]. NHs is recognized as one of the most promising alternative fuels demonstrating
the following favorable properties: (a) free of CO., SOy, and soot emission because no carbon is present in
this fuel [3-5]; (b) synthesized from fossil fuels (e.g., petroleum, coal, and natural gas), or renewable
sources (such as wind, solar, hydropower, and biomass) [5-7]; and (c) easily and economically stored and
transported in the liquid phase in large quantities via NHs tanks, trucks, ships and pipelines [5-7]. Therefore,
NHs has become a key alternative fuel candidate. NH3 has been utilized in specific energy devices, such as
industry gas turbines and gas engines operated at high pressure and temperature [8,9].

As a fundamental property for fuel combustion in practical energy devices, laminar burning velocity is
determined by the combined properties of diffusivity, exothermicity, and reactivity of a fuel. The laminar
burning velocity is a key parameter to describe flame stabilization, extinction limits, flame structures, and
velocity [10-12]. Unfortunately, the burning velocity of NHz3 is usually low around 5-13 cm/s [6,7,13].
This low value obstructs its application in specific energy devices. NHs combustion at various conditions,
such as dual fuel with H. [7,14-18] and CH4 [19-21]with high burning velocity, preheating condition [9,22,
23] from exhaust heat, and O>-enriched condition [24,25], has been investigated to improve the laminar
burning velocity of NHa. Lee et al [16] investigated the burning velocity and emission characteristics of
NHs with H. addition ratio from 0% to 50%. They found that the laminar burning velocity substantially

increases with H. addition, and low NOx formation occurs at fuel-rich conditions. Li et al. [17]



experimentally studied the combustion characteristics and NOyx formation of NHs—H, combustion with H
ratio from 33.3 % to 60.0 %. The laminar burning velocity improved to a favorable level, similar to CHg;
whereas NOx emission should be further treated when NHz is used as a fuel. The laminar burning velocities
of pure NHs combustion at preheating and Oz-enriched conditions have also been studied by Li et al.
[23,25]. Preheating temperature and O- enrichment positively affect the laminar burning velocity of NHs
because of the high reaction rate and free radical formations. Furthermore, NO reacts with NHy radicals
and leads to low NO formation. Reducing NO emission in NHs-air combustion is also observed.

Ignition delay time is another key property for fuel combustion in practical energy devices. It is a
significant validation parameter in the development of chemical kinetics. The ignition delay time directly
determines the ignition of fuel in practical energy devices. The fuel ignition process is recognized as
zero-dimensional and homogeneous in a standard shock tube measurement facility. For NH3 combustion,
the ignition temperature and ignition energy of NHs are high and limit the application of NHs as a practical
fuel. Therefore, the studies on the ignition characteristics of NHs and the enhancement of NHs ignition are
necessary. Many studies [26—-32] on application of NHz in compression-ignition and spark-ignition engines
have been reported. However, previous experiments showed shortage with poor ignition property of NHs.
Additionally, little work has been conducted on the ignition delay time of NH3 [33] and enhancement of
NHj3 ignition. However, the fundamental key properties of NHz, such as burning velocity, auto-ignition
temperature, and minimum ignition energy are far apart with Hz, methanol, and gasoline as shown in Table
1 [30,31]. The burning velocity of NHz is only approximately 0.42% of H> (3.51 m/s), and the minimum
ignition energy is 4440 times of H, (0.0018 mJ). By mixing with Hy, it is possible for NHsz to present
promising properties at suitable H, addition ratios. Furthermore, the kinetic of NHz combustion at various
H> addition conditions remains also unclear and needs further investigation. Thus, studies on the laminar
burning velocity and ignition delay time of NHs combustion are still rare and worthwhile.

This study are aims to evaluate the kinetic models of NHz combustion, investigate the laminar burning



velocity at various H addition ratios (up to 90%), calculate the ignition delay time of NHsz flames at
various conditions, and discuss the effect of H, addition on the chain reaction mechanism, laminar burning
velocity. The results will be used to provide a fundamental database and a favorable method for the
enhancement of NH3 combustion in practical energy devices.
2. Numerical simulations

