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a b s t r a c t
Ammonia combustion, owing to its zero greenhouse gas CO2 emission, is attracting attention for energy
utilization. However, the thermal radiation of NH3 has not been reported and involved in the numerical simulations of ammonia ﬂames, which may cause serious errors in estimating the laminar ﬂame
speeds. In this study, the effects of radiation reabsorption on the laminar ﬂame speed at different equivalence ratios and elevated pressures were numerically investigated using planar NH3 /H2 /air ﬂames. The
Statistical Narrow-Band (SNB) model parameters for NH3 were generated and used for simulations of
NH3 /H2 /Air ﬂames, considering the radiation reabsorption. It was found that the radiation reabsorption
exhibited a non-monotonic behavior at φ = 0.65–1.6, with the maximum enhancement of ﬂame speed
up to 15.6%. The effects of radiation reabsorption were controlled by both radiation and chemistry. The
preheat-induced chemical effect dominated at φ = 0.65–1.25 and the enhancement of ﬂame speed was
mainly inﬂuenced by H, OH and NH2 radicals, which were primarily controlled by the reactions R36,
R257 and R246, respectively. In contrast, the direct radiation effect dominated at φ = 1.25–1.6 and the
enhancement of ﬂame speed was mainly affected by the increasing mole fraction of NH3 . With increasing pressures, the preheat-induced chemical effect dominated at P = 1–10 atm and the enhancement of
ﬂame speed were mainly impacted by H and NNH radicals, which were controlled by the reactions R44
and R257, respectively. At higher pressures above 10 atm, direct radiation effect was dominating and the
enhancement of ﬂame speed was mainly controlled by the increasing optical thickness.
© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
Ammonia has recently been attracted great attention as a clean
and carbon-free fuel. Known as “the other hydrogen”, ammonia
produces no greenhouse gas CO2 emissions during its combustion,
and hence its usage as a fuel can effectively alleviate the problem of global warming [1]. Moreover, 1 m3 liquid ammonia stores
108 kg hydrogen element at 20 °C and 8.6 atm, which is more
than 4 times hydrogen storage capacity of some advanced hydrogen storage alloys [2]. Therefore, the popularization and application
of ammonia as a fuel is expected to facilitate the transformation
of traditional "carbon-based" energy structure to "hydrogen-based"
energy structure.
Several previous studies have attempted to directly burn ammonia in, e.g., engines, boilers and gas turbines [3,4]. However, ammonia has low chemical reactivity and its spontaneous and forced ignitions are relatively diﬃcult compared with traditional hydrocarbon fuels [5,6]. The laminar ﬂame speed of a stoichiometric ammo-
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nia/air mixture is only about 1/5–1/7 of conventional hydrocarbon
fuels, and the ﬂame stability is poor [7,8]. To overcome these difﬁculties, it can be achieved by blending NH3 with H2 [9,10], CH4
[11,12], syngas [13,14] and other hydrocarbon fuels [15].
In terms of experimental research, Lee et al. [16] measured the
laminar ﬂame properties of NH3 /H2 /air ﬂames using propagating
spherical ﬂames at atmospheric pressure, equivalence ratios 0.6–
1.67 and XH2 0–0.5. They found NOx emission increased less in
fuel-rich cases than in fuel-lean cases as XH2 increased. Kumar
and Meyer [10] studied the laminar ﬂame speeds of NH3 /H2 /air
jet ﬂames based on a Bunsen burner at equivalence ratios 0.5–
1.1 and XNH3 0–0.8, and compared the predicted laminar ﬂame
speeds calculated by the GRI-Mech 3.0 [17], Tian [18] and Konnov [19] chemical kinetic mechanisms. To avoid uncertainties in
the measurements of laminar burning velocity caused by the
stretch effect on the ﬂame front, Han et al. [11] used the heat
ﬂux method to measure the laminar burning velocities of NH3
blended with H2 , CO and CH4, and the results were validated
