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a b s t r a c t 

Ammonia combustion, owing to its zero greenhouse gas CO 2 emission, is attracting attention for energy 

utilization. However, the thermal radiation of NH 3 has not been reported and involved in the numer- 

ical 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 equiv- 

alence ratios and elevated pressures were numerically investigated using planar NH 3 /H 2 /air flames. The 

Statistical Narrow-Band (SNB) model parameters for NH 3 were generated and used for simulations of 

NH 3 /H 2 /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 NH 2 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 NH 3 . With increas- 

ing 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. 
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. Introduction 

Ammonia has recently been attracted great attention as a clean 

nd carbon-free fuel. Known as “the other hydrogen”, ammonia 

roduces no greenhouse gas CO 2 emissions during its combustion, 

nd hence its usage as a fuel can effectively alleviate the prob- 

em of global warming [1] . Moreover, 1 m 

3 liquid ammonia stores 

08 kg hydrogen element at 20 °C and 8.6 atm, which is more 

han 4 times hydrogen storage capacity of some advanced hydro- 

en storage alloys [2] . Therefore, the popularization and application 

f ammonia as a fuel is expected to facilitate the transformation 

f traditional "carbon-based" energy structure to "hydrogen-based" 

nergy structure. 

Several previous studies have attempted to directly burn ammo- 

ia in, e.g., engines, boilers and gas turbines [ 3 , 4 ]. However, ammo-

ia has low chemical reactivity and its spontaneous and forced ig- 

itions are relatively difficult compared with traditional hydrocar- 

on fuels [ 5 , 6 ]. The laminar flame speed of a stoichiometric ammo-
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ia/air mixture is only about 1/5–1/7 of conventional hydrocarbon 

uels, and the flame stability is poor [ 7 , 8 ]. To overcome these dif-

culties, it can be achieved by blending NH 3 with H 2 [ 9 , 10 ], CH 4 

 11 , 12 ], syngas [ 13 , 14 ] and other hydrocarbon fuels [15] . 

In terms of experimental research, Lee et al. [16] measured the 

aminar flame properties of NH 3 /H 2 /air flames using propagating 

pherical flames at atmospheric pressure, equivalence ratios 0.6–

.67 and X H2 0–0.5. They found NOx emission increased less in 

uel-rich cases than in fuel-lean cases as X H2 increased. Kumar 

nd Meyer [10] studied the laminar flame speeds of NH 3 /H 2 /air 

et flames based on a Bunsen burner at equivalence ratios 0.5–

.1 and X NH3 0–0.8, and compared the predicted laminar flame 

peeds calculated by the GRI-Mech 3.0 [17] , Tian [18] and Kon- 

ov [19] chemical kinetic mechanisms. To avoid uncertainties in 

he measurements of laminar burning velocity caused by the 

tretch effect on the flame front, Han et al. [11] used the heat 

ux method to measure the laminar burning velocities of NH 3 

lended with H 2 , CO and CH 4, and the results were validated 

y three chemical kinetic mechanisms: GRI-Mech 3.0 [17] , Okafor 

t al. [12] and UC-San Diego [20] . At elevated pressure condi- 

ions, Ichikawa et al. [9] experimentally investigated the Markstein 
. 

ion reabsorption on laminar NH3/H2/air flames, Combustion and 
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Fig. 1. Comparison of narrow-band transmissivities calculated by SNB and LBL 

models at X NH3 = 1.0, L = 1.0 m, T = 10 0 0 K, P = 1 atm. 

Fig. 2. Comparison of predicted radiative heat source for NH 3 in a one-dimensional 

parallel-plane layer at X NH3 = 1.0, L = 0.08 m, T = 50 0[1 + sin( πx/ L )] K, T b = 30 0 K, 

P = 1 atm. 
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engths of NH 3 /H 2 /air flames at pressures up to 5 atm and numeri-

