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A B S T R A C T

Blending hydrogen has proven an efficient method to enhance the combustion stability of gaseous ammonia
flames. Heat release rate (HRR), as an important parameter to indicate combustion process, is hard to be
directly measured and highly dependent on the fuel components, equivalence ratios, and operation conditions.
This paper presents a comprehensive study on developing a general HRR surrogate (HRRS) for ammonia–
hydrogen premixed flames under various conditions. Firstly, reaction mechanisms for ammonia/hydrogen
premixed combustion are evaluated under various conditions, by comparing the predicted laminar flame
speeds with the experimental data collected from published literature. The reaction mechanism developed
by Shrestha et al., (2021) performs the best under various conditions. Then, series of one-dimensional freely
propagating premixed flames under various conditions are calculated using this reaction mechanism and
analyzed to explore the effects of blending ratios, pre-heat temperatures, equivalence ratios, and pressures
on the HRR reconstruction for ammonia–hydrogen premixed flames from the viewpoint of chemical kinetics,
and also serve as a database for the identification of HRRS. It is found that equivalence ratio and blending
ratio have significant effects on the HRR reconstruction, while the effects of pressure and initial temperature
are relatively limited. Subsequently, the general HRRS, [NH2]1.53[OH]0.28, is identified for ammonia–hydrogen
premixed flames under various conditions using a grid-research optimization method. Finally, the general HRRS
is further comprehensively validated on several 2D and 3D turbulent premixed flames of ammonia–hydrogen
under various conditions. The comparisons with the two previous HRRSs also demonstrate that the present
developed HRRS is superior and more stable temporally.
1. Introduction

Ammonia, as a carbon-free fuel and hydrogen carrier, is regarded
as an attractive alternative for energy and combustion systems [1].
However, its relatively low flame speed brings a challenge to the stable
combustion of pure ammonia gaseous flame [2]. Efforts have been
made to address this issue. A high-intensity swirl flow was found to
help create the re-circulation region, facilitate the transfer of heat and
reactive radicals, and further stabilize the ammonia gaseous flame [3].
In the fuel side, co-firing with small-molecule active fuels, such as
methane or hydrogen, is proven able to enhance the combustion sta-
bility [4–7]. In the oxidizer side, oxygen-enriched technology can also
enhance the laminar flame speed of ammonia combustion [8–11].
In addition, pre-heating oxidizer or fuel/oxidizer mixture is also an
alternative to enhance ammonia combustion [12,13]. Those methods
involve complicated treatments of different local equivalence ratios,
blending ratios (BRs), pressures and pre-heat temperatures. Well un-
derstanding the flame characteristics under various conditions are of
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great significance for developing stable, clean, and efficient ammonia
combustion technologies.

Heat release rate (HRR), as one of the important properties of flame
characteristics, is useful to identify the flame regions and indicates im-
portant physical process [14]. However, its quantitative measurement
involves accurate measurements of temperature and species concen-
trations simultaneously, which is very challenging and remains to be
currently impractical to be conducted [15]. Instead, chemical quan-
tities or scalars that have strong correlations with the actual HRR
field and can be measured through optical techniques such as flu-
orescence and chemiluminescence are alternatively thought as the
HRR surrogates (HRRSs) [16]. For the chemiluminescence method, the
relation between the excited species and the ground state needs to
be defined [17,18]. For the exploration of suitable HRRSs for flames,
methane/air flame has received the most attention [19–22], and HRRSs
for other fuels, such as syngas [23] and hydrogen [24], have also
been explored. Gazi et al. [25] explored the suitability of HRRSs
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Nomenclature

BR Blending ratio, [–]
HRRS Heat release rate surrogate
DNS Direct numerical simulation
𝑇𝑢 Unburnt temperature, [K]
𝑆𝐿 Laminar flame speed, [cm/s]
𝑃 Pressure, [bar]
𝑅𝑀𝑆𝐸 Root mean square error, [cm/s]
𝑈𝑗 Velocity, [m/s]
𝑈𝑐𝑒𝑛𝑡𝑟𝑎𝑙 Velocity of the central flow, [m/s]
𝑍(𝑣) Reconstruction error of 𝑣 variable, [–]
�̇� Heat release rate term, [W/m3]
𝑡 Time, [s]
𝑁𝑖 Sample number of 𝑖 variable, [–]
𝑓 mean error score, [–]
�̇�+ Normalized �̇�, [–]
𝑋+

𝑖 Normalized mole fraction of species 𝑖, [–]
𝑇𝑓𝑟𝑒𝑠ℎ Unburnt temperature, [K]
𝜅 Flame curvature, [1/m]
HRR Heat release rate, [W/m3]
1D One dimensional
2D Two dimensional
3D Three dimensional
𝜙 Equivalence ratio, [–]
𝑅2 Correlation coefficient, [–]
𝐻 Jet width, [m]
𝐿𝑥 Domain length, [m]
𝑈𝑝𝑖𝑙𝑜𝑡 Velocity of the pilot flow, [m/s]
𝑣 Selected variables
𝑥, 𝑦, 𝑧 Location, [m]
𝑡𝑗 One flow period, [s]
𝑝, 𝑞 Component values, [–]
[𝐴],[𝐵] Species mole fraction, [–]
�̇�+
𝑟 Normalized reaction rate, [–]

𝜏∗ Normalized time period, [–]
𝑇𝑏𝑢𝑟𝑛𝑡 Burnt temperature, [K]

previously developed for methane to other fuels, including ethanol,
benzene, acetylene, and other hydrocarbon fuels, under various equiv-
alence ratios. They found that the optimal HRRS is strongly dependent
on the fuel types and equivalence ratios. For the multi-component
fuel flames, Nikolaou and Swaminathan [20] found that the reaction
rate of OH+CH2O⇔HCO+H2O worked well for methane/air flame
ut was inadequate for multi-component fuel flames. As for ammonia
lames, only a few works have been reported for determining the
ptimal HRRS. For pure ammonia flames, Cheng et al. [26] proposed
hree HRR surrogates from series of one-dimensional (1D) premixed
lames and found that their performances varied with equivalence
atios and pressures. They further updated the optimal HRRSs by
onsidering various temperatures, pressures, and equivalence ratios,
nd validated their performances using three-dimensional (3D) direct
umerical simulation (DNS) data of turbulent premixed ammonia/air
lames [27]. Zhu et al. [28] analyzed the heat release characteristics
f ammonia–methane combustion from 1D freely propagating pre-
ixed flames, and found that product [OH][CH2O] can well reproduce
RR under various conditions. Recently, Chi et al. [29] identified two
RRSs for ammonia–hydrogen premixed flames using a data-driven
hysics-informed machine learning method, and validated their perfor-
ances using 2D and 3D DNSs data. The heat release characteristics
2

of ammonia–hydrogen flames were also studied by Yang et al. [30]
through DNS data of outwardly expanding turbulent premixed flames.
It was found that NH2 radical could be considered as a potential HRRS.

