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Hydrogen addition can enhance ammonia reactivity and improve its ignition characteristics. This study in-
vestigates the fundamental mechanisms governing ignition improvement in ammonia and hydrogen mixtures by
quantifying exergy destruction during autoignition at a pressure of 5 MPa, temperature of 900 K, and equivalence
ratios of 0.5 to 1. Exergy destruction of each elementary reaction is quantified using species production rates and
Gibbs free energy changes. Results show that hydrogen addition significantly increases instantaneous exergy

destruction due to enhanced radical generation and chain-branching reactions. However, the total exergy
destruction decreases by 19% and 30% for hydrogen addition levels of 40% and 60%, respectively, primarily due
to the shorter ignition delay time, which reduces the duration available for irreversible processes. This is further
reflected in decreased exergy destruction from NHy oxidation and NOx chemistry, while exergy destruction from
radical growth reactions increases due to enhanced H and OH production.

1. Introduction

Recently, ammonia has been recognized as a potential hydrogen
carrier due to its ease of storage and transportation [1]. It can also be
used directly as a fuel in combustion systems [2]. However, engines
operating on neat ammonia may suffer from lower thermal efficiency
and narrower operating ranges compared to conventional hydrocarbon
fuels, mainly due to ammonia's lower flame speed and combustion
temperature [3]. The addition of hydrogen has been shown to increase
the flame speed, thereby improving the combustion stability of
ammonia mixtures [4]. This effect becomes more pronounced when the
hydrogen fraction in ammonia mixtures exceeds 30% by volume [5].
The addition of hydrogen has been shown to promote ammonia
decomposition and increase in the pool of reactive radicals such as H and
OH species [6]. Significant amount of research has been devoted to
developing detailed kinetics to wunderstand the influence of
hydrogen-enriched ammonia mixtures [7]. Hydrogen enrichment ac-
celerates the overall ammonia reaction rates; however, the coupling
between hydrogen and ammonia oxidation pathways becomes increas-
ingly complex under fuel-rich and high-pressure conditions, where
hydrogen regeneration and unimolecular decomposition of NyHy play
significant roles [8]. A comprehensive chemical kinetic mechanism was

developed in Ref. [9] for hydrogen with ammonia mixtures to predict
ignition delay times at high temperatures, based on shock tube experi-
mental data given in Refs. [10,11,12]. Since it is evident that hydrogen
addition improves significantly the reactivity of ammonia mixtures, it is
important to investigate the underlying fundamental thermo-chemical
mechanisms that promotes its effects and its maximum potential. The
second law of thermodynamics provides insights to destruction mech-
anisms through the concept of exergy, which is defined as the maximum
theoretical useful work that can be extracted from a system [13,14].
Exergy analysis allows the evaluation of the performance of internal
combustion engines by identifying and quantifying the thermodynamic
destruction due to the irreversiblities [15,16]. In flames, exergy
destruction can occur through thermal conduction, viscous dissipation,
and mass diffusion [17]. During the burning of the reactive mixture
within the combustion chamber, exergy destruction mainly arises from
the chemical reactions initiating combustion and subsequent flame
propagation [18]. Hydrogen addition to ammonia mixtures has been
found to reduce exergy destruction, mainly by decreasing exergy
destruction associated with reduction of heat conduction and increase of
mass diffusion. The chemical kinetic mechanisms contributing to exergy
destruction in ammonia fuelled internal combustion engine could be
classified into three groups: ammonia pyrolysis, ammonia oxidation,
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and hydrogen oxidation. The irreversibility in chemical reactions are
accounted for up to three-quarters of the total entropy generation in lean
ammonia with hydrogen mixtures, and the reactions with the highest
contributions to exergy destruction were identified in Ref. [19] as
NH3+OH=NH,+H,0,  H+0,=HO,,  Hy+OH=H+H,0, and
NH2+NO=H30+Njy. Exergy destruction occurs primarily during the
low- and high-temperature reaction stages, where chemical reactions
lead to significant irreversibility, resulting in a reduction in the system's
available free energy [20]. Therefore, it is crucial to investigate the re-
actions responsible for exergy destruction in ammonia with hydrogen
mixtures under elevated engine relevant pressures to better understand
the fundamental mechanisms of exergy destruction during ignition. For
example, the second law of thermodynamics has previously been
applied to natural gas—air mixtures to investigate the effects of various
constant-volume boundary conditions, such as equivalence ratio, tem-
perature, and pressure, under different levels of hydrogen addition [21].
The hydrogen addition reduces exergy destruction during the ignition of
methane mixtures, primarily by increasing the concentrations of H
atoms and OH radicals [22]. Zhang et al. [23] quantified the
reaction-resolved exergy destruction during the autoignition of dimethyl
ether blended with methanol and ethanol in an adiabatic
constant-volume system. The elementary reactions were classified into
four groups as fuel-series, fuel-fragmentation, HyO» loop, and Hy-O5
reaction stages, and the trade-off in exergy destruction between these
groups was analysed across varying fuel composition, equivalence ratio,
pressure and temperature. A similar reaction-resolved exergy approach
was adopted in Ref. [24] to isolate the dilution, thermal, and chemical
effects of CO, addition on the autoignition of n-heptane and iso-octane,
revealing that the dilution effect reduced exergy destruction in the HoOo
reaction group, the thermal effect increased exergy destruction, and the
chemical effect reduced exergy destruction in the Ho—O5 reaction group
for both fuels. These studies demonstrated that classifying elementary
reactions into distinct groups reveals which chemical pathways are
responsible for the majority of exergy destruction. While
reaction-resolved exergy destruction analysis has been applied to
various hydrocarbons [23,24] and hydrogen-enriched methane auto-
ignition processes [21], the elementary reaction exergy contribution of
ammonia-hydrogen mixtures under high-pressure engine-relevant con-
ditions remains not available in the literature. This study quantifies the
exergy destruction during the autoignition of ammonia-hydrogen mix-
tures by evaluating the exergy destruction associated with each
elementary reaction, based on species production rates and the corre-
sponding Gibbs free energy changes, thereby providing
reaction-resolved insight into the thermodynamic irreversibility of
ammonia-hydrogen autoignition under high-pressure engine-relevant
conditions.

