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A B S T R A C T   

Increasing attention has been paid on combustion stability and pollution emission of aviation kerosene due to the 
emerging interests on supersonic combustion scramjets. Whereas, the vitiation component H2O introduced by 
hydrogen-fueled heaters in high-enthalpy vitiated air during ground experiments has a considerable influence on 
kerosene combustion, especially through its radiation effect, which needs to be further investigated. In this 
paper, the radiation reabsorption effects on laminar flame speeds and NO emissions during RP-3/H2O/O2/N2 
combustion was assessed numerically over a wide range of equivalence ratio and pressure (ϕ = 0.7–1.4 and P =
1–15 atm) using detailed chemical and radiation models. The surrogate model of RP-3 consisted of vol. 25% 
1,3,5-trimethylbenzene (C9H12), 46.31% n-decane (C10H22) and 28.69% iso-dodecane (IC12H26), while the 
vitiated air had 12% H2O. It was revealed that the radiation reabsorption of H2O in the vitiated air had sig-
nificant impact on the accurate simulation of laminar flame speeds. As equivalence ratios varied, the role of 
radiation reabsorption on laminar flame speeds was most pronounced at ϕ = 0.7. As the key radical, the gen-
eration of H through the reversed step of CH2OH + H = CH3 + OH was chemically inhibited due to radiation. The 
radiation reabsorption effect on flame speeds was strengthened with rising pressures, with the reaction H + O2 =

O + OH dominant at the pressure range 1–10 atm. In contrast, a slight increase in the impact on laminar flame 
speeds between 10 and 15 atm was controlled by direct radiative effect. Finally, for NO emission, the reduction of 
downstream temperature caused by radiative heat loss and the increment of radical concentrations induced by 
preheating determined radiation reabsorption effects on NO generation.   

1. Introduction 

Supersonic combustion scramjets, which can produce 4 times as 
much thrust as rockets with the same mass of propellant due to their 
super dynamic characteristics, are of increasing interest to both civil and 
defense applications [1]. As the main fuel of aero-engines including 
scramjets, the combustion performance of aviation kerosene directly 
affects the stability and economy of aircrafts [2]. Laminar flame speed is 
an indicator of basic combustion characteristics of aviation kerosene, 
which can be also used to verify chemical reaction mechanisms and as 
the basis of research on other combustion problems. Hence, accurate 
calculation of kerosene’s laminar flame speed is an important reference 
index for aero-engine designs [3]. On the other hand, along with the 

increasingly strict environmental policies, it is also of vital importance 
to investigate the pollutant emissions of aviation kerosene [4]. 

Sufficient ground experiment is the premise of scramjet flight design 
and the high-enthalpy experimental gas is a key factor to simulate hy-
personic states. However, hydrogen-fueled heaters, the widely used 
combustion heating method at present, introduce vitiation component 
H2O that affects kerosene combustion and engine operation [5]. Sun 
et al. [6] investigated the auto-ignition of RP-3 kerosene under air and 
vitiated air conditions. The ignition delay times (IDTs) data of RP-3 
kerosene with various H2O contents (0–20% by mole) in vitiated air 
were collected and the thermal and chemical effects of H2O vitiation on 
the kerosene combustion were explored. They found that the linear 
pressure dependence for IDTs of RP-3 was inhibited by H2O vitiation, the 
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thermodynamic properties of H2O dominated at low pressures and the 
chemical effect was more significant at high pressures. Then, the 
experimental investigation on flame stabilization of kerosene combus-
tion was conducted by Shi [7] in a scramjet combustor, with the molar 
compositions of vitiated air 12% H2O, 21% O2 and 67% N2. Results 
showed that successful ignition and stable combustion of kerosene was 
only observed when pilot hydrogen, a component of kerosene, was 
within certain equivalence ratios. Besides, Chang et al. [8] examined the 
effects of H2O on NO emission in n-decane/air flames, which is an 
important component of aviation kerosene, and reported the NO for-
mation pathway was changed at different equivalence ratios and pres-
sures due to the H2O effect. Hence, the impact of vitiation component 
H2O on the laminar flame speed and NO emission for kerosene com-
bustion should be taken into account. 