The laminar burning velocity is simulated by a freely propagating adiabatic, premixed, laminar flame
speed calculation model [34] in CHEMKIN 4.0. The hybrid time—integration/Newton-iteration technique
with adaptive meshes and mixture—averaged transport parameters is applied to solve the steady-state mass,
species and energy conservation equations of the flames; this technique has been described in detail in
previous studies [22,23,25]. The inlet gas molar fractions for laminar burning velocity calculation at
various H; addition ratios are summarized in Tables S1-S6 in Appendix Al. Estimated values for the
initial, intermediate and production fractions along with temperature profiles are set before the simulations.
The final solution is obtained at adaptive grid control based on the solution gradient and curvature (GRAD
and CURV) set as 0.01 and 0.05, respectively. These values are sufficiently accurate for our results. The
burning velocity is calculated with Soret effect using multicomponent transport method in CHEMKIN [34],

which is shown as following equation based on Metghalchi and Kech power-low relation [25,35]:

u — 2uo \ ¢ -
To Po

where S, is the laminar burning velocity (cm/s), T, and p is the unburned temperature (K) and
pressure (atm), S,o, a, and [ are constants, and the subscript O represents the standard state.

The ignition delay time is calculated using CHEMKIN package. A homogeneous charge
compression-ignition model is selected for the simulations. A wide range of engine related conditions is
investigated with pressure from 1.4 atm to 30 atm, temperature from 1500 K to 2500 K, and equivalence
ratio from 0.5 to 2.0. The calculated ignition delay time of Tyy, and Toy is defined as the time interval

between zero to the maximum molar fraction of NH,, and OH radical. The ignition process is calculated by
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constraining pressure and solving the energy equation. The end ignition time is set as 0.5s, which is quite
enough for the ignition process. The initial temperature and pressure, along with the inlet gas composition,
are set at the beginning of simulations. The inlet gas compositions for calculating the ignition delay time of
NHs flames at various Hy addition ratios are summarized in Table S7 in Appendix A2.

Three mechanisms are employed in this research, namely, modified Dagaut—Kéromnes (DK)
mechanism [36,37], Millar—Bowman (MB) mechanism [38], and Reductive Konnov (RE) mechanism [39].
There are 43 species and 271 elementary reactions containing 40 elementary reactions for Hx/CO
chemistry from Kéromnes [37] in the DK mechanism. The replacement of Hx/CO chemistry from
Kéromnes is proved to improve the prediction for the ignition delay time and laminar burning velocity of
NH3 for involving mixture with H, and O,. The DK mechanism can simulate the oxidation of NHs, Ho,
and carbon monoxide at elevated temperature and pressure conditions. The MB mechanism is a C4 kinetic
model (including 58 species and 255 elementary reactions) in which the NHz oxidation reaction developed
by Sandia National Laboratories and Stanford University is considered, which has confirmed to be a
significant mechanism for NHsz oxidation process during hydrocarbon combustion. The RE mechanismis a
NHa/H. kinetic model with 19 species and 80 elementary reactions established by the Université
Catholique de Louvain. The RE mechanism was developed from reduction of Konnov mechanism, those
small quantities (<10® mole fraction) and not necessary species for the formation and decomposition of
main species are removed to obtain RE mechanism with only 19 species and 80 elementary reactions.
These three mechanisms have been validated and added in Appendices B1-B3.

3. Results and discussion
3.1 Laminar burning velocity

Fig. 1 shows the burning velocity of NHs-air flame at various H. addition ratios (Xy,) and

equivalence ratios of (a) 0.80, (b) 1.00, and (c) 1.25. The simulated results in this study by the DK and RE

mechanisms are compared with the measured results by Lee et al. [16], Li et al. [17], Lindstedt [40],



Kumar [41], and Ichikawa [42], as well as the simulated results by Li et al. [22, 23] with the MB
mechanism [38]. Fig. 1 shows that the simulated results are in good agreement with previous findings.
Meanwhile, Li et al. [25] found that the calculated laminar burning velocity based on the RE mechanism is
larger than measured results but consistent with the previously predicted values for NHz-air flame. The
laminar burning velocity of NHsz-air flame by the DK mechanism in this study shows better agreement with
those measured results than the RE mechanism at all H» addition and equivalence ratio ranges. Particularly,
at equivalence ratio of 1.00, the predicted burning velocity under DK mechanism match more closely with
experimental data (within ~15%) than that of RE mechanism (10%~98%) under all H, addition conditions,
same tendency is also observed at fuel lean and fuel rich conditions. Therefore, this agreement in burning
velocity confirms that the selected DK mechanism is acceptable and repeatable for calculation of the
burning velocity of NHs-air flame at various H> addition conditions.