ally simulated the flame characteristics using five different mech- 

nisms. Subsequently, Okafor et al. [21] developed a reduced reac- 

ion mechanism and studied the unstretched laminar burning ve- 

ocity of NH 3 /CH 4 /air flames at pressures up to 5 atm, equivalence 

atios 0.7–1.3 and X NH3 0–0.3. To investigate the blending effects of 

yngas in the NH 3 flames, Wang et al. [14] measured the laminar 

urning velocities of NH 3 /syngas/air, NH 3 /CO/air and NH 3 /H 2 /air at 

ressures up to 5 atm, equivalence ratios 0.7–1.6, X NH3 0.2–1.0 and 

ompared 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 de- 

eloped to predict the burning velocity of ammonia flames. Miller 

t al. [24] first proposed a detailed ammonia oxidation mechanism 

hat consists 22 species and 98 reactions. Lindstedt et al. [25] es- 

ablished a comprehensive chemical kinetic mechanism based on 

bundant experimental data of NH 3 /H 2 /O 2 /Ar, NH 3 /NO/H 2 /O 2 /Ar 

nd NH 3 /O 2 /Ar flames. Skreiberg et al. [26] studied the fuel-rich 

inetics of ammonia and pointed out that the conversion of fuel- 

 into N 2 mainly depended on the reaction of NH 2 + NO. Recently, 

kafor et al. [12] developed a detailed mechanism for NH 3 /CH 4 /air 

ames based on GRI-Mech 3.0 [17] and some important reactions 

rom Tian’s mechanism [27] . In spite of these previous studies, 

here are still gaps between the experimental and predictions by 

entioned above mechanisms. 

To simulate the flame properties accurately, radiative heat 

ransfers should be considered, especially through the loss from 

he downstream burnt products and reabsorption by the upstream 

nburned mixture. Previous investigations on radiative heat loss 

n NH 3 /air flames [28] revealed that the laminar flame speed de- 

reased due to the radiative heat loss based on the optically thin 

odel (OTM). It was found that the laminar propagation speed 

ould be reduced by 3% near the stoichiometric condition, while 

eduction greater than 20% was observed near the flammability 

imit. For the radiation reabsorption, Ju et al. [29] first studied 

he radiation reabsorption effects on burning velocities of CH 4 /air 

ames with CO 2 dilution and found the burning velocities in- 

reased and the flammability limit was extended due to the re- 

bsorption. Subsequently, Chen et al. [ 30 , 31 ] investigated the ra- 

iation reabsorption and compression effects on flame speeds of 

H 4 /air spherical flames with CO 2 /CO/H 2 O dilutions using fitted 

tatistically narrow band correlated k (FSNB-CK) model. Zheng 

t al. [32] calculated the effects of radiation reabsorption on the 

urning fluxes of CH 4 /air flames with CO 2 addition at high pres- 

ures up to 25 atm based on the band lumping model. Generally, 

ll these studies only focused on the effects of radiation reabsorp- 

ion of CO 2 , H 2 O and CO on burning velocities. To the best of our

nowledge, there is yet no investigation reported on the effects of 

adiation reabsorption of NH 3 on the ammonia flames. 

The goal of this study is to assess the effects of NH 3 radiation 

n the laminar flame speed when radiation reabsorption is consid- 

red in planar NH 3 /H 2 /air flames. First, the SNB model for NH 3 was

eveloped and the accuracy was validated by line-by-line (LBL). 

ubsequently, numerical simulations were conducted for laminar 

remixed NH 3 /H 2 /air flames at various equivalence ratios and high 

ressures with and without including radiation reabsorption. Fi- 

ally, the chemical and radiation effects of radiation reabsorption 

n laminar flame speeds were discussed. 

. Numerical model and validation 

One-dimensional freely-propagating laminar premixed 

H 3 /H 2 /Air flames were simulated using the PREMIX code [33] . 

he kinetic modeling and transport properties were evaluated 

y the CHEMKIN and TRANSPORT packages, and the detailed 

mmonia reaction mechanism of Okafor et al. [12] was employed. 
2 
o quantify the radiation reabsorption effects, three models were 

sed in the calculation for comparisons: ADI (adiabatic model), 

TM (optically thin model) and SNB (statistical narrow-band 

odel). 

In the SNB, the narrow band gas transmissivity for path-length 

 , with gas species mole fraction X and pressure P was evaluated 

y [34] 

¯η( L ) = exp 

[ 

−πB 

2 

( √ 

1 + 

4 SL 

πB 

− 1 

) ] 

(1) 

here B = 2 ̄βη/ π2 , S = κηXP and β̄η = 2 πγ̄η/ ̄δη . The parameters

η , γ̄η and δ̄η are the narrow band average spectral line strength, 

he narrow band average spectral line half band-width and the nar- 

ow band average spectral line interval, respectively. In this paper, 

he narrow band parameters for H 2 O were taken from Soufiani and 

aine [35] based on the EM2C database. The NH 3 mean narrow 

and parameters were calculated from the HITRAN 2016 database 

36] , which covers a temperature range of 300 K to 2900 K with 

 uniform bandwidth of 25 cm 

−1 between 150 and 9300 cm 

−1 . To 

alidate the SNB parameters of NH 3 , the transmissivities calculated 

y the SNB and LBL methods were compared and the absolute er- 

ors τ̄SNB,η − τ̄LBL,η are shown in Fig. 1 . The maximum absolute er- 

or was only −0.126, which appeared at 950 cm 

−1 . This justified 

hat the SNB model of NH 3 could well reproduce the results of LBL. 