Moreover, as a strong radiative species, the radiation effect of H2O on 
combustion processes cannot be ignored. Ju et al. [9] first identified the 
radiative heat loss and reabsorption effects of CH4/O2/N2/CO2 mixtures 
via the discrepancies in the absorption spectra of H2O and CO2. Sub-
stantially higher flame speed and wider flammability limits were 
observed when radiation effects were considered. Subsequently, Yoshi-
naga et al. [10] conducted a numerical study on polypropylene com-
bustion concerned with the radiation effects of H2O and CO2. Results 
verified that the gas radiation of H2O and CO2, two strong radiative 
species, had a great influence on polypropylene combustion, which re-
flected that the statistical narrow-band model (SNB) was more accurate 
than the optically thin model (OTM) under high temperature conditions 
because SNB considered radiation reabsorption on the basis of OTM. 
Furthermore, Sohn et al. [11] quantitatively evaluated the radiation 
effect on flame speed in spherical CO/CO2/H2O-diluted CH4/air and H2/ 
air flames, and indicated that the underestimation of flame speed caused 
by radiative heat loss could be up to 17%. Likewise, radiation effect on 
NO emission was assessed by Wang et al. [12] for CH4/air counterflow 
flames with CO2 dilution, where a slight overestimation on the 
maximum flame temperature (by 52 K and about 3.5%) resulted from 
radiation reabsorption caused a significant error in the prediction of NO 
mole fraction (by 28%). Even though the radiation effect on combustion 
parameters has been proven to be significant, the radiation reabsorption 
effects on aviation kerosene combustion have not been studied. 

The radiation reabsorption effects of H2O in vitiated air on the 
laminar flame speeds and NO emission during kerosene combustion 
were revealed in this paper, with the equivalence ratios ranging from 0.7 
to 1.4 and pressures up to 15 atm. The radiation reabsorption effects on 
laminar flame speeds and NO emission were quantified by comparisons 
with adiabatic model under different conditions (equivalence ratios and 
pressures). Then, the thermal effect and chemical effect of radiation 
reabsorption were analyzed via sensitivity analyses and reaction 
pathway analyses. Eventually, the influencing mechanism of radiation 
reabsorption on laminar flame speeds and NO emission under different 
equivalence ratios and pressures were discussed. 

2. Computational details 

As a conventional petroleum-derived jet fuel, China NO. 3 aviation 
kerosene (RP-3) is easy to obtain and produce, with the advantages of 
inexpensive and can be long-term storage, which is the most widely 
applied fuel of aero-engines in China [13]. RP-3 is mainly composed of 
C10-C16 hydrocarbons, including alkanes, cycloalkanes and aromatic 
hydrocarbons, etc., among which the alkanes have the largest propor-
tion, followed by aromatic hydrocarbons and cycloalkanes [14]. 
Because of the complex compositions of real aviation kerosene, nu-
merical studies are generally performed using surrogate models 
composed of several important components, which can reproduce the 
physical and chemical characteristics of the actual fuel. Liu’s surrogate 
model [15] captured the essential properties RP-3 kerosene, including 
octane number, lower heating value, molecular weight and C/H ratio, 
and was hence adopted in this study. The surrogate model consists of 

three components: 1,3,5-trimethylbenzene (C9H12), n-decane (C10H22) 
and iso-dodecane (iC12H26) with respective mole fractions of 25%, 
46.31% and 28.69%. 