From the above discussions, the performances of HRRSs are strongly
dependent on the fuel components (fuel species) and operation condi-
tions (equivalence ratios, pressures, and pre-heated temperatures). In
addition, as mentioned above, the practical combustion of ammonia
needs some enhancement treatments, which may cover various equiva-
lence ratios (two-stage combustion in the study of Ref. [12]), hydrogen
BRs, pre-heated degrees, and pressures (atmospheric to engine/gas
turbine conditions). The HRR characteristics of ammonia–hydrogen
premixed flames under the above various conditions have not been
fully understood, and the effects of equivalence ratios, BRs, preheated
temperatures, and pressures need a more insightful exploration. More-
over, previous HRRSs for ammonia–hydrogen premixed flames were
identified from limited conditions, and their validity under various
conditions is unclear. There is still a lack of a general HRRS that can be
used to accurately reconstruct the HRR field under various conditions.

Therefore, the present study aims to address the above issues.
Firstly, reaction mechanisms for ammonia/hydrogen premixed combus-
tion are evaluated under various BRs, pre-heat temperatures, equiva-
lence ratios, and pressures through comparing with the available pub-
lished experimental data. Then, series of one-dimensional freely propa-
gating premixed flames under various conditions are calculated and an-
alyzed to explore the effects of BRs, pre-heat temperatures, equivalence
ratios, and pressures on the HRR reconstruction for ammonia–hydrogen
premixed flames in the viewpoint of chemical kinetics, and also serve
as a database for the identification of HRRS. Subsequently, the general
HRRS for ammonia–hydrogen premixed flames for various conditions
is identified using a grid-research optimization method. Finally, the
identified HRRS is further comprehensively validated on several 2D
and 3D turbulent premixed flames of ammonia–hydrogen under various
conditions.

The rest of this paper is organized as follows. The evaluation of
reaction mechanisms for ammonia–hydrogen premixed flames under
various conditions are conducted in Section 2.1. The computational de-
tails and configurations used to construct the flame database for HRRS
identification and validation are introduced from Sections 2.2 to 2.4.
Section 3 presents the detailed approaches for identifying the gen-
eral HRRS for various conditions. Section 4 validates the performance
of the identified HRRS on the remaining 1D freely propagating pre-
mixed flames and 2D/3D-DNS results of turbulent premixed flames of
ammonia–hydrogen. The last section provides the conclusion remarks.

2. Flame database construction

2.1. Evaluation of reaction mechanisms for ammonia–hydrogen flame

There have been considerable reaction mechanisms available for
ammonia/hydrogen combustion chemistry, which have been partially
validated using the experimental data under limited conditions ob-
tained from their own experiments and/or from published literature.
The present study aims to explore the HRR characteristics and identify
a general HRRS for ammonia–hydrogen premixed flame under various
preheat temperatures, pressures, BRs, and equivalence ratios. BR repre-
sents the mole fraction of hydrogen in the fuel stream. Therefore, before
constructing the flame database, the available reaction mechanisms are
firstly examined by comparing the predicted laminar flame speeds with
the experimental data for various conditions. The experimental data
of laminar flame speeds under various conditions are collected from
studies of Han et al. [31], Ichikawa et al. [32], Kumar and Meyer [33],
Lee et al. [34], Li et al. [35], and Shrestha et al. [10]. The reaction
mechanisms developed by Dagaut et al. [36], Klippenstein et al. [37],
Konnov et al. [38], Mathieu et al. [39], Nakamura et al. [40], Okafor
et al. [41], Otomo et al. [42], Shrestha et al. [10,43], Stagni et al. [44],
and Zhang et al. [45] are considered.
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Fig. 1. Comparisons between the laminar flame speeds predicted with different reaction mechanisms (dash lines) and those measured in experiments (scatters) under different BRs
(𝑃 = 1 bar, 𝑇𝑢 = 300 K, and 𝜙 = 1.0): (a) 𝐵𝑅 = 0 – 1.0; (b) 𝐵𝑅 = 0 – 0.5 (enlarged version of (a)).
Fig. 2. Comparisons between the laminar flame speeds predicted with different reaction mechanisms (dash lines) and those measured in experiments (scatters) under different
equivalence ratios and BRs (𝑃 = 1 bar). The line legend is same as that in Fig. 1, and the experimental data are collected from Han et al. [31].
Fig. 1 shows the comparisons of the laminar flame speeds under
ifferent BRs calculated (𝑃 = 1 bar, 𝑇𝑢 = 300 K, and 𝜙 = 1.0) with
ifferent mechanisms and measured in the experiments. The mech-
nisms, developed by Klippenstein et al., Konnov et al., and Zhang
t al. overestimate the laminar flame speed under conditions of low
ydrogen BRs. While the mechanisms developed by Okafor et al.,
tomo et al., and Shrestha et al. can give good predictions under low
Rs but underestimate the flame speeds under high BRs. The other
echanisms can well reproduce the experimental data. Especially, the

eaction mechanism updated by Shrestha et al. [10] gave the best
erformance with the correlation coefficient 𝑅2 >0.992 and maximum
oot mean square error 𝑅𝑀𝑆𝐸 <4.2 cm/s, while predictions of reaction
3

mechanisms developed by Klippenstein et al. and Konnov et al. have the
𝑅𝑀𝑆𝐸 values larger than 10 cm/s.

Fig. 2 shows the comparisons under different equivalence ratios (0.6
– 1.6) and BRs (0.15, 0.25, 0.35, and 0.4). The mechanisms developed
by Klippenstein et al., Konnov et al., Nakamura et al., Stagni et al.,
and Zhang et al. overestimate the laminar flame speeds under all the
conditions, with negative 𝑅2 values. Under the lean conditions, the
mechanisms developed by Dagaut et al. and Shrestha et al. give the
best predictions. Under the rich conditions, all mechanisms only can
give acceptable predictions. Overall, reaction mechanisms developed
by Shrestha et al. has the best performance with the 𝑅𝑀𝑆𝐸 values
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Fig. 3. Comparisons between the laminar flame speeds predicted with different reaction mechanisms (dash lines) and those measured in experiments (scatters) under different
equivalence ratios, BRs and pressures (𝑇𝑓𝑟𝑒𝑠ℎ = 473 K). The line legend is same as that in Fig. 1, and the experimental data are collected from Shrestha et al. [10].
less than 2.5 cm/s, while the reaction mechanism developed by Klip-
penstein et al. and Konnov et al. have the maximum 𝑅𝑀𝑆𝐸 values
larger than 8 cm/s.