Fig. 2 shows the calculated laminar burning velocity of NHs-air flame as a function of ¢, with Xy, as
a parameter. The values of the laminar burning velocity of NHs-air flame as a function of ¢ at various Xy,
are shown in Table S8 in Appendix C. The bumning velocity of NHs-air flame for Xy, is used as the
reference line. With increasing H addition, thereby increasing Xy, , the laminar burning velocity increases
as expected. Previous studies suggested that the laminar burning velocity has linear correlations with
certain key radicals [25]. The laminar burning velocity of hydrocarbon and hydrogen fuel is linearly
correlated with H and OH radicals [25,43]. However, the laminar burning velocity of NHs is linearly
correlated with NH, radical [25], which differs from that of hydrogen and hydrocarbon fuels. Therefore,
the burning velocity of NHs-air flame blending with H> can be correlated quasi-linearly with
(NH2+H+OH)max, as shown in Fig. 3. This correlation is expressed as follows.

Sy = k*(NH,; + H+ OH) .« cm/s
where K is the slope, which represents the sensitivity of the laminar burning velocity of NHs-air flame

to the maximum mole fraction of (NH2+H+OH) in the flame and equals 3758.5.



The laminar burning velocity of NHs-air flame increases with the increase in Xy,. Hz addition with
Xy, =0.3shows a192% increase in burning velocity (from 3.96 cm/s at pure NHs condition to 11.55 cm/s
at Xy, =0.3) at ¢ of 0.8, whereas 169% (from 6.83 cm/s at pure NHs condition to 18.37 cm/s at Xy, =
0.3) and 198% increases (from 6.62 cm/s at pure NHs condition to 19.71 cm/s at Xy, =0.3) are found at ¢
of 1.0 and 1.25, respectively. These effects can be considered as thermal because the increase in adiabatic
flame temperature (as shown in Fig. 4), chemical because the reduction in chemical activation energy, and
transport because of the high mobility of Hz. The thermal effect AS, therm and chemical effect AS, chem

of H addition on the laminar burning velocity can be defined as follows [44—-46]:
AS _ Sur(Xn,) — Su(Xu, = 0)
ttherm SU(XHz) - SU(XHZ = O)
_ Suc(Xn,) = Su(Xu, = 0)
SU(XHz) - SU(XHZ = 0)

ASu,chem -
Therefore, the transport effect of H. addition on the laminar burning velocity can be expressed as:

ASu,tram =1- ASu,therm - ASu,chem

where, ASy therm: ASuchem, aNd ASy tan are the thermal, chemical, and transport effects of H:
addition on the laminar burning velocity respectively; Su(XH2 = 0) is the laminar burning velocity of
pure NHsz as a modified baseline fuel mixture; Su(XHZ) is the laminar burning velocity of NHz at H»
addition of Xy, ; Su,T(XHZ) is the laminar burning velocity of NHs at Hz addition of Xy, caused by the
thermal effect, which is calculated by replacing part of nitrogen into argon to increase the baseline flame
temperature; and S, c(Xy,) is the laminar burning velocity of NHz at H addition of Xy, caused by the
chemical effect, which is calculated by replacing part of nitrogen into CO» to decrease the Ho-added NHs
flame temperature to the baseline flame temperature. The thermal, chemical, and transport effects of H.
addition on the laminar burning velocity of NHs-air flame at various Xy, are shown in Fig. 5. The thermal,
chemical, and transport effects of H. addition all contribute to the enhancement in the laminar burning

velocity. The laminar burning velocity enhancement of NHz-air flame caused by the chemical and transport



effects is about 10 times of that by the thermal effect. Furthermore, at low H. addition ratios, the chemical
effect plays a dominant role. The transport effect increases with rising Hz addition ratios. Both the chemical
and transport effects are the main reasons for the burning velocity enhancement at high Hz addition ratios.
High reactivity and mobility of H, lead to high chemical and transport effects. Similar results are obtained
at fuel-lean (¢ of 0.8) and fuel-rich conditions (¢ of 1.25).

Results of sensitivity analysis of key elementary reactions that contribute to the enhancement of the
laminar burning velocity of NHs-air flame at various H, addition ratios are shown in Fig. 6. The
sensitivities of elementary reactions of R235: O + H, = OH + H and R239: H, + OH = H.0 + H increase
significantly with H addition ratios. The most important elementary reaction of H, addition on laminar
burning velocity of NHz-air flame is R236: H + O, = OH + O. The sensitivity coefficient of R236 is
non-monotonically changed with Xy, whereas, the sensitivity of R235: O + Hz = OH + H, and R239: H
+ OH = H20 + H on the laminar burning velocity of NHz-air flame emerges at Xy, of 0.3 and increases
with increasing Xy,. The acceleration of R235, R236, and R239 with H addition can enhance H, O, and
OH radicals, which are crucial to the NHs decomposition reaction. The following three reactions are

necessary to form NH; radical:

NHz: + OH = NH, + H.0 (R93)
NHz + H=NH, + H, (R91)
NHs + O = NH, + OH (R92)

The enhancement of NHz decomposition is directly related to the burning velocity improvement of
NHz. According to previous discussions on NHs combustion at preheating and O»-enriched conditions, the
enhancement of H abstraction of NHs attacked by O, H, OH, and M radicals is caused by thermal
decomposition reactions, which can also be proven to increase the burning velocity of NHs flame
[22,23,25]. Therefore, R235: O + H, = OH + H, R236: H + O, = OH + O, and R239: H, + OH=H,O + H

are most sensitive reactions on the burning velocity of NHs-air flame with Hy addition.



3.2 Ignition delay time
3.2.1 Ignition delay time validation

As a key parameter of fuel combustion in energy devices, the ignition delay time of NHs flame during
the NHs auto-ignition process in a closed homogeneous batch reactor at various Xy, conditions is
calculated. Figs. 7(a)-7(c) show comparisons between the experimental data [33] and numerical results of
the ignition delay time based on NH> and OH radical using the DK, MB, and RE mechanisms at
equivalence ratios of 0.5, 1.0, and 2.0, respectively. Fig. 7 shows that the predicted ignition delay of the
NHz-O2 mixture for each mechanism differs over all temperature and equivalence ratio ranges and has a
maximum difference of up to one order of magnitude. Among these mechanisms, the ignition delay time of
the DK mechanism based on NH. radical can be predicted well with the experimental data by Mathieu and
Petersen [33] compared with that of the MB and RE mechanisms. Particularly, at equivalence ratio of 1.00,
the predicted ignition delay time (tyy,) under DK mechanism match more closely with experimental data
(within ~14%) than that at RE mechanism (approximately 40%~70%) under all H, addition conditions,
same tendency is also observed equivalence ratios of 0.5 and 2.0. Therefore, the DK mechanism is selected
for the following ignition delay discussion. The specific selection of the DK mechanism does not alter the
generality of the discussion. In other words, the main and controlling reactions for NHs ignition are the
same, whereas the kinetic parameters are different from other mechanisms.

For the fuel-lean and stoichiometric conditions as shown in Fig. 7(a) and 7(b), the simulated results
agree well with the experimental data [33]. For the fuel-rich condition shown in Fig. 7(c), the simulated
results are one or two times larger than the experimental data [33]. Although the selected Kinetic
mechanism can predict the laminar burning velocity and ignition delay time for almost all operating
conditions, its ability to predict the ignition delay time for NHs combustion is less reliable at fuel-rich
conditions.

3.2.2 Ignition delay time at various hydrogen addition



Fig. 8(a)-8(c) show the effect of H, addition on the ignition delay time for the NHz-O, mixture diluted
in 99% at various ¢ of 0.5, 1.0, and 2.0 respectively. The ignition delay time of NHz is dramatically reduced
with H, addition over all tested conditions. In particular, at a high temperature (1950 K), the reduction in
ignition delay time is 93.2% at ¢ of 0.5 and increases to 93.6% and 93.7% at ¢ of 1.0 and 2.0, respectively.
Meanwhile, H, addition shows a strong effect on activation energy (E,) changes (50.3 kcal mol ™ for Xu,
=0, and 17.9 kcal mol* for Xy, =0.9at ¢ of 1.0 and pressure of 1.4 atm) as shown in Table 1.

Fig. 9 shows the effect of pressure on the ignition delay time for NH3-O2-Ar mixture at various Xy, .
The black, red, and blue lines show the simulation results, whereas the dots are the measurement results of
NHz-O2-Ar mixture by Mathieu and Petersen [33] at 1.4, 11, and 30 atm. Fig. 9 shows that an increase in
pressure can significantly decrease the ignition delay time of NH3z mixtures and promote of NHs ignition.
The addition of H, does not change the pressure dependence phenomenon of the NHz ignition delay time.
Interestingly, the reduction in the ignition delay time with pressure changing from 1.4 atm to 10 atm is
more pronounced than that from 10 atm to 30 atm. The reaction rate of the two most significant dominant
radicals during NHs ignition process (i.e., OH reaction together with elementary reactions of R92: NHz + O
=NH; + OH, R235: O + H> = OH + H, and R236: H + O> = OH + O for OH radical production, as well as
NH> reaction together with elementary reactions of R93: NHz + OH = NH. + H20, R91: NH3 + H=NH> +
Ho, and R92: NHz + O = NH2 + OH for NH production) increases with increasing pressure and Ho
addition ratios (Fig. 10). The enhancement of OH radical can increase unreactive species of NHz into
reactive NHz, NH, and N radicals with H abstraction of NHz decomposition. Furthermore, the
enhancement in the reaction rate of OH radical from 10 atm to 30 atm is much higher than that from 1.4
atm to 10 atm. This difference leads to a more significant reduction in the ignition delay time. The solid
black lines in Fig. 9 shows that the ignition delay time of pure NHz decreases with increasing pressure at ¢
ranging from 0.5 to 2.0. The effect of ¢ on the ignition delay time for NH3-O»-Ar mixture at various Ho