by three chemical kinetic mechanisms: GRI-Mech 3.0 [17], Okafor
et al. [12] and UC-San Diego [20]. At elevated pressure conditions, Ichikawa et al. [9] experimentally investigated the Markstein
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lengths of NH3 /H2 /air ﬂames at pressures up to 5 atm and numerically simulated the ﬂame characteristics using ﬁve different mechanisms. Subsequently, Okafor et al. [21] developed a reduced reaction mechanism and studied the unstretched laminar burning velocity of NH3 /CH4 /air ﬂames at pressures up to 5 atm, equivalence
ratios 0.7–1.3 and XNH3 0–0.3. To investigate the blending effects of
syngas in the NH3 ﬂames, Wang et al. [14] measured the laminar
burning velocities of NH3 /syngas/air, NH3 /CO/air and NH3 /H2 /air at
pressures up to 5 atm, equivalence ratios 0.7–1.6, XNH3 0.2–1.0 and
compared the simulation results of four mechanisms: Han et al.
[13], Shrestha et al. [22], UC-San Diego [20] and Stagni et al. [23].
Currently, a few ammonia oxidation mechanisms have been developed to predict the burning velocity of ammonia ﬂames. Miller
et al. [24] ﬁrst proposed a detailed ammonia oxidation mechanism
that consists 22 species and 98 reactions. Lindstedt et al. [25] established a comprehensive chemical kinetic mechanism based on
abundant experimental data of NH3 /H2 /O2 /Ar, NH3 /NO/H2 /O2 /Ar
and NH3 /O2 /Ar ﬂames. Skreiberg et al. [26] studied the fuel-rich
kinetics of ammonia and pointed out that the conversion of fuelN into N2 mainly depended on the reaction of NH2 +NO. Recently,
Okafor et al. [12] developed a detailed mechanism for NH3 /CH4 /air
ﬂames based on GRI-Mech 3.0 [17] and some important reactions
from Tian’s mechanism [27]. In spite of these previous studies,
there are still gaps between the experimental and predictions by
mentioned above mechanisms.
To simulate the ﬂame properties accurately, radiative heat
transfers should be considered, especially through the loss from
the downstream burnt products and reabsorption by the upstream
unburned mixture. Previous investigations on radiative heat loss
in NH3 /air ﬂames [28] revealed that the laminar ﬂame speed decreased due to the radiative heat loss based on the optically thin
model (OTM). It was found that the laminar propagation speed
could be reduced by 3% near the stoichiometric condition, while
reduction greater than 20% was observed near the ﬂammability
limit. For the radiation reabsorption, Ju et al. [29] ﬁrst studied
the radiation reabsorption effects on burning velocities of CH4 /air
ﬂames with CO2 dilution and found the burning velocities increased and the ﬂammability limit was extended due to the reabsorption. Subsequently, Chen et al. [30,31] investigated the radiation reabsorption and compression effects on ﬂame speeds of
CH4 /air spherical ﬂames with CO2 /CO/H2 O dilutions using ﬁtted
statistically narrow band correlated k (FSNB-CK) model. Zheng
et al. [32] calculated the effects of radiation reabsorption on the
burning ﬂuxes of CH4 /air ﬂames with CO2 addition at high pressures up to 25 atm based on the band lumping model. Generally,
all these studies only focused on the effects of radiation reabsorption of CO2 , H2 O and CO on burning velocities. To the best of our
knowledge, there is yet no investigation reported on the effects of
radiation reabsorption of NH3 on the ammonia ﬂames.
The goal of this study is to assess the effects of NH3 radiation
on the laminar ﬂame speed when radiation reabsorption is considered in planar NH3 /H2 /air ﬂames. First, the SNB model for NH3 was
developed and the accuracy was validated by line-by-line (LBL).
Subsequently, numerical simulations were conducted for laminar
premixed NH3 /H2 /air ﬂames at various equivalence ratios and high
pressures with and without including radiation reabsorption. Finally, the chemical and radiation effects of radiation reabsorption
on laminar ﬂame speeds were discussed.