2. Methodology
2.1. Autoignition delay time

The autoignition delay time of ammonia with different hydrogen
addition levels and equivalence ratios was investigated using zero-
dimensional constant-volume reactor simulations in Chemkin-Pro. The
model assumes an isolated system with no heat and work interactions,
and is represented as an adiabatic, closed, constant-volume reactor. The
simulations were performed at elevated pressures and temperatures
representative of engine-relevant conditions using the detailed chemical
kinetic mechanism of [9]. The homogeneous reactor model solves the
coupled species conservation and energy equations to predict the tem-
poral evolution of temperature, pressure, and species concentrations
during autoignition, based on the net contribution of all forward and
reverse elementary reactions. The employed mechanism consists of 312
elementary reactions and accurately captures the chemical pathways
governing ammonia and hydrogen autoignition under the conditions
presented in Table 1.
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Table 1

Initial conditions.
Parameter Value
Hydrogen addition (% by volume) 0 to 60
Equivalence ratio (—) 05to1
Pressure (MPa) 5
Temperature (K) 900

2.2. Exergy destruction due to autoignition

Entropy is a thermodynamic property that quantifies the degree of
disorder or irreversibility within a system. Entropy could be generated
by irreversible processes such as unrestrained chemical reactions, fric-
tion, heat transfer across different temperature zones, and mixing of
different gases [25]. In combustion systems, chemical reactions repre-
sent the dominant source of entropy generation. Based on the
Gouy-Stodola theorem, entropy generation is directly proportional to
exergy destruction, which is defined as the thermodynamic work po-
tential permanently lost due to irreversible processes [26]. For an
adiabatic, closed, constant-volume system with no heat or work transfer
within the system boundary, the entropy generation Sz, could be
formulated as:

0]
Sgen = - Zl% (€]
k

where y is the chemical potential per mole, w is the moles production
rate and the subscript k refers to corresponding specie of interest. The
chemical potential of each species was calculated as the difference be-
tween the species-specific enthalpy hy and the temperature T multiplied
by the species entropy s:

e =hY — Ts )]

The entropy of each specie k was calculated as:

sk=sy —RIn C%P) 3)
0

The term s is the entropy species at the reference state which cor-
responds to pressure and temperature of 0.1 MPa and 298.15K,
respectively. The superscript 0 is used to denote the standard state. The
specific heat capacity at constant pressure cg, specific enthalpy h°, and

specific entropy s° are calculated using Egs. (4)—(6) to determine un-
burned and burned mixture properties.
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The internal energy is given by:
w’ =h® — RT Q)