One-dimensional planar flames were simulated using the PREMIX 
code [16] of CHEMKIN, which computes the temperature and species 
profiles in premixed laminar flames. A detailed reaction mechanism (90 
species and 449 reactions) was adopted in this work, combining Liu’s 
kinetic model [15] and the NOMecha2.0 model [17], the detailed con-
tents of the final mechanism applied were attached in the Supplemen-
tary materials. To verify this kinetic model, the laminar flame speeds of 
RP-3 kerosene/air flame were calculated and compared with the 
experimental results measured though a constant volume combustion 
chamber [3] (shown in Fig. 1). Results indicated that this mechanism 
was reliable to reproduce the laminar flame speeds of RP-3 flames, even 
under high pressures. Considering the uncertainties in the experiment 
and the influence of surrogate model and linear extrapolation of stretch 
rate, the errors between the experiment and simulation were considered 
acceptable. Moreover, the absolute relative errors between the final 
mechanism (with the addition of NO sub-model) and the original kinetic 
model in predicting the laminar flame speed of RP-3 mixtures were less 
than 3%. Therefore, we considered that the introduction of NO sub- 
model does not affect the accuracy of Liu’s model, which have been 
extensively validated [15]. 

To fully account for the radiation effects, the radiation parameters of 
H2O, a strong radiating species, were calculated based on the HITRAN 
2016 database and were included in the statistical narrow-band model 
(SNB) [18]. The detailed calculation formula and accuracy verification 
of SNB model can be referred to our previous studies [19–22]. As a 
demonstration, Fig. 2 shows the structure (including profiles of flame 
temperatures and major radicals) of an RP-3/H2O/O2/N2 flame (ϕ =
1.0, H2O/O2/N2 = 12%/21%/67%) calculated by the adiabatic model 
(ADI) and SNB. Compared to the conventional model ADI that does not 
consider any radiation effects, the SNB model takes into account both 
the external radiative heat loss and internal radiative heat transfer [23]. 
Thus, the temperature of the unburned mixture was elevated by the 
thermal radiation transmitted from downstream (by ~30 K, see the left 
insert in the temperature subfigure) and temperature of the burned zone 
decreased due to radiative heat loss by more than 100 K at X  > 20 cm. 
Meanwhile, the profiles of radicals were also affected by radiation 
reabsorption. The peak concentrations of radicals obtained by SNB were 
all higher than those by ADI because of the temperature sensitivity of 

Fig. 1. Comparisons between the experimental data and the simulation results 
of laminar flame speed for RP-3/air mixtures. (ϕ = 0.8–1.4, P = 1, 3, 5 atm, Tin 
= 390 K). Experimental data from Ma et al. [3]. 
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chain initiation reactions [20], which also resulted in the increment of 
laminar flame speeds that will be discussed in the following sections. 

3. Results and discussion 

3.1. Effects on laminar flame speeds 

3.1.1. At various equivalence ratios 
The laminar flame speeds at atmospheric pressure with various 

equivalence ratios ϕ for RP-3/H2O/O2/N2 flames are depicted in Fig. 3. 
The inlet temperature was 420 K and equivalence ratios ranged from 0.7 
to 1.4. Because the high-enthalpy vitiated air used in ground experiment 
was provided by the combustion of hydrogen, oxygen, and air in a 
heater, the H2O was introduced and molar composition of vitiated air 
was 21% O2, 12% H2O and 67% N2, according to the practical conditions 
typically adopted in ground experiments [2,24]. It can be seen that the 
computed laminar flame speeds, both calculated by ADI and SNB, first 
increased and then decreased with rising equivalence ratios ϕ, with the 
peak values (67.30 cm/s for ADI and 70.03 cm/s for SNB) occurred at ϕ 
= 1.15. In the whole range of the investigated equivalence ratios, the 

laminar flame speeds calculated by SNB were consistently higher than 
ADI. Their relative differences, quantified as (SL,SNB-SL,ADI)/SL,ADI, 
decreased from 12.60% to 4.04% at ϕ = 0.7–1.2 and subsequently 
increased to 5.69% when ϕ = 1.4. 