addition ratios and pressure of 1.4 atm is shown in Fig. 11. The solid, dash, and dot lines are the simulation
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results at H, addition ratios of 0.0%, 50.0%, and 90%, respectively. For pure NHz mixture, only a minimal
effect is observed when ¢ increases from 0.5 to 2.0. At high Xy,, the effect becomes obvious with a
change in ¢. This finding indicates that NHs ignition has a strong Xy, dependence upon ¢.

NHz ignition is closely related to the H. addition ratio, pressure, and equivalence ratio. To
quantitatively understand the pressure-dependent behavior in NHz ignition, the effect of pressure on the
reduction ratio of the ignition delay time at 1950 K and various ¢ of 0.5, 1.0, and 2.0 is shown in Fig.
12(a)-12(c), respectively. Fig. 12 shows that the reduction ratio of the ignition delay time increases with an
increase in Hy addition ratio but decreases with rising pressure at all equivalence ratios. At fuel-lean and
stoichiometric conditions, the reduction at high pressure is similar to that at low pressure and shows small
pressure-dependent effects. For fuel-rich conditions, the pressure-dependent effects on the ignition delay
time become large. To quantitatively understand the equivalence ratio-dependent behavior in NHs ignition,
the effects of the equivalence ratio on the reduction ratio of the ignition delay time at 1950 K and various
pressures of 1.4, 11, and 30 atm is shown in Figs. 13(a)-13(c), respectively. As shown in Fig. 13, the
reduction of ignition delay time increase with increasing H> addition ration at all equivalence ratio. At
lower pressure below 11.0 atm, equivalence ratio effect on the reduction ratio of ignition delay time is
similar. Specifically, at same pressure of 11 atm and H addition ration of 0.3, the reduction ratio of ignition
delay time reaches 78.6%, 75.7%, and 76.9% at stoichiometric condition, fuel-lean and fuel rich conditions,
respectively. At high pressure of 30.0 atm, H, addition provides the strongest effect on the reduction ratio of
ignition delay time at stoichiometric condition. The reduction ratio of ignition delay time at stoichiometric
condition reaches 78.2%, which is about 5% higher than that at fuel-lean (74.2%) and fuel rich (74.7%)
conditions at H. addition ration of 0.3. However, the reduction at fuel-lean and fuel-rich conditions exhibits
similar increasing tendency on NHz ignition with Hy addition.

3.2.3 Sensitivity analysis

To further identify the important reactions for NHs ignition, sensitivity analysis on the OH radical is
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performed at various Hy addition ratios and pressures. Previous studies showed that sensitivity analysis of
OH and NH2 produces results that are crucial to NHz oxidation and combustion [25,33]. Furthermore, the
formation of OH free radical is closely related to NHz decomposition. Therefore, OH sensitivity analysis is
highly similar to sensitivity analysis of the ignition delay time. The dominant reactions from OH radical
sensitivity analysis can be assumed as the important reactions for NHz ignition.

Fig. 14 shows the results of normalized sensitivity analysis at certain selected conditions. For fuel-lean
condition, Figs. 14(a)-14(c) illustrate the results at ¢ = 0.5, 1950 K, and pressure of 1.4, 11, and 30 atm at
Xy, 0f0.0,0.5, and 0.9, respectively. The two most enhancing reactions are R235: O + H, = OH + H, and
R236: H + O, = OH + O, and the most inhibiting reaction is R239: H, + OH = H>O + H. These reactions
are revealed in sensitivity analysis. Apart from the three most effective reactions, R93: NHz + OH = NH; +
H-0, and R98: NH> + OH = NH + H20 also show important effect on NHz ignition at H, addition and high
pressure conditions.