Two ranges of temperature are considered for the values of the co-
efficients a for NHs, Hz, O2, N2 and H>O, the lower range (300-1000 K) is
used for the unburned mixture properties, while the higher range (1000-
5000 K) is used for the burned mixture properties. The coefficients used
to calculate the parameters of Egs. (4)—(6) are taken from Ref. [9]. The
molar production rate wy for each species was obtained for the 312 re-
action kinetic mechanisms accounting for both the forward and reverse
reaction rates under instantaneous thermodynamic conditions as dis-
cussed in Ref. [9]. The ignition delay time sensitivity coefficient was
calculated using:
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T li ai ®

T ()k,
where 7 is the ignition delay time and ki is the pre-exponential factor of
reaction i. A positive sensitivity coefficient indicates that the reaction
promotes autoignition by decreasing the ignition delay time, while a
negative coefficient indicates an inhibiting effect.

3. Results and discussion
3.1. Chemical kinetic mechanism validation and sensitivity analysis

The autoignition delay time, IDT, for the mixture compositions of
ammonia with hydrogen was in an adiabatic, constant-volume chamber
was calculated using Chemkin-Pro based on the chemical reaction ki-
netic mechanism of [9]. The autoignition delay time is defined as the
time interval corresponding to attain the peak rate of change of pressure
due to autoignition at a defined ambient condition. The mixture
composition details are presented in Table 1. Fig. 1 shows a comparison
between the simulated and experimental IDT values from the shock tube
data of [27]. It can be seen that the chemical kinetic mechanism accu-
rately predicts the decrease in IDT with increasing temperature, which is
consistent with the Arrhenius dependence of reaction rates [28]. The
chemical kinetic mechanism of [9] was reported to provide the best
agreement with experimental autoignition delay times of
ammonia-hydrogen mixtures at high-pressure and
intermediate-temperature conditions relevant to this study, when
compared with various available mechanisms [29]. Additionally, the
simulated IDT values show that increasing the hydrogen addition per-
centage leads to a significant decrease in the IDT of the ammonia
mixture. At a temperature of 1100 K, the IDT was reduced by nearly
fivefold for the ammonia mixture with 50% hydrogen addition
compared to that with 20% hydrogen addition. This reduction of IDT is
attributed to hydrogen's higher diffusivity, and greater
radical-generation capability compared to ammonia [30]. This trend of
decrease in IDT due to hydrogen addition was accurately captured by
the chemical kinetic reaction mechanism for ammonia mixtures pre-
sented in Ref. [9]. Overall, the simulated IDT values showed good
agreement with the experimental but slight deviations were observed for
the ammonia mixture containing 50% hydrogen addition. The deviation
between the simulated and experimental ignition delay times in the
temperature range of 1100-1300 K for ammonia with 50% hydrogen

m Exp. H =20%
4l _Sim. H.=20% S £ A |
10 i S m’H =
A Exp. H =50% » A
z Sim. H,=50% K ] e A
o= ’
) ’ D
=
'E 103 L /' A 4
z L
3 ¥
o ¢ A
L 4
5 m
= u A
2102t A 1
PaN
A
A
0.5 0.6 0.7 0.8 0.9 1 )

1000/ T (I/K)