As reported in our previous studies [19–21], the roles of radiation 
reabsorption were determined by physical factors firstly, namely optical 
thickness and absorption coefficient. As manifested in Fig. 4, the 
(blocking) optical thickness defined by the system dimension and Plank 
mean absorption length [19] first decreased and then increased as the 
equivalence ratio increased. As for the factor that affected radiation 
absorption, the absorption coefficient, which was proportional to the 
mole fraction of the strongly radiating medium H2O in the upstream, 
exhibited a decreasing trend. Combining these two aspects, the direct 
radiative effect on laminar flame speeds should increase first and then 
decrease (mainly controlled by optical thickness, because the XH2O 
changed slightly at various equivalence ratios), which was inconsistent 
with the relative difference of laminar flame speed shown in Fig. 3. 
Therefore, the chemical effect of radiation reabsorption should be the 
main factor affecting the laminar flame speed at various equivalence 
ratios for RP-3/H2O/O2/N2 flames. 

To explore the mechanism that radiation reabsorption chemically 
affected the laminar flame speeds, sensitivity analyses for laminar flame 
speeds were performed at various equivalence ratios and the reactions 
with top sensitivity coefficients are listed in Fig. 5. The most positively 
sensitive reaction for laminar flame speeds was H + O2 = O + OH among 
all equivalence ratios. For negatively sensitive reactions, H + OH + M =
H2O + M was dominant in fuel-lean combustion, while HCO + H = CO 
+ H2 and C3H7 = C3H6 + H were also important at the two investigated 
fuel-rich equivalence ratios. Among the three fuel components, only the 
first step H-abstraction reaction of C9H12 (C9H12 (+M) = H + C8H9CH2 
(+M)) had a significant impact on the laminar flame speed, since the 
other fuels preferred to react with OH radical (via iC12H26 + OH =
iC12H25 + H2O and C10H22 + OH = C10H21 + H2O). In addition, the 
sensitivity coefficient of reaction CO + OH = CO2 + H varied signifi-
cantly at various equivalence ratios because more H radicals were 
converted into OH through H + O2 = O + OH at oxygen-rich conditions. 
Based on the most sensitive reactions affecting the laminar flame speed 
as mentioned above (H + O2 = O + OH, HCO + H = CO + H2, C3H7 =

C3H6 + H), it can be concluded that the H radicals played a crucial role 
in determining laminar flame speeds for RP-3/H2O/O2/N2 flames. This 
was also reflected by the relative difference of peak concentration of H 
radicals between ADI and SNB at various equivalence ratios shown in 
Fig. 6, which is in accordance with the relative difference of laminar 
flame speed shown in Fig. 3. 

Fig. 2. Flame structures calculated by ADI and SNB models for an RP-3/H2O/ 
O2/N2 flame (ϕ = 1.0, P = 1 atm, H2O/O2/N2 = 12%/21%/67%). Solids lines 
are ADI results and dashed lines SNB results. 

Fig. 3. Laminar flame speeds at various equivalence ratios for RP-3/H2O/O2/ 
N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 

Fig. 4. Optical thickness and mole fraction of H2O (a factor proportional to 
absorption coefficient) at various equivalence ratios for RP-3/H2O/O2/N2 
mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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Next, to gain a better insight, sensitivity analysis and rate-of- 
production (ROP) analysis were conducted for H radicals at various 
equivalence ratios for RP-3/H2O/O2/N2 mixtures. As shown in Fig. 7a, 
reaction H + O2 = O + OH was the biggest consumption step of H 
radicals at all the three simulated equivalence ratios. Among the 
positive-ROP reactions, CO + OH = CO2 + H had the highest ROP co-
efficients when ϕ was 0.8 and 1.2, while O + H2 = H + OH became 
strongest when ϕ was further increased to 1.4. Interestingly, these re-
actions were not among the most sensitive reactions for H radicals as 
shown in Fig. 7b. The most negatively-sensitive reaction was H + OH +
M = H2O + M and the most positively-sensitive reaction was CH2OH +
H = CH3 + OH over all the investigated equivalence ratios, which were 
both among the important ROP reactions in Fig. 7a. It is worthwhile 
mentioning that CH2OH + H = CH3 + OH was reversed because of the 
abundant CH3 radicals in the RP-3/H2O/O2/N2 flames; the sensitivity 
coefficient for H radicals of this reaction was positive indicating it 
facilitated the production of H radicals through its reverse reaction. For 
the main formation pathway of CH3 radicals, the main compounds of 
RP-3 kerosene, C10H22 and iC12H26, were first dehydrogenated to form 
C10H21 and iC12H25, and then decomposed via reactions C10H21 =