Figs. 3 and 4 shows the comparisons under different pre-heat tem-
peratures, BRs, and pressures. For pure ammonia flame, the mech-
anisms developed by Otomo et al., Okafor et al., Shrestha et al.,
Nakamura et al., and Stagni et al. perform well with the RMSE values
less than 2 cm/s. However, when the BR increases to 0.1, Okafor
and Otomo mechanisms would significantly underestimate the lam-
inar flame speeds under rich conditions, and the other mechanisms
slightly underestimate those. The reaction mechanisms developed by
Shrestha et al. has the best performance with the RMSE values less than
1.5 cm/s. Under high pressure conditions (5 bar and 7 bar), Otomo
mechanism performs the best, and Shrestha mechanism performs the
second. Mathieu mechanism under-estimates the laminar flame speed,
and all the other mechanisms overestimate the flame speed at different
levels. Especially, the reaction mechanism developed by Klippenstein
et al. and Konnov et al. have the maximum 𝑅𝑀𝑆𝐸 values larger than
0 and 19 cm/s, respectively.

Considering the above comparisons with experimental data under
arious conditions, the updated mechanism of Shrestha et al. [10]
hows the best performances under different BRs, pre-heat tempera-
ures, equivalence ratios, and pressures. This provides a reliable basis
or the following quantitative measurement in the following flame
alculations. Therefore, this mechanism is used in the following one-
imensional (1D), two-dimensional (2D) and three-dimensional (3D)
alculations that are used to establish the flame database for HRRS
dentification.

.2. 1D freely propagating premixed flames

Series of 1D freely propagating premixed flames (as shown in Fig. 5
a)) are calculated using Cantera [46] under various equivalence ratios,
Rs, initial pre-heat temperatures, and pressures. In particular, the
4

equivalence ratio varies from 0.6 to 1.6 with an interval of 0.05, cov-
ering the lean, stoichiometric, and rich conditions. The mole fraction
of hydrogen in the fuel stream varies from 0 to 0.8 with an interval of
0.05. Three pre-heat temperatures, 300, 500, and 700 K, are considered
to represent different pre-heat degrees. Three pressures, 1, 5, and
10 bar, are considered, covering the atmosphere, engine-like, and gas-
turbine-like conditions. In total, there are 21 × 21 × 3 × 3 = 3969 1D
laminar flames calculated. The ‘MultiTransport’ transport model is used
to account for the species diffusivities, and the Soret effect is neglected.
The slope, curvature, and ratio for grid refinement are set as 3, 0.01,
and 0.01, respectively, to confirm that there are more than 500 grid
points across whole domain, which can provide enough resolutions for
the reaction zones. The profiles of mole fractions of species, heat release
rate, and reaction rates of each reaction are saved for the following
kinetic analysis and establishing the flame database.

2.3. 2D turbulent premixed jet flames

To validate the identified HRRS in a posterior manner, several two-
dimensional (2D) turbulent premixed flames of ammonia–hydrogen in a
temporally evolving jet are calculated under various BRs, equivalence
ratios, pressures, and pre-heat temperatures. The computational con-
figuration is shown in Fig. 5(b), and the detailed operation conditions
are listed in Table 1. Specifically, five BRs (0–0.8, interval:0.2), three
equivalence ratios (0.8, 1.0, and 1.2 for lean, stoichiometric, and rich
conditions), three pre-heat temperatures (300 K, 500 K and 700 K),
three pressure (1 bar, 5 bar, and 10 bar), and three turbulent Reynolds
numbers (𝑅𝑒𝑡 = 35.48, 53.22, and 79.83) are considered. Therefore,
in total 13 cases are calculated. Note that from case 6 to case 13,
the BR is set to be 0.4, which is justified from the previous research
findings that at this blending ratio, the ammonia–hydrogen premixed
flames have the similar combustion characteristics of methane [47,48].
The jet width (H) is set as 2 mm, and the computational domain has
a length of 20H in each direction. The computational grid is uniform
with a resolution of 20 μm in the low pressure cases and 10 μm in
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Fig. 4. Comparisons between the laminar flame speeds predicted with different reaction mechanisms (dash lines) and those measured in experiments (scatters) under different
equivalence ratio and BRs (𝑇𝑓𝑟𝑒𝑠ℎ = 473 K, 𝜙 = 1.1). The line legend is same as that in Fig. 1, and the experimental data are collected from Shrestha et al. [10].
Fig. 5. Schematics of the computational configurations of (a) 1D freely propagating premixed flames, and premixed flames in 2D (b) and 3D (c) temporally evolving jet flows.
Table 1
Case settings for the 2D turbulent premixed flames in a temporally evolving jet.

Case 𝜑 [–] 𝐵𝑅 [–] P [bar] 𝑇𝑓𝑟𝑒𝑠ℎ [K] 𝑅𝑒𝑡 [–] 𝐾𝑎 [–]

1 1.0 0.0 1.0 300 36.39 947.38
2 1.0 0.2 1.0 300 35.96 362.00
3 1.0 0.4 1.0 300 35.48 93.59
4 1.0 0.6 1.0 300 34.91 22.10
5 1.0 0.8 1.0 300 34.23 9.45
6 0.8 0.4 1.0 300 35.00 160.73
7 1.2 0.4 1.0 300 35.93 106.97
8 1.0 0.4 1.0 500 35.48 54.88
9 1.0 0.4 1.0 700 35.48 40.76
10 1.0 0.4 5.0 500 24.07 24.24
11 1.0 0.4 10.0 500 18.91 8.67
12 1.0 0.4 1.0 300 53.22 171.94
13 1.0 0.4 1.0 300 79.83 315.87

the high pressure and turbulent Reynolds number cases, which could
provide more than 10 grid points across the flame thickness and well
resolve the Kolmogorov scale. The central jet is composed of fresh
premixed fuel/air mixture, and the co-flow features a burnt mixture of
the fresh premixed mixture, which is the similar as that in our previous
studies [49,50]. The absolute jet velocity (U) is 80 m/s, and an isotropic
turbulence of an intensity of 4% of the absolute jet velocity and an
integral scale of H/6 are superimposed on the mean velocity profile to
accelerate the development of the shear layer. The Courant number is
set to be less than 0.5, and the total calculation physical time is five
flow periods. Here one flow period time is defined as 𝑡𝑗 = 𝐿𝑥/𝑈𝑗 . 𝐿𝑥 is
the length of the domain in the stream-wise direction. 𝑈𝑗 is the absolute
jet velocity calculated using 𝑈𝑐𝑒𝑛𝑡𝑟𝑎𝑙 −𝑈𝑝𝑖𝑙𝑜𝑡, where 𝑈𝑐𝑒𝑛𝑡𝑟𝑎𝑙 and 𝑈𝑝𝑖𝑙𝑜𝑡 are
the velocities of the central fuel/air and pilot streams, respectively.