Fig. 1. Simulated ammonia IDT compared to experimental values of [27] at
various hydrogen addition percentages at different temperatures (P = 1.6 MPa,
@g=1).
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addition observed in Fig. 1 is consistent with the limitations discussed in
Ref. [31] and is attributed to uncertainties in the HO, reaction chemistry
at intermediate temperatures. However, the predictions under these
conditions could be improved by updating rate coefficients for HO5 re-
actions chemistry [27]. In this case, the kinetic reaction mechanism
underpredicts the experimental IDT values in the temperature range of
1100 to 1300K. Fig. 2 shows the IDT sensitivity analyses of neat
ammonia at different hydrogen addition percentages at a temperature
and pressure of 1000 K and 5 MPa. The positive sensitivity coefficients
indicate the reactions that increase the mixture reactivity, whereas the
negative sensitivity coefficients indicate the reaction that decrease the
mixture reactivity. It can be seen that for the neat ammonia mixture at
elevated pressure and temperature, the reactivity of the mixture in-
creases due to hydrogen abstraction and ammonia decomposition
through the formation of the HyNO radical produced from the reactions
NH3+NO2;=H3NO+NO and HO2+NH;=H3NO+OH. The HoNO then re-
acts with Oy to produce the HNO molecule, which is significant in
increasing the mixture reactivity. With the addition of 20% hydrogen,
the reactions that increase mixture reactivity shift from
NH2+NO>;=H>NO+NO and HO2+NH>=H3NO+OH to HyO2(4+M)=20H
(+M). The reaction HoO2(+M)=20H(+M) significantly increases the
radical pool with OH radicals, with HyO2 being produced from ammonia
decomposition via HO2+NH3=H30,+NHj,. Additionally, the NH; radi-
cals produced from ammonia decomposition through H+NHz=H3+NH;
further increases the mixture reactivity via NHp+NOs=H;NO+NO and
HO2+NH>=H2NO+OH. It can be seen that for neat ammonia, the major
consumption pathway of NO was through the reaction
NH3+NO=H30+Nj, which led to the formation of end-of-combustion
products such as HyO and Ny, thus acting as a chain-termination reac-
tion that decreases the reactivity of the mixture [32]. Similarly, the re-
actions NH3-++OH=H,0+NH; and NH,+NO>=H50-+N>0 contributed to
lower mixture reactivity for both neat ammonia and ammonia with 20%
hydrogen addition. The formation of HyO reduces reactivity by
increasing the heat capacity of the mixture and enhancing third-body
collision effects, thereby suppressing the temperature rise and inhibit-
ing chain-branching reactions. It can be seen from Fig. 2 that for
ammonia with 20% hydrogen addition, the reactions H+Oy(+M)=
HO2(+M) and H+O(+N2)=HO3(+N3) decrease the reactivity signifi-
cantly compared to neat ammonia. This occurs due to the presence of a
larger pool of H radicals, which enhances the formation of HO, through
three-body recombination reactions. HO; can react with NH; to regen-
erate NHg, thereby suppressing ammonia oxidation and contributing to
increased ammonia slip under intermediate-temperature combustion
conditions.

3.2. Exergy destruction due to autoignition

Based on the methodology described in Section 2.2, the exergy
destruction during the autoignition of ammonia with hydrogen mixtures
was quantified by calculating the exergy destruction associated with
each elementary reaction using the species production rates and corre-
sponding Gibbs free energy changes. The analysis was applied to 312
reactions of the ammonia with hydrogen addition based on the chemical
reaction mechanisms of [9], that provides the contribution of each in-
dividual reaction to the overall exergy destruction caused by the auto-
ignition of the mixture. Fig. 3 show the temperature and the total exergy
destruction rate for stoichiometric mixture of ammonia with different
hydrogen addition percentages maintained at an initial pressure of
5 MPa and temperature of 900 K. The pressure of 5 MPa and temperature
of 900K were selected to represent the in-cylinder conditions at the
onset of autoignition in a homogeneous charge compression ignition
(HCCI) engine [33]. As it can be seen from Fig. 3a—c the addition of
hydrogen to the ammonia mixture increased the reactor temperature,
due to hydrogen's higher diffusivity, and higher chemical reactivity
compared to ammonia [34]. The instantaneous exergy destruction rate
peak increased by 47% and 97% for 40% and 60% hydrogen addition to
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Fig. 2. Autoignition delay time sensitivity analyses for stoichiometric ammonia mixture with different hydrogen addition percentages (T;, = 1000 K, P =5 MPa,
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Fig. 3. Total destroyed exergy rate and temperature for a) neat ammonia, b) ammonia with 40% hydrogen addition percentage, and ¢) ammonia with 60% hydrogen

addition percentage (P =5 MPa, Tj, = 900K, @ =1).

the ammonia mixtures, indicating a significant increase in the reaction
rates. However, even though the ammonia ignition exergy destruction
rate peak increased, the total cumulative exergy destruction decreased
by 19% and 30% for 40% and 60% hydrogen addition, respectively. This
was due to shorter ignition delay time caused by the higher reactivity of
hydrogen and its faster chemical kinetics, which reduced the total time
duration until ignition and the associated time available for irreversible
processes and entropy generation. This was due to shorter ignition delay
time caused by the higher reactivity of hydrogen and its faster chemical
kinetics, which reduced the total time duration until ignition and the
associated time available for irreversible processes and entropy gener-
ation. As seen from Fig. 4, for neat ammonia the dominant exergy
destruction reactions are associated with NHy-NOy, chemistry, where the
oxidation proceeds via multiple intermediate steps with relatively slow
radical generation pathways. With increasing hydrogen addition, the
dominant exergy destruction shifts progressively  toward