Fig. 1. Comparison of narrow-band transmissivities calculated by SNB and LBL
models at XNH3 = 1.0, L = 1.0 m, T = 10 0 0 K, P = 1 atm.

Fig. 2. Comparison of predicted radiative heat source for NH3 in a one-dimensional
parallel-plane layer at XNH3 = 1.0, L = 0.08 m, T = 50 0[1+sin(π x/L)] K, Tb = 30 0 K,
P = 1 atm.

To quantify the radiation reabsorption effects, three models were
used in the calculation for comparisons: ADI (adiabatic model),
OTM (optically thin model) and SNB (statistical narrow-band
model).
In the SNB, the narrow band gas transmissivity for path-length
L, with gas species mole fraction X and pressure P was evaluated
by [34]



τ̄η (L ) = exp −

πB
2





4SL
1+
−1
πB

(1)

where B = 2β̄η /π 2 , S = κ η XP and β̄η = 2π γ̄η /δ̄η . The parameters
κ η , γ̄η and δ̄η are the narrow band average spectral line strength,
the narrow band average spectral line half band-width and the narrow band average spectral line interval, respectively. In this paper,
the narrow band parameters for H2 O were taken from Souﬁani and
Taine [35] based on the EM2C database. The NH3 mean narrow
band parameters were calculated from the HITRAN 2016 database
[36], which covers a temperature range of 300 K to 2900 K with
a uniform bandwidth of 25 cm−1 between 150 and 9300 cm−1 . To
validate the SNB parameters of NH3 , the transmissivities calculated
by the SNB and LBL methods were compared and the absolute errors τ̄SNB,η − τ̄LBL,η are shown in Fig. 1. The maximum absolute error was only −0.126, which appeared at 950 cm−1 . This justiﬁed
that the SNB model of NH3 could well reproduce the results of LBL.
The SNB model was incorporated into the radiative transfer
equation (RTE) in integral form and the ray-tracing method [37,38]

2. Numerical model and validation
One-dimensional
freely-propagating
laminar
premixed
NH3 /H2 /Air ﬂames were simulated using the PREMIX code [33].
The kinetic modeling and transport properties were evaluated
by the CHEMKIN and TRANSPORT packages, and the detailed
ammonia reaction mechanism of Okafor et al. [12] was employed.
2
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Fig. 3. Laminar ﬂame speed as a function of equivalence ratio φ calculated by different radiation models for planar NH3 /H2 /air ﬂames (XNH3 /(XNH3 +XH2 ) = 0.6). Black
symbols represent experimental data from Han et al. [11], Blue symbols represent
experimental data from Li et al. [39].

Fig. 5. (a) Radiation absorption effects on the laminar ﬂame speed as a function of
φ in planar NH3 /H2 /air ﬂames (XNH3 /(XNH3 +XH2 ) = 0.6); (b) NH3 mole fractions in
the upstream and optical thickness as a function of φ .

temperatures of NH3 was a sine temperature distribution given as
500[1+sin(π x/L)] K. The temperature of the boundary walls was
300 K and non-emitting. As shown in Fig. 2, the relative errors of
radiative heat source were less than 4.5%, manifesting very satisfactory predictions by the SNB, which agreed very well with the
LBL results.

Fig. 4. Distributions of temperature and radiative power in a planar NH3 /H2 /air
ﬂame (XNH3 /(XNH3 +XH2 ) = 0.6, φ = 1.0).

can be used to solve the integral RTE. After getting the radiation
intensity, the radiative heat ﬂux and heat source can be obtained
by

q ( xi ) =


all

η



M

m=1

dq
qi+1 − qi
−
=−
dx
xi+1 − xi



ξ m Iηm,i wm

η

3. Results and discussion

(2)

3.1. Effects of equivalence ratio φ
Laminar ﬂame speeds as a function of equivalence ratio φ
(0.65–1.6) calculated by the different radiation models (ADI, OTM
and SNB) for NH3 /H2 /air mixtures (with a ﬁxed NH3 :H2 ratio
XNH3 /(XNH3 +XH2 ) = 0.6) are shown in Fig. 3. Experimental results
by Han et al. [11] and Li et al. [39] are included in the ﬁgure for
comparison, which used adiabatic stretchless ﬂat ﬂames in a specially modiﬁed heat ﬂux burner. Fig. 3 shows that the ﬂame speeds
calculated by the OTM were lower than those calculated by the

(3)

where η is 25 cm−1 , ξ m and wm are the direction cosines and
weight function associated with the mth direction, respectively.
To assess the performance of the above radiation model in predicting the radiation heat transfer of NH3 , we calculated the radiative heat source of NH3 in a one-dimensional parallel-plane layer
as shown in Fig. 2. The thickness of the layer was 0.08 m and the
3
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Fig. 6. Normalized sensitivity coeﬃcients of the 10 most rate-limiting reactions on ﬂame speeds in NH3 /H2 /air (XNH3 /(XNH3 +XH2 ) = 0.6) ﬂames for φ = 0.65, 0.75, 1.0, 1.25
and 1.6 calculated using the Okafor et al. [12] mechanism.

Fig. 7. Flame structures calculated by the ADI (solid) and SNB (dashed) models at φ = 0.75 (a), 1.0 (b), and 1.6 (c).