The SNB model was incorporated into the radiative transfer 

quation (RTE) in integral form and the ray-tracing method [ 37 , 38 ]
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Fig. 3. Laminar flame speed as a function of equivalence ratio φ calculated by dif- 

ferent radiation models for planar NH 3 /H 2 /air flames ( X NH3 /( X NH3 + X H2 ) = 0.6). Black 

symbols represent experimental data from Han et al. [11] , Blue symbols represent 

experimental data from Li et al. [39] . 

Fig. 4. Distributions of temperature and radiative power in a planar NH 3 /H 2 /air 

flame ( X NH3 /( X NH3 + X H2 ) = 0.6, φ = 1.0). 
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Fig. 5. (a) Radiation absorption effects on the laminar flame speed as a function of 

φ in planar NH 3 /H 2 /air flames ( X NH3 /( X NH3 + X H2 ) = 0.6); (b) NH 3 mole fractions in 

the upstream and optical thickness as a function of φ. 
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an be used to solve the integral RTE. After getting the radiation 

ntensity, the radiative heat flux and heat source can be obtained 

y 

 ( x i ) = 

∑ 

all η

( 

M ∑ 

m =1 

ξm I m 

η,i w 

m 

) 

�η (2) 

dq 

dx 
= −q i +1 − q i 

x i +1 − x i 
(3) 

here �η is 25 cm 

−1 , ξm and w 

m are the direction cosines and 

eight function associated with the m th direction, respectively. 

To assess the performance of the above radiation model in pre- 

icting the radiation heat transfer of NH 3 , we calculated the radia- 

ive heat source of NH 3 in a one-dimensional parallel-plane layer 

s shown in Fig. 2 . The thickness of the layer was 0.08 m and the
3 
emperatures of NH 3 was a sine temperature distribution given as 

00[1 + sin( πx/ L )] K. The temperature of the boundary walls was 

00 K and non-emitting. As shown in Fig. 2 , the relative errors of 

adiative heat source were less than 4.5%, manifesting very satis- 

actory predictions by the SNB, which agreed very well with the 

BL results. 

. Results and discussion 

.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 

nd SNB) for NH 3 /H 2 /air mixtures (with a fixed NH 3 :H 2 ratio 

 NH3 /( X NH3 + X H2 ) = 0.6) are shown in Fig. 3 . Experimental results

y Han et al. [11] and Li et al. [39] are included in the figure for

omparison, which used adiabatic stretchless flat flames in a spe- 

ially modified heat flux burner. Fig. 3 shows that the flame speeds 

alculated by the OTM were lower than those calculated by the 
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Fig. 6. Normalized sensitivity coefficients of the 10 most rate-limiting reactions on flame speeds in NH 3 /H 2 /air ( X NH3 /( X NH3 + X H2 ) = 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). 
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DI, due to the excessive estimations of the radiative heat loss and 

onsequently more decreased temperatures in the burned region 

y the OTM (shown in Fig. 4 ). Whereas, the flame speeds calcu- 

ated by the SNB were higher than those calculated by the ADI due 

o the radiation reabsorption. The increments of the flame speed 

n fuel-rich conditions were greater than those in fuel-lean con- 

itions. Compared with the experimental data, the SNB exhibited 
4 
etter predictions than the ADI and OTM, and agreed well with 

he measurements in the equivalence ratio range from 1.3 to 1.6. 

or the other equivalence ratios, the calculation results of all mod- 

ls were lower than the experimental data, whereas the SNB still 

rovided closer predictions to the measured results. These discrep- 

ncies should be partially caused by the experimental uncertain- 

ies and the ammonia reaction mechanism of Okafor et al. [12] . 
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Fig. 8. Maximum mole fractions of the H (a) and OH (b) radicals calculated by the 

ADI (solid) and SNB (dashed) models for NH 3 /H 2 /air flames at φ = 0.65 –1.0. 
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ig. 4 shows the distributions of the temperature and radiative 

ower calculated by ADI, OTM and SNB at φ = 1.0, to illustrate 

ow the radiation reabsorption affected the flame speed. When 

he radiation reabsorption was considered, the thermal radiation 

f H 2 O in the downstream high temperature zone was absorbed by 

H 3 in the upstream low temperature zone, so that the radiative 

ower of the unburned zone was negative and the unburned NH 3 

as preheated, making the flame temperatures in the SNB higher 

han the ADI flame temperatures. On the other hand, when using 

NB the radiation heat loss decreased in the downstream due to 

he radiation reabsorption of H 2 O in the non-isothermal high tem- 

erature burned zone. 