hydrogen-related chain-branching reactions indicating the faster radical
generation pathways that characterise hydrogen oxidation. To further
investigate the exergy destruction due to the autoignition of ammonia
mixtures with various hydrogen addition percentages, the five most
influential reactions on the exergy destruction for various cases are
shown in Fig. 4. It can be seen that for neat ammonia the main reactions
contributing to exergy destruction are NHy;+NO=H20+Ny,
NH3+OH=H,0+NH; and NNH-+O,=HO,+N,. These reactions are
exothermic and form stable products such as H,O and Ny, resulting in a
large Gibbs free energy difference between reactants and products, and
consequently  higher  entropy  generation. The  reactions
NH+NO=H20+N; and NNH+O,=HO3+N; proceed mainly in the
forward direction under combustion conditions, with minimal backward
reactions, further increasing the entropy difference between products
and reactants. These reactions destroy exergy primarily by producing
thermodynamic irreversibility through the formation of stable
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Fig. 4. Main five reactions on exergy destruction of the ignition of ammonia with various hydrogen addition percentages (P =5MPa, T;;, =900K, @ =1).

molecules such as Ny, N,O, and NO. In addition, the formation of Hy,O
contributes to energy redistribution among third bodies, enhancing local
irreversibility during these exothermic reactions. Moreover, since these
reactions are closely linked to NOy and OH formation chemistry, it in-
creases thermodynamic irreversibility through chain-branching pro-
cesses. Note that no boundary work was produced by the system, and no
exergy was transferred through heat transfer. This allowed isolation of
the effects of the chemical reactions on exergy destruction during the
autoignition of ammonia with hydrogen mixtures. Even when more than
40% hydrogen was added to the ammonia combustible mixture, the
reaction that contributed most to exergy destruction was still
NH3+OH=H-+H;0+NH,. However, the radical-generating pathways
became more dominant. The enhanced production of highly reactive H
and OH radicals accelerated the oxidation kinetics, leading to greater
chemical irreversibility and, consequently, a higher overall exergy
destruction rate. This leads to a larger radical pool that increase the
mixture reactivity. This larger pool of H and OH radicals shift the
chemistry away from the slower NHy and NOy reaction routes, thereby
reducing the amount of exergy destruction due to the autoignition.
Although the instantaneous exergy destruction rate increases due to the
faster reactions, the total cumulative exergy destruction decreases
because the combustion occurs over a significant shorter time.

3.3. Ammonia reaction pathways and exergy destruction

To identify the most influential chemical reactions, the ammonia
with hydrogen reactive mixture was divided into four main groups.
These groups were determined as shown in Table 2 and the dominant

Table 2
Classification of dominant reaction groups during ammonia and hydrogen
autoignition.

Group Category

1 Ammonia initiation, decomposition and N-N intermediate reactions
2 NHy oxidation and NOx chemistry

3 Radical growth (propagation and branching)

4 Radical termination

reactions contributing to exergy destruction during the autoignition of
ammonia mixtures with varying hydrogen addition percentages are
shown in Fig. 5. The first group consists of the ammonia fuel initiation,
decomposition and N-N intermediate reactions, including
NH3+OH=H30+NHj;, NyHs;+NH;=NH3+NNH, NNH=H+Nj;, and
NNH+02=HO2+Njs. The second group corresponds to NHy oxidation
and NOyx chemistry and includes reactions such as NHy+NO=H20+Nj,
NH3+NO2=H3NO+NO, NH3+NO2=H»0+N20, NH3+NO=HNO+NH,,
and HNO+03=HO2+NO. The third group comprises radical growth
reactions, including propagation and branching processes, represented
by H>+OH=H+H>0, H+HO,=20H, H+02(+M)=HOy(+M),
H+02(+N3)=HO3(+N3), NH,+OH=H+H5NO, and H+NO;=NO+OH.
Finally, the fourth group represents radical termination reactions, con-
sisting of HO2+NH=NH3+05. These classifications are used to discuss
the parametric study of exergy destruction during the autoignition of
ammonia with different hydrogen fractions under various constant
volume initial conditions. Furthermore, Fig. 5 also shows exergy
destruction during the autoignition of ammonia with different hydrogen
addition percentages, effect discussed in Section 3.2.1.