At stoichiometric conditions, Figs. 14(d)—-14(f) show the results at ¢ = 1.0, 1950 K, and pressure of 1.4,
11, and 30 atm at Xy, of 0.0, 0.5, and 0.9, respectively. Sensitivity analysis at stoichiometric conditions
shows that almost all important reactions are the same or nearly at the same order in terms of normalized
sensitivity at fuel-lean conditions. The two most enhancing reactions are R235: O + H, = OH + H, and
R236: H + O, = OH + O, whereas the most inhibiting reaction is R239: H, + OH = H,O + H. These
reactions are similar to the results of sensitivity analysis on burning velocity.

For fuel-rich condition, Figs. 14(g)-14(i) show the results at ¢ = 2.0, 1950 K, and pressure of 1.4, 11,
and 30 atm at Xy, 0f0.0, 0.5, and 0.9, respectively. The reactions of R235: O + H, = OH + H, R236: H +
02 =0OH + O, and R239: H, + OH = H2O + H are the also most important ones based on the results of
sensitivity analysis. These reactions can significantly increase the concentration of free radicals and
accelerate the peak of H, O, and OH; such events promote NHzs ignition. The results of this sensitivity

analysis show that the most inhibiting reaction of R239: H, + OH = H>O + H becomes less important,
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whereas R93: NHz + OH = NHz + H2O becomes dominant; this reaction is the thermal decomposition
reaction of NHz (i.e., with involvement of NHz and OH radical). The importance of R93: NHz + OH = NH>
+ H20 illustrates some potential advantages at fuel-rich conditions, NHz can be completely consumed and
converted to Ha, which has also been proved by previous studies [9,25,39].

4. Conclusions

This study focuses on the application of NH3 as a carbon-free alternative fuel in internal combustion
devices. The laminar burning velocity and ignition delay time of NHs flames at various Hz blending levels
have been numerically investigated. The main conclusions are summarized as follows:

(1) The addition of Hy from thermal decomposition of NHs increases the reactivity of NH3
combustion and enhances the burning velocity of NHs, enabling NHs as a practical fuel in various energy
devices.

(2) The enhancement of burning velocity of NHz is mainly due to the chemical effect caused by the
reduction in chemical activation energy and transport effect resulting from the high mobility of Ha.

(3) An increase in pressure and Hy addition ratios can significantly decrease the ignition delay time of
NH3 mixtures and promote of NHj3 ignition.

(4) The enhancement of H addition on NHs ignition and laminar burning velocity is mainly attributed
to the three following reactions: O + Ho = OH + H, H + O, = OH + O, and Hz + OH = H,0 + H. These
reactions can significantly increase the concentration of free radicals and accelerate the peak of H, O, and
OH radicals.
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Nomenclature

¢ Equivalence ratio (-)

Xu, H2 addition ratio in NH (-)

P Pressure (atm)

T Temperature (K)

Su Laminar burning velocity (cm s

ASy therm Thermal effect on laminar burning velocity (-)
ASy chem Chemical effect on laminar burning velocity (-)
ASy tran Transport effect on laminar burning velocity (-)

Su(Xu, = 0) Laminar burning velocity of NHs at H, addition ratio of 0 (cm s

Su (XHZ) Laminar burning velocity of NHs at Hz addition ratio of Xy, (cm s

Su,T(XHZ) Laminar burning velocity of NHz at H, addition of Xy, caused by thermal effect (cm s™)
Suc(Xn,) Laminar burning velocity of NHs at Hz addition of Xy, caused by chemical effect (cm s™)
TNH, Ignition delay time based on maximum molar fraction of NH> (us)

Tou Ignition delay time based on maximum molar fraction of OH (us)

E, Activation energy (kcal mol™?)
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Table 1.

Fundamental key properties of various fuels [30,31]

Items Ammonia Hydrogen Methanol Gasoline

Lower heating value / MJ/kg 18.8 120.1 19.7 445
Lower heating value / MJ/L 113 8.5 155 29.7
Laminar burning velocity / m/s 0.015 351 0.50 0.58
Flammability limits, gas in air / vol.% 15-28 4.7-75 6-36 0.6-8
Auto-ignition temperature / °C 651 571 470 230

Minimum ignition energy / mJ 8.0 0.0018 0.14 0.14
Density, 25°C, 1 atm/ g/L 0.703 0.082 787 740
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Table 2.

Activation Energy of NHz-O,-Ar mixtures at various H, addition ratio and pressure of 1.4 atm / kcal mol*

XHz / -
0.0 0.1 0.3 05 0.7 0.9
¢
Experimental
This work
data [33]
0.5 44.6 439 36.7 26.7 231 19.1 16.8
1.0 51.7 50.3 40.8 30.7 237 19.9 17.9
20 56.3 55.1 447 311 26.2 227 18.9
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21



100

Su /em/s

10

Pure NH ——X =0.1

——X, =03 —X, =05
X, =07 —X, =09

0.8 0.9 1.0 1.1 1.2

Equivalence ratio (-)

Fig. 2. The function of NHs-air laminar burning velocity with equivalence ratios at various Xy, .