To quantify the effects of radiation reabsorption on laminar 

ame speeds at different equivalence ratios, the relative differ- 

nces between ADI- and SNB-calculated flame speeds were ex- 

ressed by (S L, SNB - S L, ADI )/ S L, ADI and plotted in Fig. 5 (a). The re-

ults showed that the enhancement of flame speed by radiation re- 

bsorption was nonlinearly dependent on equivalence ratio. There 

ere two turning points separated the whole curve, resulting in 

 non-monotonic behavior. The relative difference, and hence the 

ffect of radiation reabsorption, first increased when equivalence 

atio was lower than 0.75, and then decreased with rising equiv- 

lence ratios in the range of 0.75–1.1, and finally increased again 

ith increasing equivalence ratio. This behavior was caused by the 

ombination of two coexisting effects, i.e., direct radiation effect 

nd preheat-induced chemical effect. The direct radiation effect 

as dependent on the two factors, i.e., the absorption coefficient 

nd the optical thickness [32] . As shown in Fig. 5 (b), when NH 3 :H 2 

atio was fixed, the mole fraction of NH 3 increased with increas- 

ng equivalence ratio. Consequently, stronger radiation reabsorption 

ccurred in the upstream due to the increased absorption coeffi- 

ient of NH 3 . On the other hand, the optical thickness that blocked 

he radiation energy emitted by the burnt zone first decreased and 

hen increased. Therefore, the enhancement of flame speed should 

lways increase with increasing equivalence ratio when only con- 

idering the direct radiation effect. 

Furthermore, the preheat-induced chemical effects on the en- 

ancement of flame speed were examined. The sensitivities for 

ame speed of NH 3 /H 2 /air flames with X NH3 /( X NH3 + X H2 ) = 0.6, and

= 0.65, 0.75, 1.0, 1.25 and 1.6 were analyzed using the Okafor 

t al. mechanism [12] . The top 10 reactions affecting the flame 

peed are shown in Fig. 6 . The most positively sensitive reaction 

as R39 H + O 2 < = > O + OH for all equivalence ratios.The most

egatively sensitive reaction was R36 H + O 2 + H 2 O < = > HO 2 + H 2 O

or the lean cases and R245 NH 2 + H 

= NH + H 2 for the rich cases.

ence, it is clear that the H, OH and NH 2 radicals played impor- 

ant roles in the 10 most rate-limiting reactions. 

Fig. 7 shows the streamwise profiles of temperature, major 

pecies (NH 3 , H 2 , O 2 and H 2 O) and intermediate species (H, OH,

H 2 , NNH and NO) calculated by the ADI and SNB at φ = 0.75, 

.0, and 1.6. For the three equivalence ratios, the SNB flame tem- 

eratures were higher than the ADI flame temperatures, and the 

NB unburned gas temperatures were also higher than the ADI 

nburned gas temperatures due to the radiation reabsorption. The 

ole fractions of major species predicted by SNB were similar to 

hose by ADI. However, the mole fractions of intermediate species 

alculated by SNB were apparently greater than those by ADI. NH 2 

as primarily produced through the reactions of NH 3 with OH and 

, HNO was primarily formed through the reaction of NH 2 with O, 

nd then oxidation of HNO mainly produced NO. Consequently, the 

ncrement of temperature facilitated these reactions and the mole 

raction of NO was increased when radiation reabsorption was con- 

idered. 

Since the H and OH radicals played key roles in the flame 

peeds under fuel-lean conditions, further examination was per- 

ormed on the maximum mole fractions of H and OH at φ = 0.65–
5 
.0. Fig. 8 shows the effects of different radiation models, ADI and 

NB, on the maximum mole fractions of the H and OH radicals at 

= 0.65 –1.0. For H radical, the relative increment of its maximum 

ole fractions increased from 4.95% to 12.2% with the equivalence 

atio increasing from 0.65 to 0.75, which then decreased to 8.34% 

ith further increasing equivalence ratios to 1.0. For OH radical, 

he relative increment of the maximum mole fractions increased 

rom 3.83% to 7.89% with the equivalence ratio rising from 0.65 to 

.75, and then kept decreasing down to 5.44% with the equivalence 

atio further enhanced to 1.0. Therefore, the change trends of radi- 

tion reabsorption effects on the maximum mole fractions of the H 

nd OH radicals were similar to the radiation absorption effects on 

he laminar flame speed at φ = 0.65 –1.0 as discussed above and 

hown in Fig. 5 (a). 