3.3.1. Effect of hydrogen addition

Fig. 6 shows the total exergy destroyed during ignition and its dis-
tribution among the four reaction groups defined in Section 3.2. The
results indicate that increasing the hydrogen fraction in ammonia mix-
tures with various hydrogen addition percentages reduces the total
exergy destruction associated with autoignition. The total cumulative
exergy destruction decreased from 5.35J for neat ammonia to 4.83J,
4.31J, and 3.75J for 20%, 40% and 60% hydrogen addition, respec-
tively. The reduction of exergy destruction of ammonia mixture ignition
with hydrogen addition was mainly due to the reactions of NHy oxida-
tion and NOx chemistry (group 2). The reduction in NHx-NOx exergy
destruction with hydrogen addition results from two coupled effects: a
dilution effect, whereby higher hydrogen addition reduces the ammonia
concentration and hence the availability of NHy species, and a chemical
effect, whereby the expanded H/OH radical pool shifts. The oxidation
pathways due to dilution effect associated with NHx-NOx shifts toward
chemical effect for faster chain-branching reactions. The exergy
destruction due to reactions of group 2 decreased by 42%, 73%, and
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Fig. 6. Total destroyed exergy and its division into four main groups during the
autoignition of ammonia mixtures with various hydrogen addition percentages
(P=5MPa, Tj, =900K, g =1).

89% for hydrogen addition percentages, respectively. It could be seen
from Fig. 6 that the exergy destruction from radical growth reactions
(group 3) increase by approximately by 424%, 707%, and 885% for
hydrogen addition percentages of 20%, 40%, and 60%, respectively. In
contrast, the exergy destruction from ammonia fuel fragmentation
(group 1) reactions decreases by approximately 11%, 27%, and 53% for
20%, 40%, and 60% hydrogen addition percentage, respectively. This
was due to the shift from ammonia oxidation towards the hydrogen
oxidation. As also shown in the IDT sensitivity analysis with hydrogen
addition to ammonia mixtures the H-atom abstractions shift away of
NNH decomposition. So, there is a trade-off with increasing hydrogen
addition between the slower, irreversible exergy destruction from fuel
fragmentation and NHx-NOx chemistry (Groups 1 and 2) and the faster,
more efficient radical propagation reactions (Group 3). Finally, it can be

seen that the fourth group represents radical termination reactions did
not vary significantly with hydrogen addition to ammonia. These find-
ings suggest that as the cumulative exergy destruction of ammonia de-
creases by up to 30% with 60% hydrogen addition, less exergy is lost due
to the irreversible chemical processes associated with autoignition.
Based on the second law of thermodynamics, the reduction in entropy
generation during ammonia autoignition with higher hydrogen addition
means that a greater proportion of the fuel's exergy is available for useful
work. Moreover, hydrogen addition significantly decreases the
ammonia autoignition delay time, which could indicate a reduction in
cycle-to-cycle variation, a challenging characteristic of ammonia ICE
due to the low reactivity of ammonia [35].

3.3.2. Effect of equivalence ratio

The equivalence ratio significantly influences combustion tempera-
ture and the associated thermodynamic irreversibilities. Operating at
leaner mixtures reduces the temperature, which in turn increases the
rate of combustion irreversibility. As shown in Fig. 7, the ratio of exergy
destroyed to the chemical potential for ammonia with different
hydrogen addition percentages under various equivalence ratios is
presented. For neat ammonia, the fraction of chemical potential
destroyed due to autoignition increased from 13% to 14%, 17%, and
21% as the equivalence ratio decreased from 1.0 to 0.9, 0.7, and 0.5,
respectively. The rise in combustion irreversibility is directly propor-
tional to the rate of entropy generation. Overall, as air dilution increases
the entropy generation increases due to an increase in the chemical
entropy of the combustion products. Although lean mixtures reduces the
product temperature and the sensible entropy component, the presence
of excess air increases the number and distribution of product species,
resulting in higher total entropy generation [36]. Fig. 8 also shows the
ratio of each reaction group defined in Section 3.2 to the total chemical
potential of ammonia at various equivalence ratios. Overall, a decrease
in the mixture equivalence ratio led to an increase in all sub-divided
groups, primarily due to the reduced fuel concentration in the reactor
mixture. For neat ammonia, the contributions from fuel initiation and
decomposition reactions, as well as NHx oxidation and NOx chemistry,
increased significantly from 4% to 5% to 7% and 9%, respectively. For
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Fig. 7. Ratio of exergy destroyed to chemical potential for ammonia mixtures
with different hydrogen addition percentages at various equivalence ratios
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ammonia with 60% hydrogen addition, Group 3 showed the greatest
increase as the equivalence ratio was reduced from 1.0 to 0.5. This oc-
curs because hydrogen addition enhances the ignition characteristics of
the ammonia mixture. As discussed in Section 3.1, the chain-branching
reaction H+032=0+OH is the main ignition promoter. Furthermore, the
reverse reaction NH3+H=NHy+H; increases the accumulation of H
atoms, which further enhances reactivity through the chain-branching
pathway H+O,=0+OH [8]. It can be observed that higher hydrogen
addition to ammonia results in a more favourable exergy distribution, as
a larger fraction of the exergy is destroyed through OH formation re-
actions that are beneficial for ignition. In particular, the enhanced
contribution of chain-branching and radical propagation reactions that