ADI, due to the excessive estimations of the radiative heat loss and
consequently more decreased temperatures in the burned region
by the OTM (shown in Fig. 4). Whereas, the ﬂame speeds calculated by the SNB were higher than those calculated by the ADI due
to the radiation reabsorption. The increments of the ﬂame speed
in fuel-rich conditions were greater than those in fuel-lean conditions. Compared with the experimental data, the SNB exhibited

better predictions than the ADI and OTM, and agreed well with
the measurements in the equivalence ratio range from 1.3 to 1.6.
For the other equivalence ratios, the calculation results of all models were lower than the experimental data, whereas the SNB still
provided closer predictions to the measured results. These discrepancies should be partially caused by the experimental uncertainties and the ammonia reaction mechanism of Okafor et al. [12].
4
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Fig. 4 shows the distributions of the temperature and radiative
power calculated by ADI, OTM and SNB at φ = 1.0, to illustrate
how the radiation reabsorption affected the ﬂame speed. When
the radiation reabsorption was considered, the thermal radiation
of H2 O in the downstream high temperature zone was absorbed by
NH3 in the upstream low temperature zone, so that the radiative
power of the unburned zone was negative and the unburned NH3
was preheated, making the ﬂame temperatures in the SNB higher
than the ADI ﬂame temperatures. On the other hand, when using
SNB the radiation heat loss decreased in the downstream due to
the radiation reabsorption of H2 O in the non-isothermal high temperature burned zone.
To quantify the effects of radiation reabsorption on laminar
ﬂame speeds at different equivalence ratios, the relative differences between ADI- and SNB-calculated ﬂame speeds were expressed by (SL, SNB - SL, ADI )/ SL, ADI and plotted in Fig. 5(a). The results showed that the enhancement of ﬂame speed by radiation reabsorption was nonlinearly dependent on equivalence ratio. There
were two turning points separated the whole curve, resulting in
a non-monotonic behavior. The relative difference, and hence the
effect of radiation reabsorption, ﬁrst increased when equivalence
ratio was lower than 0.75, and then decreased with rising equivalence ratios in the range of 0.75–1.1, and ﬁnally increased again
with increasing equivalence ratio. This behavior was caused by the
combination of two coexisting effects, i.e., direct radiation effect
and preheat-induced chemical effect. The direct radiation effect
was dependent on the two factors, i.e., the absorption coeﬃcient
and the optical thickness [32]. As shown in Fig. 5(b), when NH3 :H2
ratio was ﬁxed, the mole fraction of NH3 increased with increasing equivalence ratio. Consequently, stronger radiation reabsorption
occurred in the upstream due to the increased absorption coeﬃcient of NH3 . On the other hand, the optical thickness that blocked
the radiation energy emitted by the burnt zone ﬁrst decreased and
then increased. Therefore, the enhancement of ﬂame speed should
always increase with increasing equivalence ratio when only considering the direct radiation effect.
Furthermore, the preheat-induced chemical effects on the enhancement of ﬂame speed were examined. The sensitivities for
ﬂame speed of NH3 /H2 /air ﬂames with XNH3 /(XNH3 +XH2 ) = 0.6, and
φ = 0.65, 0.75, 1.0, 1.25 and 1.6 were analyzed using the Okafor
et al. mechanism [12]. The top 10 reactions affecting the ﬂame
speed are shown in Fig. 6. The most positively sensitive reaction
was R39 H + O2 <=>O+OH for all equivalence ratios.The most
negatively sensitive reaction was R36 H + O2 +H2 O<=>HO2 +H2 O
for the lean cases and R245 NH2 +H=NH+H2 for the rich cases.
Hence, it is clear that the H, OH and NH2 radicals played important roles in the 10 most rate-limiting reactions.
Fig. 7 shows the streamwise proﬁles of temperature, major
species (NH3 , H2 , O2 and H2 O) and intermediate species (H, OH,
NH2 , NNH and NO) calculated by the ADI and SNB at φ = 0.75,
1.0, and 1.6. For the three equivalence ratios, the SNB ﬂame temperatures were higher than the ADI ﬂame temperatures, and the
SNB unburned gas temperatures were also higher than the ADI
unburned gas temperatures due to the radiation reabsorption. The
mole fractions of major species predicted by SNB were similar to
those by ADI. However, the mole fractions of intermediate species
calculated by SNB were apparently greater than those by ADI. NH2
was primarily produced through the reactions of NH3 with OH and
H, HNO was primarily formed through the reaction of NH2 with O,
and then oxidation of HNO mainly produced NO. Consequently, the
increment of temperature facilitated these reactions and the mole
fraction of NO was increased when radiation reabsorption was considered.
Since the H and OH radicals played key roles in the ﬂame
speeds under fuel-lean conditions, further examination was performed on the maximum mole fractions of H and OH at φ = 0.65–

Fig. 8. Maximum mole fractions of the H (a) and OH (b) radicals calculated by the
ADI (solid) and SNB (dashed) models for NH3 /H2 /air ﬂames at φ = 0.65–1.0.