All calculations are conducted on the supercomputer FUGAKU
with an in-house solver developed based on OpenFOAM [51], which
has been validated with the experimental measurements and detailed
chemistry solutions in our previous studies [52–54], and the species
diffusivity is considered with the mixture-averaged method developed
5

by Ref. [55]. In the future work, the authors will further validate the
codes and solvers with experimentally investigated target ammonia
flames. The spatial integration terms are discretized with a second-
order central differencing scheme, and the time integration terms are
discretized with a second-order implicit scheme. For each low pressure
and low Reynolds number case, the complete computation time is about
40 h, by parallel computation using 480 cores (12 nodes). For each high
pressure (5 and 10 bar) and high Reynolds number case, the whole
computation time is about 360 h by parallel computation using 1920
cores (48 nodes).

2.4. 3D turbulent premixed jet flame

As many previous studies indicated that 2D configuration neglects
the vortex stretch in the third direction with the loss of small-scale
fluctuations, which might results in a shorter auto-ignition time, more
uniform reactions, and a higher heat release rates [56,57]. The present
study also calculated a premixed flame of ammonia–hydrogen in a
3D temporally evolving jet under the atmosphere condition, as shown
in Fig. 5(c). Note that since the computational cost of the 3D-DNS
is extremely expensive, it is computationally unfordable to calculate
several 3D cases similar as those in the 2D flames. The fuel stream in
the center jet is composed of 40% 𝐻2 and 60% NH3, with a temperature
of 300 K and an equivalence ratio of 1.0. The main configurations are
similar as those of the 2D flames. The difference is that the jet width (H)
is 0.85 mm, and the computational domain has a size of 12H×16H×8H.
The turbulent Reynolds and Karlovitz numbers are 15.08 and 143.56,
respectively. A uniform grid resolution of 17 μm (600 × 800 × 400) is
used for meshing the computational domain, and the total grid number
is 192 million. The Courant number is also set to be less than 0.5, and
the total calculation physical time is five flow periods. The calculation
of the 3D premixed flame used the same solver introduced above, by
parallel computation on the supercomputer FUGAKU using 8000 cores
(400 nodes), and the actual computational time is about 400 h.
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Table 2
Detailed procedures to identify the optimal HRRS.
Inputs: Series of 1D premixed flame profiles
Outputs: Mean 𝑍(𝑣) values for all the flames
Parameter spaces [range(interval)]:
𝐵𝑅: 0-0.8 (0.1); 𝑃 : 1, 10 bar; 𝜙: 0.6-1.6 (0.1); 𝑇𝑓𝑟𝑒𝑠ℎ: 300, 700 K; 𝑝, 𝑞: 0-3 (0.1,0.01)

Loop 𝑝:
Loop 𝑞:
Loop 𝐵𝑅:
Loop 𝑃 :
Loop 𝜙:
Loop 𝑇𝑓𝑟𝑒𝑠ℎ:
1. Normalize HRR, and species mole fractions([A] and [B]);
2. Reconstruct HRR using [A]𝑝[B]𝑞 ;
3. Calculate 𝑍(𝑣|𝑝, 𝑞, 𝐵𝑅, 𝑃 , 𝜙, 𝑇𝑓𝑟𝑒𝑠ℎ) value for each flame profile;

4. Obtain mean 𝑓 (𝑣|𝑝, 𝑞) value for all the conditions;
5. Identify the minimum 𝑓 (𝑣|𝑝, 𝑞) value and its corresponding 𝑝 and 𝑞 values.

3. Approaches for identifying heat release rate surrogates

3.1. Error quantification method

In the present study, the discrepancy between heat release rates
calculated in the DNS and reconstructed with the HRRSs is measured
with the indicators proposed by Nikolaou and Swaminathan [20] and
further modified by Chi et al. [29]. For the 1D flames, it can be
expressed as,

𝑍(𝑣) = 1
𝐿𝑥 ∫𝑥

(

�̇�(𝑥)
𝑚𝑎𝑥(�̇�(𝑥))

−
𝑣(𝑥)

𝑚𝑎𝑥(𝑣(𝑥))

)2
𝑑𝑥 (1)

where 𝑍(𝑣) is the reconstruction error, 𝑑𝑥 is the cell length, 𝑣 is the
selected variable (HRRS), and 𝐿𝑥 is the width of 1D computational
domain. �̇�(𝑥) and 𝑣(𝑥) are the heat release rate and variable value at
location 𝑥, respectively. 𝑚𝑎𝑥(�̇�(𝑥)) and 𝑚𝑎𝑥(𝑣(𝑥)) represent the maxi-
mum heat release rate and variable value across the whole domain,
respectively. For the 2D and 3D temporal evolving flames, its formula
is expressed as in a temporal form [29],

𝑍(𝑣, 𝑡) = 1
𝑉 ∫𝑉

(

�̇�(𝑥, 𝑦, 𝑧, 𝑡)
𝑚𝑎𝑥(�̇�(𝑥, 𝑦, 𝑧, 𝑡))

−
𝑣(𝑥, 𝑦, 𝑧, 𝑡)

𝑚𝑎𝑥(𝑣(𝑥, 𝑦, 𝑧, 𝑡))

)2
𝑑𝑉 (2)

where 𝑍(𝑣, 𝑡) is the reconstruction error at time 𝑡 using variable 𝑣, 𝑑𝑉
is the cell volume, and 𝑉 is total volumes of all samples. �̇�(𝑥, 𝑦, 𝑧, 𝑡)
and 𝑣(𝑥, 𝑦, 𝑧, 𝑡) are the heat release rate and variable value at location
(𝑥, 𝑦, 𝑧) and time 𝑡, respectively. 𝑚𝑎𝑥(�̇�(𝑥, 𝑦, 𝑧, 𝑡)) and 𝑚𝑎𝑥(𝑣(𝑥, 𝑦, 𝑧, 𝑡))
represent the maximum heat release rate and variable value across
the whole domain at time 𝑡, respectively. Since the co-flow stream is
composed of a burnt mixture, the heat release rate is very small, which
might significantly affect the error measurement results. Therefore,
only regions with HRR value larger than 1% of the maximum value
are considered in the error quantification (for both the 1D, 2D, and 3D
flames).

3.2. HRRS identification method

In the viewpoint of experimental measurement, those species are
easier to be measured could be potential candidates for reconstructing
heat release rate. Considering the fact that simultaneous measurements
of multiple species in the experiments are very hard, the present study
only considers the combination of two candidate species, for example
A and B. The combination of two species with non-unity exponents
are expressed as [A]𝑝[B]𝑞 , and its performance on reconstructing HRR
under various conditions can be accessed by calculating the mean
𝑍(𝑣|𝑝, 𝑞) values under all the parameter spaces (blending ratio, pres-
sures, equivalence ratio, and initial temperatures). The optimal HRRS
has the minimum 𝑍(𝑣|𝑝, 𝑞) value. The detailed procedures to identify
the optimal HRRS are introduced in Table 2.