22



2001

i 150
E
[¥]
i
100 +
= $=080
50 ® =100
A (=125

Linear fit of the calculation

0.00  0.01 002  0.03 004 0.05 0.06
(NH,+H+OH)

Fig. 3. Laminar burning velocity correlation with maximum mole fraction of NH.+H+OH radicals.

23



2400

2300+

2200+

Flame temperature / K
M
=]
=)
;

[§=]

(=]

[=

<
T

Pure NH, —— X = 0.1

1900 + X, =03 —X, =05
X, =07 ——X, =09
1800 1 I 1 L 1
0.8 0.9 1.0 1.1 1.2 1.3

Equivalence ratio (-)

Fig. 4. The function of adiabatic flame temperature of NHs-air flame with equivalence ratios at various

Xu

2"

24



$=1.00
0.8+
0.6 Chemical effect
o
<
04+F
Transport effect
0.2r
Thermal effect
0.0 L L 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5. Thermal, chemical, and transport effect of H, addition on the laminar burning velocity of NHsz-air

flame (¢=1.0).

25



R236: H+0,=OH+O
R239: H,+OH=H,0+H

R235: O+H,~OH+H

R171: HENO(+M)=HNO(+M)
R105: NH,+N=N +H+H

R90: NH, +M=NH_+H+M
R112: NH+H=N+H,

R113: NH+O=NO+H

R237: H+0,+M=HO,+M

R238: HtOH+M=H,0+M

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Sensitivity coefficient

Fig. 6. The sensentivitiy analysis of elementary reactions to laminar burning velocity of NHs-air flame at

various Xy, ($=1.0).

26



T K 2500 2400 2300 223;](10 2100 2000 1900
2500 2400 2300 2200 2100 2000 1900 .= , : : : : ‘
@/ ‘ ‘ ; y ‘ ' 4=1.0, 1.4 atm, 99% Ar
$=0.5, 1.4 atm, 99% Ar o
10001 1000 ¢
£ 100} £ 100}
z z
3 3
= =
2 -
‘é’ =
= 10} 2 1ok
Based on NH, radical (7, ) . Experimental dara-{SS] Based on NH_ radical (z_, ) - Experimental dala.[33j
- -- BasedonOHradical (r,) — "~~~ E[; 1::::'1‘::?3‘ - - - Based on OH radical (z,) G E)/Il; “;Ii‘::m?q"ssrr:
—— - -- RE mechanism —— --- RE mechanism
— . . . : ‘ . L s . \ . . :
4.0 4.2 4.4 4.6 4.8 5.0 5.2 4.0 4.2 4.4 4.6 4.8 5.0 5.2
10T, (xkh 10T, (K™
T (K)
2500 2400 2300 2200 2100 2000 1900
© T T T T T T T
1000
)
2
o
2 1o}
&g
3
=l
=
&
e 10
Based on NH, radical (rw\) = Experimental data\[}S]
- - - Based on OH radical (7, ) : : : a’; Tni‘::i’;:i?n
—— - -- RE mechanism
1 L . L . 1 L

40 42 44 46 48 50 52
4 -1
10%T_(K")

Fig. 7. Comparison between experimental and numerical ignition delay times based on NH radical (Solid

line) and OH radical (Dash line) for NHs-O, mixture diluted in 99% Ar at various equivalence ratios: (a)

$=0.5; (b) $=1.0; (c) $=2.0.

27



T (K)

T(K)
2500 2400 2300 2200 2100 2000 1900
(b) T T T T r T T
Based on NH, radiacl (z )
1000+ 6=1.0,P=14atm
)
g
= 100p
iy
L
o
=
2
‘g
20
10+
®  Pure NH , measurement data [33]
Pure NH, X, =0l
XH‘ =03 — XH.-= 0.5
X, =07 —X, =09
1 1 1 L L L L 1
4.0 42 44 4.6 4.8 5.0 52
10%T, (K™
T (K)
2200 2100 2000