1.0. Fig. 8 shows the effects of different radiation models, ADI and
SNB, on the maximum mole fractions of the H and OH radicals at
φ = 0.65–1.0. For H radical, the relative increment of its maximum
mole fractions increased from 4.95% to 12.2% with the equivalence
ratio increasing from 0.65 to 0.75, which then decreased to 8.34%
with further increasing equivalence ratios to 1.0. For OH radical,
the relative increment of the maximum mole fractions increased
from 3.83% to 7.89% with the equivalence ratio rising from 0.65 to
0.75, and then kept decreasing down to 5.44% with the equivalence
ratio further enhanced to 1.0. Therefore, the change trends of radiation reabsorption effects on the maximum mole fractions of the H
and OH radicals were similar to the radiation absorption effects on
the laminar ﬂame speed at φ = 0.65–1.0 as discussed above and
shown in Fig. 5(a).
To better understand the chemical effects on the H and OH
radicals mole fractions, Fig. 9 presents the calculated rate of production (ROP) and normalized sensitivity coeﬃcients of the 10
most important reactions on the H and OH radicals for NH3 /H2 /air
ﬂames with XNH3 /(XNH3 +XH2 ) = 0.6, and φ = 0.65, 0.75 and 1.0 on
the current model. With increasing equivalence ratio, the absolute
values of ROP for most reactions increased while the sensitivities
decreased. In Fig. 9(a1), among the reactions that consume H radicals, R39 H + O2 <=>O+OH and R36 H + O2 +H2 O<=>HO2 +H2 O
had the highest ROPs. As shown with the normalized sensitivi5
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Fig. 9. ROP analysis results and normalized sensitivity coeﬃcients of H (a1), (a2) and OH (b1), (b2) radicals for NH3 /H2 /air ﬂames (XNH3 /(XNH3 +XH2 ) = 0.6) at φ = 0.65, 0.75
and 1.0 with the condition of Tb = 300 K, P = 1 atm.

ties for H radical concentrations in Fig. 9(a2), reaction R36 had
the largest negative sensitivity for all equivalence ratios. Among
the reactions that generate H radicals, R85 OH+H2 <=>H + H2 O
and R234 NH+OH=HNO+H had the highest ROPs, which however,
were not among the top positive sensitivity reactions for H radical
concentrations. Considering the top reactions affecting the ﬂame
speed in Fig. 6, it could be concluded that reaction R36 via H radical played the key role in the ﬂame speed at φ = 0.65–1.0.
In Fig. 9(b1), among the reactions consuming OH radicals,
R278 NH3 +OH=NH2 +H2 O, R85 OH+H2 <=>H + H2 O and R248
NH2 +OH=NH+H2 O had the highest ROPs. However, these reactions were not among the top negatively sensitive reactions for OH
radical concentrations. Among the reactions that generate OH radical, R39 H + O2 <=>O+OH and R257 NH2 +NO=NNH+OH exhibited highest ROPs. As shown the normalized sensitivities for OH
radical concentration in Fig. 9(b2), these two reactions were also

most signiﬁcant for all equivalence ratios. In addition, reactions
R39 and R257 were in the top reactions for the sensitivity of ﬂame
speed as shown in Fig. 6.
Since the temperature of the unburned zone increased through
the radiation reabsorption, we next analyzed the effect of initial
temperature change on the ROP results for R36 (H radical), R39
and R257 (OH radical) reactions at different equivalence ratios. As
shown in Fig. 10(a), the ROP results decreased when the initial
temperature increased except for R39 at φ =0.65 and 0.7. The effect of initial temperature change on R39 was negligible since the
absolute value of relative ROP differences were less than 1%. The
consumption of H radicals by R36 was inhibited by increased initial temperature as evidenced by the decreased ROP. For this reason, the maximum mole fractions of the H radicals predicted by
the SNB model were greater than those by the ADI as shown in
Fig. 8(a). The absolute values of ROP relative differences of R36 in-