To better understand the chemical effects on the H and OH 

adicals mole fractions, Fig. 9 presents the calculated rate of pro- 

uction (ROP) and normalized sensitivity coefficients of the 10 

ost important reactions on the H and OH radicals for NH 3 /H 2 /air 

ames with X NH3 /( X NH3 + X H2 ) = 0.6, and φ = 0.65, 0.75 and 1.0 on

he current model. With increasing equivalence ratio, the absolute 

alues of ROP for most reactions increased while the sensitivities 

ecreased. In Fig. 9 (a1), among the reactions that consume H rad- 

cals, R39 H + O 2 < = > O + OH and R36 H + O 2 + H 2 O < = > HO 2 + H 2 O

ad the highest ROPs. As shown with the normalized sensitivi- 
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Fig. 9. ROP analysis results and normalized sensitivity coefficients of H (a1), (a2) and OH (b1), (b2) radicals for NH 3 /H 2 /air flames ( X NH3 /( X NH3 + X H2 ) = 0.6) at φ = 0.65, 0.75 

and 1.0 with the condition of T b = 300 K, P = 1 atm. 
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ies for H radical concentrations in Fig. 9 (a2), reaction R36 had 

he largest negative sensitivity for all equivalence ratios. Among 

he reactions that generate H radicals, R85 OH + H 2 < = > H + H 2 O

nd R234 NH + OH 

= HNO + H had the highest ROPs, which however,

ere not among the top positive sensitivity reactions for H radical 

oncentrations. Considering the top reactions affecting the flame 

peed in Fig. 6 , it could be concluded that reaction R36 via H rad-

cal played the key role in the flame speed at φ = 0.65 –1.0. 

In Fig. 9 (b1), among the reactions consuming OH radicals, 

278 NH 3 + OH 

= NH 2 + H 2 O, R85 OH + H 2 < = > H + H 2 O and R248

H 2 + OH 

= NH + H 2 O had the highest ROPs. However, these reac-

ions were not among the top negatively sensitive reactions for OH 

adical concentrations. Among the reactions that generate OH rad- 

cal, R39 H + O 2 < = > O + OH and R257 NH 2 + NO 

= NNH + OH exhib-

ted highest ROPs. As shown the normalized sensitivities for OH 

adical concentration in Fig. 9 (b2), these two reactions were also 
6 
ost significant for all equivalence ratios. In addition, reactions 

39 and R257 were in the top reactions for the sensitivity of flame 

peed as shown in Fig. 6 . 

Since the temperature of the unburned zone increased through 

he radiation reabsorption, we next analyzed the effect of initial 

emperature change on the ROP results for R36 (H radical), R39 

nd R257 (OH radical) reactions at different equivalence ratios. As 

hown in Fig. 10 (a), the ROP results decreased when the initial 

emperature increased except for R39 at φ= 0.65 and 0.7. The ef- 

ect of initial temperature change on R39 was negligible since the 

bsolute value of relative ROP differences were less than 1%. The 

onsumption of H radicals by R36 was inhibited by increased ini- 

ial temperature as evidenced by the decreased ROP. For this rea- 

on, the maximum mole fractions of the H radicals predicted by 

he SNB model were greater than those by the ADI as shown in 

ig. 8 (a). The absolute values of ROP relative differences of R36 in- 
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Fig. 9. Continued 
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4

reased at φ = 0.65 –0.75 (see Fig. 10 (b)), indicating that the inhi- 

ition of the H consumption by R36 was progressively aggravated. 

herefore, the maximum mole fractions of H radical increased at 

= 0.65 –0.75 as shown in Fig. 8 (a). On the other hand, R36 was the

ost negatively sensitive reaction for flame speed as evidenced in 

ig. 6 . The inhibition of R36 due to increased initial temperature 

aused the increment of flame speeds. Therefore, with the rising 

nhibition effect of R36, flame speeds were enhanced by radiation 

eabsorption at φ = 0.65 –0.75 (see Fig. 5 (a)). 

The generation of OH radicals by R257 was suppressed due 

o reduced initial temperature, as reflected by the ROP results. 

ence, the maximum mole fractions of the OH radical predicted 

y the SNB model were greater than those by the ADI, as shown in

ig. 8 (b). The absolute values of ROP relative differences for R257 
7 
ncreased at φ = 0.75 –1.0 (see Fig. 10 (b)), which meant that the 

eneration of OH radicals by R257 was progressively suppressed. 

onsequently, the relative increment of OH maximum mole frac- 

ions decreased at φ = 0.75 –1.0 (see Fig. 8 (b)). Moreover, R257 was 

mong the top 5 positively sensitive reactions for flame speed in 

ig. 6 . With the increasing inhibition effect of R257, the enhance- 

ent of flame speed by radiation reabsorption decreased at φ = 

.75 –1.0 as shown in Fig. 5 (a). 