Firstly, the profiles of heat release rate and species mole fractions
6

are normalized with their maximum values, which is consistent with
the definition in Eq. (1). Then, the HRR profiles are reconstructed
with the designed HRRS, [A]𝑝[B]𝑞 , and 𝑍(𝑣|𝑝, 𝑞, 𝐵𝑅, 𝑃 , 𝜙, 𝑇𝑓𝑟𝑒𝑠ℎ) is
alculated for each flame profile using Eq. (1). After looping all the
arameter spaces (BR, pressure, equivalence ratio, and initial tem-
erature), the mean error 𝑓 (𝑣|𝑝, 𝑞) can be obtained using Eq. (3).

𝑓 (𝑣|𝑝, 𝑞) = 1
𝑁𝐵𝑅𝑁𝑃𝑁𝜙𝑇𝑓𝑟𝑒𝑠ℎ

𝑁𝐵𝑅
∑

1

𝑁𝑃
∑

1

𝑁𝜙
∑

1

𝑁𝑇𝑓𝑟𝑒𝑠ℎ
∑

1

𝑍(𝑣|𝑝, 𝑞, 𝐵𝑅, 𝑃 , 𝜙, 𝑇𝑓𝑟𝑒𝑠ℎ)
𝑍(𝑣|1, 1, 𝐵𝑅, 𝑃 , 𝜙, 𝑇𝑓𝑟𝑒𝑠ℎ)

(3)

here 𝑁𝐵𝑅, 𝑁𝑃 , 𝑁𝜙, and 𝑁𝑇𝑓𝑟𝑒𝑠ℎ are the numbers of blending ratio,
ressure, equivalence ratio, and initial temperatures considered. Note
hat to make a direct comparison with HRRS using the unity expo-
ents, the error value is normalized with the error at unity exponents,
hich is same as that in the study of Song et al. [27]. Finally, the

dentification of optimal HRRS is to find the minimum 𝑓 (𝑣|𝑝, 𝑞) among
ifferent combinations of 𝑝 and 𝑞 values in a certain range. Only parts
f the 1D flames (see parameter spaces in Table 2) are selected for
dentification of the optimal HRRS, and the rest samples will be used
or a posterior analysis. Note that 1D freely propagating flame with
on-unity Lewis numbers (detailed diffusion considered) was proven
o be able to reproduce the preferential diffusion effect in our previous
lamelet LES study of a low-swirl burner [58], and the detailed diffusion
as already been considered in the present calculations of 1D flames.
t might be better to use 2D turbulent flame data as the database to
onsider both the flame curvature and preferential diffusion effects,
s the study of Chi et al. [29]. However, to identify suitable HRRS
or premixed ammonia–hydrogen flames under various conditions, the
arameter spaces should cover various equivalence ratios, pressures,
re-heated temperatures, and blending ratios. To construct a compre-
ensive database, the computational cost wold be huge even using 2D
alculations with detailed chemistry. Therefore, the authors turned to
stablish the database using several thousands of 1D flames. For the
and 𝑞 values, the grid-search optimization method is used in the

ange of 0 to 3. Specifically, a relative coarse interval (0.1) is firstly
sed to roughly obtain the approximate range of optimal solution, and
hen a fine interval (0.01) is used to scan the approximate range to
ind the optimal solution with a much higher resolution. This two-
tep grid-search method is employed here because there are various
peration conditions considered, and the optimization process would
e very time-consuming with a fine resolution in the full space. The
dentified optimal HRRS is further validated in a posterior manner on

the rest 1D, 2D, and 3D flames.

4. Results and discussion

4.1. Heat release rate characteristic

In this part, the effects of BR, equivalence ratio, pre-heat temper-
ature, and pressure on HRR characteristics are analyzed and explored
from series of the 1D premixed flames.

4.1.1. Effect of blending ratio
Fig. 6 shows the correlation between profiles of reaction rates and

heat release rate under different BRs. Note that for the error plots, only
the minimum 15 reactions are shown for brevity (this is same for the
following figures). The highly-correlated reactions vary as the blending
ratio increases, as shown in Fig. 6(a). Specifically, NH2-involved reac-
tions are highly correlated with heat release rate for pure ammonia
flame, such as NH2+O⇔NH+OH (duplicate reactions with different
kinetic parameters) and NH2+OH⇔H2O+NH. With the increasing of
BR, the H-involved reactions are found to be more correlated with HRR
profiles, such as H2+O⇔H+OH and H+HO2⇔2OH. Fig. 6(b) shows the
reconstruction performance using profiles of reaction rates. Note that
only the best five reactions are plotted for a clear observation. It is
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Fig. 6. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different BRs: (a) 𝑍�̇�𝑟
and (b) plots of �̇�+ and �̇�+

𝑟 . Top to bottom: 𝐵𝑅
= 0, 0.4, and 0.8.

Fig. 7. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different BRs: (a) 𝑍𝑋𝑖
and (b) plots of �̇�+ and 𝑋+

𝑖 . Left to right: 𝐵𝑅
= 0, 0.4, and 0.8.
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ound that at relatively low BRs (𝐵𝑅 = 0 and 0.4), the HRR profiles can
e well reproduced with errors less than 0.02% measured with Eq. (1)
n Section 3.1. As for high blending ratio case, the reconstruction errors
ecomes much larger, which indicates the correlation between reaction
ates and HRR is much weaker in the ammonia–hydrogen flames with
igh BRs.

Fig. 7 shows the reconstruction performances with single species.
ote that only the best ten species are considered here for brevity.

t is found that as blending ratio increases, the reconstruction per-
ormance of each species also changes; NH and NH2 can make well
econstructions under various BRs with small errors. This is different
rom HRR reconstructions using the reaction rate in Fig. 6(a) and
ndicates that NH and NH2 might be potential species that could be
sed to reconstruct HRR under various BRs.

.1.2. Effect of equivalence ratio
Fig. 8 shows the correlations between profiles of reaction rates and

RR under various equivalence ratios (lean-to-rich: 0.6, 1.0, and 1.6). It
s found that equivalence ratio has obvious effects on the HRR recon-
truction when using reaction rate profiles. In particular, under lean
nd stoichiometric conditions, reaction rate profiles of OH, NH, and
H2 involved reactions, such as H2+O⇔H+OH and NH2+O⇔NH+OH,
orrelate well with the HRR profiles. While for the rich condition, NH3
8

nd NH2 involved reactions are superior for HRR reconstruction. This
ight be caused by the insufficient oxygen required for full oxidization
f the fuel, resulting in rich intermediate species, such as NH2 and OH.

As for the reconstruction using single species, similar trends as those
sing reaction rate profiles can also be found as shown in Fig. 9. Under
ean and stoichiometric conditions, species profiles of NH, NNH, and
H2 can reconstruct the HRR profiles with small errors. While for rich
onditions, this superiority does not keep, and O, N2H2, and H2NN
rofiles have better performances for HRR reconstruction. However,
hose species are generally hard to be measured in the experiments,
hich might bring huge challenges to reconstruct HRR for premixed
mmonia–hydrogen flames under rich conditions.