6
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Fig. 9. Continued

creased at φ = 0.65–0.75 (see Fig. 10(b)), indicating that the inhibition of the H consumption by R36 was progressively aggravated.
Therefore, the maximum mole fractions of H radical increased at
φ =0.65–0.75 as shown in Fig. 8(a). On the other hand, R36 was the
most negatively sensitive reaction for ﬂame speed as evidenced in
Fig. 6. The inhibition of R36 due to increased initial temperature
caused the increment of ﬂame speeds. Therefore, with the rising
inhibition effect of R36, ﬂame speeds were enhanced by radiation
reabsorption at φ = 0.65–0.75 (see Fig. 5(a)).
The generation of OH radicals by R257 was suppressed due
to reduced initial temperature, as reﬂected by the ROP results.
Hence, the maximum mole fractions of the OH radical predicted
by the SNB model were greater than those by the ADI, as shown in
Fig. 8(b). The absolute values of ROP relative differences for R257

increased at φ = 0.75–1.0 (see Fig. 10(b)), which meant that the
generation of OH radicals by R257 was progressively suppressed.
Consequently, the relative increment of OH maximum mole fractions decreased at φ = 0.75–1.0 (see Fig. 8(b)). Moreover, R257 was
among the top 5 positively sensitive reactions for ﬂame speed in
Fig. 6. With the increasing inhibition effect of R257, the enhancement of ﬂame speed by radiation reabsorption decreased at φ =
0.75–1.0 as shown in Fig. 5(a).
Under fuel-rich conditions, investigation was conducted to revealthe effects of different radiation models, i.e., ADI and SNB,
on the maximum mole fractions of the NH2 radical at φ = 1.0–
1.25, which are plotted in Fig. 11. It can be seen the relative increment of the maximum mole fraction decreased from 5.66% to
4.99% as the equivalence ratio increased from 1.0 to 1.1, which then
7
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Fig. 11. Maximum mole fractions of the NH2 radical predicted by the ADI (solid)
and SNB (dashed) models for NH3 /H2 /air ﬂames at φ = 1.0–1.25.

radical concentration, R246 through NH2 radical played a key role
in affecting the ﬂame speeds at φ = 1.0–1.25.
In addition, we analyzed the effects of initial temperature on
the ROP results on R246. As shown in Fig. 13, the consumption of
NH2 radicals was prompted by R246 with increased initial temperature as reﬂected by the ROP results. Thus, the maximum mole
fractions of the NH2 radical predicted by the SNB model were
greater than those by the ADI as shown in Fig. 11. The absolute
values of ROP relative differences of R246 increased at φ = 1.0–1.1,
indicating that the enhancement of NH2 consumption by R246 was
constantly strengthening. Therefore, the relative increment of the
maximum NH2 mole fractions decreased at φ = 1.0–1.1 as shown
in Fig. 11. Subsequently, the absolute values of ROP relative differences of R246 decreased at φ = 1.1–1.25, which meant that the
promotion of NH2 consumption via R246 was progressively weakening. Hence, the relative increment of NH2 maximum mole fraction increased at φ = 1.1–1.25 (see Fig. 11). Since R246 s promoting effect increased ﬁrst and then decreased in the range of φ =
1.00–1.25, the enhancement of ﬂame speed by radiation reabsorption decreased at φ = 1.0–1.1 and increased at φ = 1.1–1.25, as
shown in Fig. 5(a). At even richer cases above φ =1.25 in Fig. 5, the
mole fraction of NH3 increased with increasing equivalence ratio
and hence the maximum optical thickness was less than that in
the fuel-lean cases. The enhancement of ﬂame speed became primarily controlled by the direct radiation effect.

Fig. 10. (a) ROP as a function of equivalence ratio for R36, R39 and R257 at two
different initial temperatures 300 K and 320 K, and (b) relative differences of ROP
for NH3 /H2 /air ﬂames at φ = 0.65–1.0.

increased to 5.85% with the equivalence ratio increased to 1.25.
Therefore, the non-monotonic effects of radiation reabsorption on
the maximum mole fractions of the NH2 radical were similar to the
aforementioned radiation absorption effects on the laminar ﬂame
speed at φ = 1.0–1.25 in Fig. 5(a).
In Fig. 12, among the reactions that consume NH2 radicals,
the reactions with highest ROPs were R245 NH2 +H=NH+H2 , R248
NH2 +OH=NH+H2 O and R246 NH2 +O=HNO+H. As for the normalized sensitivities for NH2 radical concentration, R248, R245
and R246 were the most negatively sensitive at all equivalence
ratios. Among the reactions that generate NH2 radicals, R278
NH3 +OH=NH2 +H2 O and R277 NH3 +H<=>NH2 +H had the highest ROPs. These two reactions were however not among the top
positively sensitive reactions for NH2 . On the other hand, R273
HNO+H<=>H2 +NO, R265 NNH+O2 =N2 +HO2 , R245 and R246
were the most negatively sensitive reactions on ﬂame speed, which
were all involved nitrogen element (see Fig. 6). Moreover, HNO
in R273 was mainly generated through R246. Also considering the
ROP results, as one of the most important reactions affecting NH2