2C3H6 + C2H5 + C2H4 and iC12H25 = 2C3H6 + C2H5 + 2C2H4 to produce 
large amounts of C3H6 and C2H4. Subsequently, the CH3 radicals were 

generated, mainly by decomposition of C3H6 (via C3H6 = C2H3 + CH3) 
and reaction of C2H4 with OH (C2H4 + OH = CH2O + CH3). Conse-
quently, the following discussion will be focused on the relative differ-
ence of ROP values for reverse reaction of CH2OH + H = CH3 + OH 
when the inlet temperature was preheated due to radiation 
reabsorption. 

Fig. 7 shows the ROP values of reaction CH2OH + H = CH3 + OH and 
its relative difference with inlet two temperatures Tin = 420 K and 450 K. 
When the inlet temperature was elevated, the generation of H radicals 
by reversed CH2OH + H = CH3 + OH was inhibited. The inhibition was 
strengthened at ϕ = 0.7–1.2 and weakened at ϕ = 1.2–1.4, so that the 
relative difference of maximum mole fraction for H radicals exhibited a 
non-monotonic behavior. Moreover, since this reaction possessed posi-
tive sensitivity coefficients for laminar flame speeds in Fig. 5, the 
increasing inhibition on CH2OH + H = CH3 + OH depressed its pro-
motion of laminar flame speeds, thus the relative differences of laminar 
flame speed decreased at ϕ = 0.7–1.2. In contrast, the relative differ-
ences increased at ϕ = 1.2–1.4 resulting from the waning inhibition. 

3.1.2. At various pressures 
The impact of radiation reabsorption on laminar flame speed at 

different pressures is subsequently illustrated in this section. Fig. 8 
shows computed laminar flame speeds at various pressures by ADI and 
SNB and their relative difference caused by radiation reabsorption. As 
pressure increased, the laminar flame obtained via ADI and SNB both 
decreased while the radiation reabsorption effect progressively aggra-
vated from 4.67% at 1 atm to 12.41% at 15 atm. 

Similar to the previous section, the direct radiative effect on laminar 
flame speed was examined primarily. Since the absorption coefficient 
was also proportional to pressure in addition to mole fraction, it is 
expressed as XH2OP in Fig. 10. Although both optical thickness and 
XH2OP increased with increasing pressures, XH2OP at the upstream 
increased more than the optical thickness. This caused the relative dif-
ference that laminar flame speed (between SNB and ADI results) slightly 
increased with rising pressure, as the linear increment at P = 10–15 atm 
shown in Fig. 9. Whereas the radiation reabsorption effect on laminar 
flame speed at P = 1–10 atm showed a non-linear tendency, indicating 
that the chemical effect cannot be ignored at this stage. 

Fig. 10 shows the important reactions controlling laminar flame 
speed at three pressures, 1, 5 and 10 atm. Same as those at various 
equivalence ratios under atmospheric pressure in Fig. 5, reaction H + O2 
= O + OH had the largest positive sensitivity coefficient among the 
examined pressures. For negative sensitive reactions, H + OH + M =

Fig. 5. Sensitivity analysis of laminar flame speeds at three equivalence ratios for RP-3/H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/ 
21%/67%). 

Fig. 6. Peak concentration of H radicals at various equivalence ratios for RP-3/ 
H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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Fig. 7. ROP (a) and sensitivity (b) analyses for H radicals at three equivalence ratios for RP-3/H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/ 
21%/67%). 

Fig. 8. ROP values for reaction CH2OH + H = CH3 + OH with two different 
inlet temperatures for RP-3/H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K and 
450 K, H2O/O2/N2 = 12%/21%/67%). 