.1.3. Effect of pre-heat temperature
Fig. 10 shows the reconstruction performances using reaction rates

nder different pre-heat temperatures. It is found that the reaction
outines, whose reaction rates correlate well with HRR, are nearly
ame under different pre-heat temperatures, with sight changes on the
anking order. This indicates that pre-heat temperature does not have
ignificant effects on the overall reaction pathways and HRR recon-
tructions. Specifically, profiles of some OH-involved reactions, such as
2+O⇔H+OH and NH2+OH⇔H2O+NH, correlates well with the HRR
rofiles for various pre-heat temperatures. As for the reconstruction
sing single species, this conclusion is still valid as shown in Fig. 11.
pecies profiles of NH2, NH, and N2O correlates well with HRR profiles
under various pre-heat temperatures.
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Fig. 9. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different equivalence ratios: (a) 𝑍𝑋𝑖
and (b) plots of �̇�+ and 𝑋+

𝑖 . Left
to right: 𝜙 = 0.6, 1.0, and 1.6.

Fig. 10. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different pre-heat temperatures: (a) 𝑍�̇�𝑟
and (b) plots of �̇�+ and �̇�+

𝑟 .
Top to bottom: 𝑇𝑓𝑟𝑒𝑠ℎ = 300, 500, and 700 K.
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Fig. 11. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different pre-heat temperatures: (a) 𝑍𝑋𝑖
and (b) plots of �̇�+ and 𝑋+

𝑖 .
Left to right: 𝑇𝑓𝑟𝑒𝑠ℎ = 300, 500, and 700 K.

Fig. 12. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different pressures: (a) 𝑍�̇�𝑟
and (b) plots of �̇�+ and �̇�+

𝑟 . Left to right:
𝑃 = 1, 5, and 10 bar.
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Fig. 13. Correlations between the reaction rates of elementary reactions and heat release rate profiles under different pressures: (a) 𝑍𝑋𝑖
and (b) plots of �̇�+ and 𝑋+

𝑖 . Left to right:
𝑃 = 1, 5, and 10 bar.
Fig. 14. Normalized mean error for HRR reconstruction using different species combinations with different 𝑝 and 𝑞 values.
4.1.4. Effect of pressure
Fig. 12 shows the correlation between profiles of reaction rate and

HRR under different pressures (1, 5, and 10 bar). The most correlated
reaction does not change but the ranking order slightly changes with
the increasing of pressure. Overall, reaction profiles of OH-involved
reactions, such as H2+O⇔H+OH and NH2+O⇔NH+OH, correlate with
the HRR profiles well.

As for the reconstruction performances using single species, pressure
also does not have significant effects as shown in Fig. 13. Specif-
ically, species profiles of NH, NNH, N2O, and NH2 have a better
performance in reconstructing HRR profiles that other species, and the
reconstruction errors are slightly decreased as pressure increases.

4.2. HRRS for ammonia–hydrogen premixed flames

The species candidates that can be used to develop HRRS should
have the following characteristics: (1) the species candidates should
11
have a relatively high correlation with HRR; (2) the species candidates
should be measurable through either fluorescence or chemilumines-
cence approaches [17,18]. Considering the analysis from the one-
dimensional profiles under various conditions, the three species, NH,
NH2, and OH, are selected as the species candidates to reconstruct
HRR as they both have close correlations with the HRR fields and
have proven to be measured through both fluorescence and chemilu-
minescence approaches in the previous experimental studies of ammo-
nia flames [17,18,59,60]. Three species combinations ([NH]𝑝[NH2]𝑞 ,
[NH]𝑝[OH]𝑞 and [NH2]𝑝[OH]𝑞) are considered. Fig. 14 shows the
normalized mean errors of HRRSs using different species combinations
and exponent values. The lower bottom plots show the rough scan
results with an interval of 0.1, and the upper enlarged plots show the
fine scan results within narrow ranges that are determined based on
the rough scan. For the species combination of [NH]𝑝[NH2]𝑞 , when 𝑞
value is fixed, the mean error first decreases and then increase with
𝑝 value increases. The regions of small errors locates in the range of
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Table 3
Minimum mean errors for the three species combinations.

Species combinations [NH]𝑝[NH2]𝑞 [NH]𝑝[OH]𝑞 [NH2]𝑝[OH]𝑞
𝑍𝑚𝑖𝑛

𝑚𝑒𝑎𝑛 [–] 7.50 × 10−4 2.41 × 10−3 6.90 × 10−4

𝑝 ∈[0,1] and 𝑞 ∈[0.8,2.2], as shown in Fig. 14(a). The corresponding
inimum values of the mean errors are listed in Table 3. After a fine

can, the optimal 𝑝 and 𝑞 values are 0.32 and 1.32, respectively, and the
inimum mean error is about 7.50 × 10−4. For the species combination

f [NH]𝑝[OH]𝑞 , the mean error decrease with the increasing of 𝑞 when
value is larger than 0.6. There is an obvious region of low errors

n the range of 𝑝 ∈[0,1] and 𝑞 ∈[1,3], as shown in Fig. 14(b). The
ine scan results show that the optimal exponents are 0.0 and 1.53
or 𝑝 and 𝑞, respectively, and the mean error is about 2.41 × 10−3.
or the species combination of [NH2]𝑝[OH]𝑞 , the mean error has the
imilar trends as those of [NH]𝑝[OH]𝑞 . The low error region locates
n the range of 𝑝 ∈[0,1] and 𝑞 ∈[1,2.5] from the rough scan results,
s shown in Fig. 14(c). The optimal 𝑝 and 𝑞 values are 0.28 and

1.53, respectively, and the minimum mean error is about 6.90 × 10−4.
Considering that the minimum mean error of species combination of
[NH2]1.53[OH]0.28 is the lowest among all the three combinations, this
pecies combination is selected as the optimal HRRS, which could
ive accurate HRR reconstructions for all the conditions and will be
alidated in a posterior manner in the following.

.3. A posterior analyses

In this section, the identified optimal HRRS will be validated on
he remaining 1D (those are not used in the identification process)
nd 2D/3D premixed flames in a temporally evolving planer jet. Each
art will be introduced in turn. The predictions of the two HRRSs
ecommended in the study of Cheng et al. [29], are also plotted for
omparisons.