3.2. Effects of pressure
In order to facilitate numerical convergence so as to assess
a broader pressure range, in this section the NH3 :(NH3 +H2 ) ratio was reduced to 0.4, which nonetheless, did not alter the observed physics and conclusions. Laminar ﬂame speeds as a function of pressure (up to 25 atm) calculated by the different radiation models, ADI, OTM and SNB, for stoichiometric NH3 /H2 /air
mixtures (XNH3 /(XNH3 +XH2 ) = 0.4) are shown in Fig. 14. Laminar
ﬂame speeds decreased with rising pressures in all the three models. The SNB simulations yielded higher results than those from the
ADI model due to the radiation reabsorption. The effects of radiation reabsorption ﬁrst increased quickly from 3.08% to 12.06% with
the pressure increased to 10 atm, and then decreased to 10.16%.
The effects of radiation reabsorption were the results of competition between the absorption coeﬃcient and the optical thickness
as shown in Fig. 15. The quantity XNH3 P was used to represent the
radiation reabsorption from upstream since the absorption coeﬃcient of NH3 was directly proportional to XNH3 P. Although XNH3 P
8
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Fig. 12. ROP analysis results and normalized sensitivity coeﬃcients of NH2 radical for NH3 /H2 /air ﬂames (XNH3 /(XNH3 +XH2 ) = 0.6) at φ = 1.0, 1.1 and 1.25 with the condition
of Tb = 300 K, P = 1 atm.

increased with the pressure, the optical thickness increased more
drastically from 0.035 to 0.8, which was 15 times larger than that
in Fig. 5(b), indicating more thermal radiation energy was blocked
at high pressures.
Subsequently, we examined the chemical effect on the enhancement of ﬂame speed at P = 1–10 atm. The sensitivities for ﬂame
speed of NH3 /H2 /air ﬂames with XNH3 /(XNH3 +XH2 ) = 0.4, φ = 1.0
and P = 1, 5, 10 atm were analyzed using Okafor et al. mechanism [12]. The top 10 reactions affecting the ﬂame speed are
shown in Fig. 16. The most positively sensitive reaction was R39
H + O2 <=>O+OH and the most negatively sensitive reaction was
R36 H + O2 +H2 O<=>HO2 +H2 O at all pressures. It could be seen
that the H, OH, NH2 and NNH radicals played important roles in
the 10 most rate-limiting reactions.
Fig. 17 shows the effects of different radiation models of ADI
and SNB, on the maximum mole fractions of the H, OH, NH2 and
NNH radicals at P = 1–10 atm. The relative increment of the maximum mole fractions of the four radicals increased with rising pres-

sure. The relative increments of the maximum mole fractions of H
and NNH radicals were more severe than those of OH and NH2
radicals. The non-monotonic effects of radiation reabsorption on
the maximum mole fractions of the H and NNH radicals were similar to the radiation absorption effects on the laminar ﬂame speed
at P = 1–10 atm in Fig. 14.
To better understand the chemical effects on the H and NNH
radicals, Fig. 18 shows the calculated rates of production (ROP) and
sensitivities of the H and NNH radicals of the top 10 reactions
in NH3 /H2 /air ﬂames with XNH3 /(XNH3 +XH2 ) = 0.4, φ = 1.0 and
P = 1–10 atm using the adopted SNB model. With rising pressure,
the absolute values of ROP for all reactions increased. In Fig. 18(a1),
among the reactions that consume H radicals, the reactions with
the highest ROPs were R39, R44 H+OH+M<=>H2 O+M and R36.
As for the normalized sensitivity for H radical concentration in
Fig. 18(a2), only R44 was signiﬁcantly negatively sensitive for all
pressures. Among the reactions that generate H radicals, the reactions with the highest ROPs were R85 OH+H2 <=>H + H2 O and
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Fig. 13. ROP analysis results for R246 reaction at different initial temperatures
300 K and 320 K, and the corresponding ROP relative differences for NH3 /H2 /air
ﬂames at φ = 0.65–1.0.

Fig. 15. XNH3 P in the upstream and optical thickness as a function of pressure in
planar NH3 /H2 /air (XNH3 /(XNH3 +XH2 ) = 0.4) φ = 1.0 ﬂames.

Fig. 14. Laminar ﬂame speed calculated by different radiation models and radiation
absorption effects on the laminar ﬂame speed (relative difference between SNB and
ADI results) as a function of pressure in planar NH3 /H2 /air (XNH3 /(XNH3 +XH2 ) = 0.4)
ﬂames at φ = 1.0.