1900

2500 2400 2300 2200 2100 2000 1900
@ T T T T T T T
Based on NH, radical ()
1000 ¢ #=0.5,P= 1.4 atm
g
L
E 100}
=
=
]
=
=
k!
= 10
®  Pure NH,, measurement data [33]
Pure NH, X, =01
m— Xu: =03 — Xu: =05
X, =07 ——X, =09
1 L L . L . L .
4.0 4.2 44 4.6 4.8 5.0 52
4 -1
10YT, (K
2500 2400 2300
© T T T

1000t Based on NH, radiacl (r,

$=2.0,P=14atm

100

Ignition delay time (us)

\ull)

®  Pure NH,, measurement data [33]

Pure NH, X, =01
X, =03 —X, =05
X“ =0.7 ~——‘XH =09

1 L 1

l 1 1 1
4.0 4.2 4.4

Fig. 8. Effect of H addition on ignition delay times for NHs-O> mixture diluted in 99% Ar at various

equivalence ratios: (a) $=0.5; (b) $=1.0; (c) $=2.0.

46 48 50 52
4 -1
10T, (K")

28



T (K) T(K)
2600 2400 2200 2000 1800 1600 2600 2400 2200 2000 1800 1600

(a) (b)
1000 £ 1000
£ 2
o L (2] =
£ 100 E 100
g B
B <
g 5
= 2
=] 2 10t
l4atm = Measument data [33] @ Simulation data l.4am ®  Measument data [33] (U Simulation data
Ilatm e Measument data [33] @ Simulation data Ilatm @ Measument data [33] (2 Simulation data
30atm & Measument data [33] @ Simulation data 30atm 4 Measument data [33] @) - - - Simulation data
1 L L 1 1 L L 1 1 1 L 1 L L L L
4.0 4.4 4.8 52 5.6 6.0 6.4 4.0 4.4 4.8 52 5.6 6.0 6.4
10%T, (K™ 10T, (K"

2600 2400 2200

(c)
1000 ¢

—_

)

3

=

o L

£ 100

=

=)

=

5]

=

=

=

&

= 10t
l4atm ® Measument data [33] (D Simulation data
11atm ® Measument data [33] @ Simulation data
30 atm 4 Measument data [33] @) - - - Simulation data

1 . L L . L

40 44 48 52 56 60 64
4 -1
10%T, (K

Fig. 9. Effect of pressure on ignition delay times for NHz-O. mixture at H addition ratio of 0 (Solid line),

0.5 (Dash line), and 0.9 (Dot line): (a) $=0.5; (b) $=1.0; (c) $=2.0.



(a) 0035

Reaction rate (mole cm” s™)

0.030

0.025 -

0.020

0.015}

0.010

0.005

R-OHH\I:A\
--- R92
- -- R235
R236

Pressure / atm

(b)

Reaction rate (mole cm” s™)

0.035

0.030

0.025

0.020 +

0.015F

0.010

0.005

——R-NH ~(Tatal)
- -~ R92

--- R9I
R93

Pressure / atm

Fig. 10. Effect of pressure on total and elementary reaction rate of OH (a) and NH: (b) radicals at Xy, of

0.5.

30



1000 ¢

@
2
5 100}
E
z
T
=
=]
£
& 10}

Simulation data
Simulation data
Simulation data

¢=0.5 = Measument data [33]
4=1.0 ® Measument data [33] @
$=2.0 4 Measument data [33]@

l 1 L 1 1 1 1 1
38 40 42 44 46 48 50 52 54
10%T, (K™

Fig. 11 Effect of ¢ on ignition delay time for NHs-O2-Ar mixture at pressure of 1.4 atm and various Hz

addition ratios of 0.0 (Solid line), 0.5 (Dash line), and 0.9 (Dot line).

31



—_
=
—

80

60+

40t

20+

Reduction ratio of ignition delay time (%)

0.2

Reduction ratio of ignition delay time (%)

(b) 100
= g0l
L)
=
>
=
3
Z 60
2
2
2
3
2 40t
—— l.4atm £ — l4aim
—— 11.0 atm S ——11.0 atm
——30.0 atm b5 ——30.0 atm
=
E 20t
1 - 1 O i L L 1
0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
an )
100
801
60 F
40 +
— l4atm
—— 1 1.0 atm
— 30.0 atm
20F
O L I 1 - L
0.0 0.2 0.4 0.6 0.8 1.0

XI!] )

Fig. 12 Pressure effect on the reduction ratio of ignition delay time compared to pure NHsz with various H>

addition ratios over pressure of 1.4-30 atm at 1950 K: (a) ¢ = 0.50, (b) ¢ = 1.00, (c) ¢ = 2.0.

32



Fig. 13 Equivalence ratio effect on the reduction ratio of ignition delay time compared to pure NHz with
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