Under fuel-rich conditions, investigation was conducted to re- 

ealthe effects of different radiation models, i.e., ADI and SNB, 

n the maximum mole fractions of the NH 2 radical at φ = 1.0 –

.25, which are plotted in Fig. 11 . It can be seen the relative in-

rement of the maximum mole fraction decreased from 5.66% to 

.99% as the equivalence ratio increased from 1.0 to 1.1, which then 
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Fig. 10. (a) ROP as a function of equivalence ratio for R36, R39 and R257 at two 

different initial tem peratures 300 K and 320 K, and (b) relative differences of ROP 

for NH 3 /H 2 /air flames at φ = 0.65 –1.0. 
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Fig. 11. Maximum mole fractions of the NH 2 radical predicted by the ADI (solid) 

and SNB (dashed) models for NH 3 /H 2 /air flames at φ = 1.0 –1.25. 
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ncreased to 5.85% with the equivalence ratio increased to 1.25. 

herefore, the non-monotonic effects of radiation reabsorption on 

he maximum mole fractions of the NH 2 radical were similar to the 

forementioned radiation absorption effects on the laminar flame 

peed at φ = 1.0 –1.25 in Fig. 5 (a). 

In Fig. 12 , among the reactions that consume NH 2 radicals, 

he reactions with highest ROPs were R245 NH 2 + H 

= NH + H 2 , R248

H 2 + OH 

= NH + H 2 O and R246 NH 2 + O 

= HNO + H. As for the nor-

alized sensitivities for NH 2 radical concentration, R248, R245 

nd R246 were the most negatively sensitive at all equivalence 

atios. Among the reactions that generate NH 2 radicals, R278 

H 3 + OH 

= NH 2 + H 2 O and R277 NH 3 + H < = > NH 2 + H had the high-

st ROPs. These two reactions were however not among the top 

ositively sensitive reactions for NH 2 . On the other hand, R273 

NO + H < = > H 2 + NO, R265 NNH + O 2 = N 2 + HO 2 , R245 and R246

ere the most negatively sensitive reactions on flame speed, which 

ere all involved nitrogen element (see Fig. 6 ). Moreover, HNO 

n R273 was mainly generated through R246. Also considering the 

OP results, as one of the most important reactions affecting NH 
2 

8 
adical concentration, R246 through NH 2 radical played a key role 

n affecting the flame speeds at φ = 1.0 –1.25. 

In addition, we analyzed the effects of initial temperature on 

he ROP results on R246. As shown in Fig. 13 , the consumption of 

H 2 radicals was prompted by R246 with increased initial temper- 

ture as reflected by the ROP results. Thus, the maximum mole 

ractions of the NH 2 radical predicted by the SNB model were 

reater than those by the ADI as shown in Fig. 11 . The absolute 

alues of ROP relative differences of R246 increased at φ = 1.0 –1.1, 

ndicating that the enhancement of NH 2 consumption by R246 was 

onstantly strengthening. Therefore, the relative increment of the 

aximum NH 2 mole fractions decreased at φ = 1.0 –1.1 as shown 

n Fig. 11 . Subsequently, the absolute values of ROP relative differ- 

nces of R246 decreased at φ = 1.1 –1.25, which meant that the 

romotion of NH 2 consumption via R246 was progressively weak- 

ning. Hence, the relative increment of NH 2 maximum mole frac- 

ion increased at φ = 1.1 –1.25 (see Fig. 11 ). Since R246 ′ s promot-

ng effect increased first and then decreased in the range of φ = 

.00–1.25, the enhancement of flame speed by radiation reabsorp- 

ion decreased at φ = 1.0 –1.1 and increased at φ = 1.1–1.25, as 

hown in Fig. 5 (a). At even richer cases above φ= 1.25 in Fig. 5 , the

ole fraction of NH 3 increased with increasing equivalence ratio 

nd hence the maximum optical thickness was less than that in 

he fuel-lean cases. The enhancement of flame speed became pri- 

arily controlled by the direct radiation effect. 

.2. Effects of pressure 

In order to facilitate numerical convergence so as to assess 

 broader pressure range, in this section the NH 3 :(NH 3 + H 2 ) ra-

io was reduced to 0.4, which nonetheless, did not alter the ob- 

erved physics and conclusions. Laminar flame speeds as a func- 

ion of pressure (up to 25 atm) calculated by the different radi- 

tion models, ADI, OTM and SNB, for stoichiometric NH 3 /H 2 /air 

ixtures ( X NH3 /( X NH3 + X H2 ) = 0.4) are shown in Fig. 14 . Laminar

ame speeds decreased with rising pressures in all the three mod- 

ls. The SNB simulations yielded higher results than those from the 

DI model due to the radiation reabsorption. The effects of radia- 

ion reabsorption first increased quickly from 3.08% to 12.06% with 

he pressure increased to 10 atm, and then decreased to 10.16%. 