Fig. 17. Relative change of maximum mole fractions of the H, OH, NH2
and NNH radicals computed using the ADI and SNB models for NH3 /H2 /air
(XNH3 /(XNH3 +XH2 ) = 0.4) ﬂames at P = 1–10 atm.

Fig. 16. Normalized sensitivity coeﬃcients of ﬂame speeds of the 10 most rate-limiting reactions in NH3 /H2 /air (XNH3 /(XNH3 +XH2 ) = 0.4) ﬂames for P = 1, 5, 10 atm at φ =1.0.
10
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Fig. 18. ROP results and normalized sensitivity coeﬃcients of H (a1), (a2) and NNH (b1), (b2) radicals for NH3 /H2 /air (XNH3 /(XNH3 +XH2 ) = 0.4) ﬂames at P = 1–10 atm with
the condition of Tb = 300 K, φ = 1.0.

R234, and the latter was among the most positively sensitive reactions for H radical. Also considering the top reactions affecting
the ﬂame speed in Fig. 16, R44 (via H radical) played a key role in
affecting the ﬂame speed at pressures 1–10 atm.
In the Fig. 18(b1), for the consumption of NNH radicals, R260
NNH=N2 +H and R265 NNH+O2 =N2 +HO2 had the highest ROPs.
However, these reactions were not included in the top negatively
sensitive reactions for NNH in Fig. 18(b2). Among the reactions
that generate NNH radicals, the reaction with the highest ROP was
R257, which was also one of the top positively sensitive reactions
for NNH radical concentration. Furthermore, R257 existed among
the top reactions for the sensitivity of ﬂame speed as shown in
Fig. 16.

Finally, the effects of initial temperature change on the ROP results for R44 (H radical) and R257 (NNH radical) were analyzed at
various pressures. As shown in Fig. 19, the ROP results decreased
with the increasing initial temperature for both R44 and R257. The
consumption of H radicals by R44 was inhibited as reﬂected by
the decreased ROP of R44 with increased initial temperature. The
maximum mole fractions of the H radicals by the SNB model were
hence greater than those by the ADI shown in Fig. 17. As shown in
Fig. 19(b), the absolute values of ROP relative differences for R44
increased at P = 1–5 atm, which meant that the inhibition of the
H consumption by R36 was strengthened. Therefore, the relative
increment of the maximum mole fractions of H radical increased
at P = 1–5 atm as shown in Fig. 17. On the other hand, R44 was
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Fig. 18. Continued

the most negatively sensitive reaction for ﬂame speed as shown in
Fig. 16, and thus the inhibition of R44 due to higher initial temperature caused the increment of ﬂame speed. Consequently, with
the increasing inhibition effect of R44, the enhancement of ﬂame
speed by radiation reabsorption increased at P = 1–5 atm (see
Fig. 14).
The generation of NNH radicals by R257 was inhibited (see the
ROP results in Fig. 19(a)) by higher initial temperature, and hence
the maximum mole fractions of the NNH radicals by the SNB were
greater than those by the ADI (see Fig. 17). As shown in Fig. 19(b),

the absolute values of ROP relative differences of R257 decreased
at P = 5–10 atm, indicating weakening suppression of NNH radicals by R257. Thus, the relative increment of the maximum mole
fractions of NNH radicals increased at P = 5–10 atm as shown in
Fig. 17. Moreover, R257 was among the top 5 positively sensitive
reactions for ﬂame speed in Fig. 16. With decreasing inhibition effect of R257, the enhancement of ﬂame speed by radiation reabsorption increased at P = 5–10 atm (see Fig. 14). Above 10 atm
as shown in Fig. 15, the radiation reabsorption effect decreased
with increasing pressure due to the competition between the ab12
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while the enhancement of ﬂame speed by radiation reabsorption was mainly inﬂuenced by H, OH and NH2 radicals, which
were in turn controlled by the reactions R36, R257 and R246,
respectively. At φ = 1.25–1.6, the direct radiation effect dominated and the enhancement of ﬂame speed was primarily affected by the increasing mole fraction of NH3 .
3 For stoichiometric NH3 /H2 /air (NH3 :(NH3 +H2 ) = 0.4) ﬂames at
pressures 1–25 atm, the radiation reabsorption effect ﬁrst increased and then decreased with rising pressures. At P = 1–
10 atm, the preheat-induced chemical effect dominated and
the enhancement of ﬂame speed by radiation reabsorption was
mainly determined by H and NNH radicals, which were controlled by the reactions R44 and R257, respectively. At high
pressures above 10 atm, the direct radiation effect dominated
and the enhancement of ﬂame speed was mainly controlled by
the increasing optical thickness.
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