.3.1. 1D freely propagation premixed flames
Fig. 15 shows the comparisons of the reconstruction of heat release

ate using the optimal HRRs developed in the present study and two
RRSs recommended by Chi et al. [29] (named Chi-1 and Chi-2)
nder various conditions. Note that only some conditions are plotted
ere for brevity. The error values of those conditions are listed in
able 4. Figs. 15(a1–c1) show the performances under different initial
emperature (𝑃 = 5 bar, 𝜙 = 1.0, 𝐵𝑅=0.6). As the initial temperature

increases, reconstruction performance of the three HRRSs are both good
and stable, and the error values are both below 4×10−4. The present de-
eloped HRRS performs slightly better, with the minimum error values.
hen the pressure increases from atmospheric to elevated pressures,

he developed HRRS keeps the superiority against two previous HRRS,
specially at 10 bar, the error magnitude is one order smaller, as shown
n Fig. 15(a2–c2). As for lean, stoichiometric, and rich conditions,
he present HRRS performs slight better at lean and stoichiometric
onditions. But under the rich condition, its performance is comparable
o the Chi-1 HRRS and better than Chi-2 HRRS, as shown in Fig. 15(a3–
3). As for different BRs, the present HRRS is generally worse than
he previous two HRRSs, and the error difference gradually decreases,
s shown in Figs. 15(a4–c4). This might can be attributed to that the
resent HRRS is developed by finding the minimum mean error through
ooping all the conditions; as seen from Fig. 7, flames with high BRs
re much harder to be represented with the selected species. Table 4
lso listed the mean and standard errors of the three HRRSs on the
hole a posteriori 1D flame database. The present developed HRRS has
mean error of 5.50×10−4, which is about two and five times smaller

ompared with those of Chi-1 and Chi-2 HRRSs, respectively. Moreover,
he standard deviation is about three and seven times smaller than
hose of the other two HRRSs. This indicates that the present developed
RRS can give accurate HRR reconstruction and its performance is
12

uch more stable under various conditions.
Table 4
Error statistics of the HRR reconstruction under various conditions.

Conditions 𝑃 = 5 bar, 𝜙 = 1, 𝐵𝑅 = 0.6

𝑇𝑓𝑟𝑒𝑠ℎ = 300 K 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K 𝑇𝑓𝑟𝑒𝑠ℎ = 700 K

𝑍(𝑣) [–]
Present 1.48 × 10−4 2.34 × 10−4 1.50 × 10−4

Chi-1 2.27 × 10−4 3.73 × 10−4 2.35 × 10−4

Chi-2 1.78 × 10−4 3.10 × 10−4 1.95 × 10−4

Conditions 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝜙 = 1.45, 𝐵𝑅 = 0.6

𝑃 = 1 bar 𝑃 = 5 bar 𝑃 = 10 bar

𝑍(𝑣) [–]
Present 1.98 × 10−4 1.60 × 10−3 4.30 × 10−5

Chi-1 2.85 × 10−4 2.87 × 10−3 6.61 × 10−4

Chi-2 3.18 × 10−4 2.05 × 10−3 7.90 × 10−4

Conditions 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝑃 = 10 bar, 𝐵𝑅 = 0.5

𝜙 = 0.8 𝜙 = 1.0 𝜙 = 1.2

𝑍(𝑣) [–]
Present 1.22 × 10−4 1.39 × 10−4 1.39 × 10−4

Chi-1 1.48 × 10−4 3.66 × 10−4 1.31 × 10−4

Chi-2 7.00 × 10−4 1.19 × 10−3 1.85 × 10−4

Conditions 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝑃 = 5 bar, 𝜙 = 1.0

𝐵𝑅 = 0.0 𝜙 = 0.2 𝜙 = 0.4

𝑍(𝑣) [–]
Present 2.59 × 10−4 5.09 × 10−4 3.00 × 10−4

Chi-1 2.02 × 10−4 4.75 × 10−4 2.90 × 10−4

Chi-2 1.48 × 10−4 3.33 × 10−4 1.88 × 10−4

Conditions The whole database (a posterior)

HRRS Present Chi-1 Chi-2
𝑍(𝑣)𝑚𝑒𝑎𝑛 [–] 5.50 × 10−4 1.16 × 10−3 2.71 × 10−3

𝑍(𝑣)𝑠𝑡𝑑 [–] 1.14 × 10−4 3.26 × 10−4 7.61 × 10−4

4.3.2. 2D temporally evolving planer jet flames
The developed HRRS is further validated on several 2D flames

listed in Table 1. For brevity, only case 3 results are plotted. Fig. 16
shows comparisons of the HRR predicted in the DNS and reconstructed
using the present developed HRRS at three time instants (𝜏∗ = 1, 2,
and 3) of case 3. 𝜏∗ is defined as 𝑡∕𝑡𝑗 , where 𝑡𝑗 is one flow period,
defined in Section 2. The predictions of the two HRRSs recommended
by Chi et al. [29] are also plotted here for comparisons. At 𝜏∗ = 1,
the mixing layer is still in the developing phase, thus the high HRR
regions are narrow and smooth. The present developed HRRS can better
reconstruct the HRR field than the two previous HRRSs. Specifically,
the absolute error of the present developed HRRS is within 0.2, while
those of the two previous HRRSs are much larger, especially Chi-1.
With the further development of the mixing layer (𝜏∗ = 2 and 3),
the HRR distribution is more wrinkled, and there is an obvious non-
uniform spatial distribution. Specifically, The regions of high HRR are
concentrated in the area with relatively high curvature of flame stretch,
whether the curvature is positive or negative, as shown in Fig. 17. This
might relate to the preferential diffusion effect due to the existence
of hydrogen in the fuel side, which has been pointed our in previous
studies [29,30]. A quantitative statistic on the flame curvature is made
as shown in Fig. 18. The flame curvature 𝜅 is calculated based on
the flame surfaces identified from the progress variables calculated by
𝑐 = (𝑇 −𝑇𝑓𝑟𝑒𝑠ℎ)∕(𝑇𝑏𝑢𝑟𝑛𝑡−𝑇𝑓𝑟𝑒𝑠ℎ), where 𝑇𝑓𝑟𝑒𝑠ℎ and 𝑇𝑏𝑢𝑟𝑛𝑡 are the fresh and
burnt temperatures. Specifically, three progress variable values (0.3,
0.5, and 0.7) are considered. The present developed HRRS performs
quite stable under different curvatures, and its accuracy is better than
the other two previous HRRSs. It is also interesting that the present
developed HRRS has opposite regions of negative and positive errors
compared with those of Chi-1 HRRS, which can be attributed to differ-
ent distributions of HRR in the spaces of species candidates and power
coefficient values of [NH] and [NH2] in the HRRS formulas. Overall,
the present HRRS also performs better than the two previous HRRSs,
with smaller absolute errors. Especially, the non-uniform distribution
caused by preferential diffusion can be well represented by the present
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Fig. 15. Comparisons of the HRRS predictions with HRR profiles under various conditions: (a1–c1) 𝑇𝑓𝑟𝑒𝑠ℎ = 300, 500, and 700 K at 𝑃 = 5 bar, 𝜙 = 1, and 𝐵𝑅 = 0.6; (a2–c2) 𝑃
= 1, 5, and 10 bar at 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝜙 = 1.45, and 𝐵𝑅 = 0.6; (a3–c3) 𝜙 = 0.8, 1.0, and 1.2 at 𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝑃 = 10 bar, and 𝐵𝑅 = 0.5; (a4–c4) 𝐵𝑅 = 0, 0.2, and 0.4 at
𝑇𝑓𝑟𝑒𝑠ℎ = 500 K, 𝑃 = 5 bar, and 𝜙 = 1.0.