he effects of radiation reabsorption were the results of competi- 

ion between the absorption coefficient and the optical thickness 

s shown in Fig. 15 . The quantity X NH3 P was used to represent the

adiation reabsorption from upstream since the absorption coeffi- 

ient of NH was directly proportional to X P . Although X P 
3 NH3 NH3 
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Fig. 12. ROP analysis results and normalized sensitivity coefficients of NH 2 radical for NH 3 /H 2 /air flames ( X NH3 /( X NH3 + X H2 ) = 0.6) at φ = 1.0, 1.1 and 1.25 with the condition 

of T b = 300 K, P = 1 atm. 
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ncreased with the pressure, the optical thickness increased more 

rastically from 0.035 to 0.8, which was 15 times larger than that 

n Fig. 5 (b), indicating more thermal radiation energy was blocked 

t high pressures. 

Subsequently, we examined the chemical effect on the enhance- 

ent of flame speed at P = 1–10 atm. The sensitivities for flame 

peed of NH 3 /H 2 /air flames with X NH3 /( X NH3 + X H2 ) = 0.4, φ = 1.0

nd P = 1, 5, 10 atm were analyzed using Okafor et al. mech- 

nism [12] . The top 10 reactions affecting the flame speed are 

hown in Fig. 16 . The most positively sensitive reaction was R39 

 + O 2 < = > O + OH and the most negatively sensitive reaction was

36 H + O 2 + H 2 O < = > HO 2 + H 2 O at all pressures. It could be seen

hat the H, OH, NH 2 and NNH radicals played important roles in 

he 10 most rate-limiting reactions. 

Fig. 17 shows the effects of different radiation models of ADI 

nd SNB, on the maximum mole fractions of the H, OH, NH 2 and 

NH radicals at P = 1–10 atm. The relative increment of the maxi- 

um mole fractions of the four radicals increased with rising pres- 
9 
ure. The relative increments of the maximum mole fractions of H 

nd NNH radicals were more severe than those of OH and NH 2 

adicals. The non-monotonic effects of radiation reabsorption on 

he maximum mole fractions of the H and NNH radicals were sim- 

lar to the radiation absorption effects on the laminar flame speed 

t P = 1–10 atm in Fig. 14 . 

To better understand the chemical effects on the H and NNH 

adicals, Fig. 18 shows the calculated rates of production (ROP) and 

ensitivities of the H and NNH radicals of the top 10 reactions 

n NH 3 /H 2 /air flames with X NH3 /( X NH3 + X H2 ) = 0.4, φ = 1.0 and

 = 1–10 atm using the adopted SNB model. With rising pressure, 

he absolute values of ROP for all reactions increased. In Fig. 18 (a1), 

mong the reactions that consume H radicals, the reactions with 

he highest ROPs were R39, R44 H + OH + M < = > H 2 O + M and R36.

s for the normalized sensitivity for H radical concentration in 

ig. 18 (a2), only R44 was significantly negatively sensitive for all 

ressures. Among the reactions that generate H radicals, the reac- 

ions with the highest ROPs were R85 OH + H 2 < = > H + H 2 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 NH 3 /H 2 /air 

flames at φ = 0.65 –1.0. 

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 NH 3 /H 2 /air ( X NH3 /( X NH3 + X H2 ) = 0.4) 

flames at φ = 1.0. 

Fig. 15. X NH3 P in the upstream and optical thickness as a function of pressure in 

planar NH 3 /H 2 /air ( X NH3 /( X NH3 + X H2 ) = 0.4) φ = 1.0 flames. 

Fig. 17. Relative change of maximum mole fractions of the H, OH, NH 2 

and NNH radicals computed using the ADI and SNB models for NH 3 /H 2 /air 

( X NH3 /( X NH3 + X H2 ) = 0.4) flames at P = 1–10 atm. 

Fig. 16. Normalized sensitivity coefficients of flame speeds of the 10 most rate-limiting reactions in NH 3 /H 2 /air ( X NH3 /( X NH3 + X H2 ) = 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 NH 3 /H 2 /air ( X NH3 /( X NH3 + X H2 ) = 0.4) flames at P = 1–10 atm with 

the condition of T b = 300 K, φ = 1.0. 
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234, and the latter was among the most positively sensitive re- 

ctions for H radical. Also considering the top reactions affecting 

he flame speed in Fig. 16 , R44 (via H radical) played a key role in

ffecting the flame speed at pressures 1–10 atm. 