¢ =05
il i [ Group 1 [l Group 3
X 0.08 [0 Group 2 [ Group 4H
s
al
z 0.06
]
=
'—5 0.04
=
o
% 0.02
[}

0 o} | |
0 20 40 60
H, Addition (%)

¢ =09
- [ Group 1 [l Group 3
5 0.08 1 [ Group 2 [ Group 4|1
o
a0
g 0.06r
»
[ea]
g 0.04
>
7 0.02 |
) L i

0 M= EEm
0 20 40 60

H, Addition (%)

International Journal of Hydrogen Energy 250 (2026) 156052

promote exergy destruction is increasingly associated with productive
reaction pathways that accelerate heat release and improve mixture
reactivity. Overall, the effect of hydrogen addition on ammonia exergy
destroyed by autoignition follows a consistent trend across all equiva-
lence ratios: exergy destruction from radical growth reactions (Group 3)
increase with hydrogen addition, while exergy destruction from fuel
fragmentation (Group 1), NHx-NOx chemistry (Group 2) decrease, and
radical termination reactions (Group 4) remain largely unaffected.

4. Conclusion

This study evaluates the exergy destruction during the autoignition
of ammonia-hydrogen mixtures in a constant-volume chamber by
quantifying the exergy destruction associated with each elementary
reaction using species production rates and corresponding Gibbs free
energy changes and key conclusions are:

e For neat ammonia autoignition at elevated pressure, the most sig-
nificant reactions promoting reactivity are NHo+NO;=H;NO+NO
and HoNO+02=Ny+H50, while the dominant reaction inhibiting
reactivity is NHy+NO=Ny+H0. Hydrogen addition shifts the
dominant pathways away from NHy oxidation toward chain-
branching reactions such as HoOo(+M)=20H(+M).

Hydrogen addition increases the instantaneous exergy destruction
rate due to enhanced radical generation and accelerated chain-
branching reactions, yet reduces cumulative exergy destruction by
19% and 30% for 40% and 60% hydrogen addition, respectively,
primarily due to the shorter ignition delay time which reduces the
duration available for irreversible processes.

Overall, hydrogen addition follows a consistent pattern across the
four reaction groups: exergy destruction from fuel fragmentation
(Group 1) and NHx-NOy chemistry (Group 2) decrease, while exergy
destruction from radical growth reactions (Group 3) increase due to
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Fig. 8. Ratio of exergy destroyed by reactions from Group 1 to 4 to chemical potential for ammonia mixtures with different hydrogen addition percentages at various

equivalence ratios (P =5 MPa, Ty, =900 K).
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enhanced OH and H production, and radical termination reactions
(Group 4) remain largely unaffected.

These results provide fundamental mechanisms into the thermody-
namic irreversibility of ammonia with hydrogen autoignition process
and demonstrate the potential of hydrogen addition to improve ignition
efficiency by reducing overall exergy destruction. This study provides a
fundamental understanding of exergy destruction during the auto-
ignition process of ammonia with hydrogen mixtures, the results remain
largely theoretical, as they assume homogeneous, adiabatic, and
constant-volume combustion under constant internal energy conditions.
In reality, combustion occurs within an engine cylinder where both in-
ternal energy and volume vary with crank angle position. Therefore,
extending the second law of thermodynamics analysis to a full engine
simulation represents a valuable direction for future work.
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