Fig. 16. Comparisons of the heat release rate predicted in the DNS and reconstructed using the present developed HRRS at three time instants (case 3). The predictions of the
two HRRSs recommended by Chi et al. [29] are also plotted here for comparisons. The last three rows show the absolute errors of the reconstructions.
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Fig. 17. Enlarged HRR fields obtained from the DNS and reconstructed using the present developed HRRS and two previous HRRSs recommended by Chi et al. [29]. The lower
row plots the absolute error between the actual and reconstructed HRR.
Fig. 18. Prediction errors under different curvatures calculated based on the flame surface identified using the three progress variable values (𝑐, 0.3, 0.5 and 0.7).
developed HRRS, as shown in boxes A and B in Fig. 17. But Chi-1 HRRS
can only partially reproduce this effect, and Chi-2 HRRS gives a much
uniform high HRR reconstruction, which means that the preferential
diffusion effect cannot be well reproduced.

Fig. 19 shows comparisons of temporal evolution of the reconstruc-
tion errors using the developed HRRS and two previous HRRSs. For
different equivalence ratios, the present developed HRRS performs well
at all the lean, stoichiometric, and rich conditions. Its prediction errors
are all less than 0.001 and temporally stable, as shown in Fig. 19(a).
The errors of Chi-1 and Chi-2 HRRSs are obviously larger and increased
or decreased temporally. As for various initial temperatures, the su-
periority of the developed HRRS still remains, and the error values
and trends are similar as seen in Fig. 19(b). Fig. 19(c) shows the
performances of the HRRSs under different BRs. Note that under high
14
BR cases (𝐵𝑅 = 0.6 and 0.8), the flame gets ignited very fast, so there
are few temporal points for statistics. It is found that the present devel-
oped HRRS also performs well temporally under various BRs. However,
the reconstruction errors of the Chi-1 HRRS are large in the earlier
stage, and gradually decrease with time goes. While the reconstruction
errors of Chi-2 HRRS show an opposite trends (temporally increase).
As for different pressures, the present developed HRRS also performs
well in reconstructing the HRR fields and the reconstruction errors are
much smaller than those of the two previous HRRSs. As for different
turbulent Reynolds numbers, the developed HRRS can also stably and
accurately reconstruct the temporal HRR fields, as shown in Fig. 19(e).
In summary, the present developed can well reconstruct the HRR fields
under various conditions, and its performance is temporally stable and
obviously superior to those of the two previous HRRSs.
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Fig. 19. Comparisons of temporal evolution of the reconstruction errors using the developed HRRS and two previous HRRSs under various conditions: (a) different equivalence
ratios (0.8, 1.0, and 1.2); (b) different initial temperatures (300 and 700 K); (c) different BRs (0, 0.2, 0.4, 0.6, and 0.8); (d) different pressures (1 and 10 bar); (e) different
turbulent Reynolds numbers (𝑅𝑒𝑡 = 35.48, 53.22, and 79.83).
Fig. 20. Comparisons of the HRR fields obtained in the 3D-DNS and reconstructed using HRRSs at two time instants (𝑡 = 0.1 and 0.3 ms). The absolute errors are also plotted.
4.3.3. 3D temporally evolving planer jet flame
Fig. 20 shows comparisons of the HRR fields obtained from the

3D-DNS and reconstructed using the present developed HRRS and two
previous HRRSs at two time instants (𝑡 = 0.1 and 0.3 ms). For brevity,
only cross-section plots along 𝑧 direction are shown here. At 𝑡 = 0.1 ms,
15
the development of jet flow is in a relatively early stage, and the vortex
stretch in the third direction is not strong. Therefore, the HRR fields are
similar as those in the 2D cases. For such a relatively early stage, Chi-2
HRRS performs slightly better, which is consistent with the results in
2D cases. The present developed HRRS can also give comparable HRR
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Fig. 21. Comparisons of temporal evolution of the reconstruction errors using the
developed HRRS and two previous HRRSs in the 3D DNS.

reconstructions. The Chi-1 HRRS performs the worst. With the further
development of the jet flow, the HRR structure becomes much more
complicated. Specifically, there are continuous high HRR regions in the
jet exterior, and some discontinuous structures of relatively low heat
release rate generated by the fine turbulent vortex structures can be
found in the jet interior. The present developed and Chi-1 HRRSs show
an obviously better HRR reconstruction than that of Chi-2 HRRS. In
particular, the high HRR fields in both the jet exterior and interior are
significantly overestimated using Chi-2 HRRS.

Fig. 21 shows the temporal evolution of the reconstruction errors
for the present developed HRRS and the two previous HRRSs. The
temporal evolution shows a similar trend as that in the 2D cases: The
reconstruction errors of the present developed HRRS is temporally more
stable than the two previous HRRSs. Chi-1 performs worse in the early
stage and the reconstruction error temporally decrease; Chi-2 performs
well in the early stage but its performance temporally becomes worse.
Overall, the validation results in the 3D premixed flame show that the
present developed HRRS are more superior and stable that the two
previous HRRSs.

5. Conclusions

In the present study, the existing reaction mechanisms were evalu-
ated for hydrogen–ammonia premixed flame under various conditions
by comparing with the experimental data. Series of 1D, 2D, and 3D
laminar and turbulent premixed flames under various blending ra-
tios, pre-heat temperatures, equivalence ratios, and pressures, were
calculated to construct a flame database. A general HRRS for ammonia–
hydrogen premixed flames under various conditions was identified
from the database using a grid-search optimization method. The identi-
fied HRRS was further validated on the remaining 1D and 2D/3D-DNS
data in a posterior manner, and compared with the previous HRRSs with
the DNS data as benchmarks. The main findings and conclusions are
listed as below:

• The evaluation of reaction kinetics indicates that the reaction
mechanism developed by Shrestha et al. [10] has the best per-
formance in predicting the laminar flame speeds for ammonia–
hydrogen premixed flames under various conditions.

• The effects of equivalence ratio and blending ratio are signifi-
cant in HRR reconstruction, especially for rich and high blend-
ing ratio conditions. While the effects of pressures and pre-heat
temperature are relatively limited.

• A general HRRS, [NH2]1.53[OH]0.28, is identified, which can ac-
curately reconstruct the HRR field under various conditions. The
a posterior validation on the remaining 1D and 2D/3D-DNS data
and comparisons with the previous two HRRSs also demonstrate
that the present developed HRRS is superior and more stable
16

temporally.
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