In the Fig. 18 (b1), for the consumption of NNH radicals, R260 

NH 

= N 2 + H and R265 NNH + O 2 = N 2 + HO 2 had the highest ROPs.

owever, these reactions were not included in the top negatively 

ensitive reactions for NNH in Fig. 18 (b2). Among the reactions 

hat generate NNH radicals, the reaction with the highest ROP was 

257, which was also one of the top positively sensitive reactions 

or NNH radical concentration. Furthermore, R257 existed among 

he top reactions for the sensitivity of flame speed as shown in 

ig. 16 . 
11 
Finally, the effects of initial temperature change on the ROP re- 

ults for R44 (H radical) and R257 (NNH radical) were analyzed at 

arious pressures. As shown in Fig. 19 , the ROP results decreased 

ith the increasing initial temperature for both R44 and R257. The 

onsumption of H radicals by R44 was inhibited as reflected by 

he decreased ROP of R44 with increased initial temperature. The 

aximum mole fractions of the H radicals by the SNB model were 

ence greater than those by the ADI shown in Fig. 17 . As shown in

ig. 19 (b), the absolute values of ROP relative differences for R44 

ncreased at P = 1 –5 atm, which meant that the inhibition of the 

 consumption by R36 was strengthened. Therefore, the relative 

ncrement of the maximum mole fractions of H radical increased 

t P = 1 –5 atm as shown in Fig. 17 . On the other hand, R44 was
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Fig. 18. Continued 
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he most negatively sensitive reaction for flame speed as shown in 

ig. 16 , and thus the inhibition of R44 due to higher initial tem- 

erature caused the increment of flame speed. Consequently, with 

he increasing inhibition effect of R44, the enhancement of flame 

peed by radiation reabsorption increased at P = 1 –5 atm (see 

ig. 14 ). 

The generation of NNH radicals by R257 was inhibited (see the 

OP results in Fig. 19 (a)) by higher initial temperature, and hence 

he maximum mole fractions of the NNH radicals by the SNB were 

reater than those by the ADI (see Fig. 17 ). As shown in Fig. 19 (b),
12 
he absolute values of ROP relative differences of R257 decreased 

t P = 5 –10 atm, indicating weakening suppression of NNH radi- 

als by R257. Thus, the relative increment of the maximum mole 

ractions of NNH radicals increased at P = 5 –10 atm as shown in 

ig. 17 . Moreover, R257 was among the top 5 positively sensitive 

eactions for flame speed in Fig. 16 . With decreasing inhibition ef- 

ect of R257, the enhancement of flame speed by radiation reab- 

orption increased at P = 5 –10 atm (see Fig. 14 ). Above 10 atm

s shown in Fig. 15 , the radiation reabsorption effect decreased 

ith increasing pressure due to the competition between the ab- 
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Fig. 19. (a) ROP analysis results for reactions R44 and R257 with different initial 

temperatures 300 K and 320 K, and (b) the ROP relative differences for NH 3 /H 2 /air 

( X NH3 /( X NH3 + X H2 ) = 0.4) flames at P = 1–10 atm. 
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orption coefficient and optical thickness, and the optical thickness 

ncreased more with increasing pressure and the enhancement of 

ame speed was mainly controlled by the direct radiation effect. 

. Conclusions 

Effects of radiation reabsorption on laminar flame speed of 

H 3 /H 2 /air flames were investigated at φ = 0.65 –1.6, pressures 

–25 atm, NH 3 :(NH 3 + H 2 ) volumetric ratios 0.6 and 0.4. The SNB

odel for NH 3 was developed and applied for the computations 

f NH 3 /H 2 /Air flames radiation. The following conclusions can be 

rawn from this study. 

1 Radiation reabsorption increased the flame speed and this 

enhancement effect exhibited a non-monotonic behavior for 

NH 3 /H 2 /air (NH 3 :(NH 3 + H 2 ) = 0.6) flames at φ = 0.65–1.6. The

maximum radiation reabsorption effect was up to 15.6%. There- 

fore, the radiation reabsorption needs to be included in quanti- 

tative predictions of flame speeds for ammonia flames. 

2 The effects of radiation reabsorption were controlled by both 

direct radiation effect and preheat-induced chemical effect. At 

φ = 0.65 –1.25, the preheat-induced chemical effect dominated, 
13 
while the enhancement of flame speed by radiation reabsorp- 

tion was mainly influenced by H, OH and NH 2 radicals, which 

were in turn controlled by the reactions R36, R257 and R246, 

respectively. At φ = 1.25 –1.6, the direct radiation effect domi- 

nated and the enhancement of flame speed was primarily af- 

fected by the increasing mole fraction of NH 3 . 

3 For stoichiometric NH 3 /H 2 /air (NH 3 :(NH 3 + H 2 ) = 0.4) flames at 

pressures 1–25 atm, the radiation reabsorption effect first in- 

creased 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 con- 

trolled 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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