Fig. 9. Laminar flame speeds at various pressures for RP-3/H2O/O2/N2 mix-
tures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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H2O + M was the most influential one. However, the influence on flame 
speed of the important generation pathway of H radicals, HCO + M = H 
+ CO + M, continually waned as pressure increased. The major forma-
tion pathway of OH radicals, HO2 + H = 2OH appeared among the most 
sensitive reactions for flame speed at various pressures. This indicated 
OH radicals became relatively more important to laminar flame speed at 
various pressure conditions. This agrees with our previous observation 
[21,25,26] that OH radicals were also strongly correlated with laminar 
flame speed. The relative difference of maximum mole fraction of OH 
radicals shown in Fig. 12 increased from 2.81% to 8.28% when pressures 
varied from 1 to 10 atm, which was consistent with the variation trend of 
relative difference for laminar flame speed in Fig. 9. 

Sensitivity analysis and ROP analysis were performed for OH radicals 
at various pressures for RP-3/H2O/O2/N2 mixtures as shown in Fig. 13. 
It indicated that the ROP values for all reactions increased with pressure. 
The reactions H + OH + M = H2O + M and CO + OH = CO2 + H 
consumed the most OH radicals and reactions O + H2O = 2OH and H +
O2 = O + OH were the main paths for OH generation. Also considering 
the sensitivity analysis, the temperature-sensitive chain branching re-
action [20,27], so as to more susceptible to radiation reabsorption, H +

O2 = O + OH was the dominant reaction in the determine of the con-
centration of OH radicals (Fig. 14.). 

Fig. 13 shows the effects of inlet temperature on ROP values for re-
action H + O2 = O + OH at various pressures. It is evident that the 
generation of OH radicals by this reaction was inhibited by the elevated 
inlet temperature, although only less than 1% in the investigated pres-
sure range. Moreover, this inhibition was slightly relieved at increasing 
pressures, resulting in the increasing relative difference of peak OH mole 
fraction in Fig. 12. Besides, the reaction H + O2 = O + OH facilitated the 
laminar flame speed according to the sensitivity analysis in Fig. 11, 
while its inhibition by radiation reabsorption induced preheat depressed 
its ability to promote flame speed. The weak inhibition on reaction H +
O2 = O + OH at rising pressures led to the rising relative differences on 
laminar flame speeds at P = 1–10 atm as shown in Fig. 9. 

Fig. 10. Optical thickness and absorption coefficient at various pressures for RP-3/H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%).  

Fig. 11. Sensitivity analysis of laminar flame speed at three pressures for RP-3/ 
H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 

Fig. 12. Maximum mole fraction of OH radicals at various pressures for RP-3/ 
H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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3.2. Effects on NO emission 

3.2.1. At various equivalence ratios 
To investigate the mechanism of radiation reabsorption affecting NO 

Fig. 13. ROP (a) and sensitivity (b) analyses for OH radicals at three pressures for RP-3/H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%).  

Fig. 14. ROP values for reaction H + O2 = O + OH with two different inlet 
temperatures for RP-3/H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K and 450 K, 
H2O/O2/N2 = 12%/21%/67%). 

Fig. 15. Reaction pathway of NO during RP-3/H2O/O2/N2 combustion (ϕ =
1.0, P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). Reactions with 
rates less than 5 × 10-10 mol/cm3/s are neglected. 
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emission, the reaction pathway of NO is shown quantitatively in Fig. 15. 
Because the fuels did not contain any N element, the initial production of 
NO only originated from N2 in the air through the extended Zeldovich 
mechanism, which is an important NO formation pathway in the com-
bustion of nitrogen-free fuels in air. The rate-limiting reaction was N2 +

O = N + NO, where the break of covalent N-N bond was greatly affected 
by temperature. Thus, it is straightforward to assume the thermal effect 
of radiation reabsorption on NO emission was mainly through the 
lowered temperature caused by radiative heat loss, which in turn 
reduced NO formation. Meanwhile, NO was consumed via the reactions 
with CHi (the NO reburning mechanism [28]) and HCCO (rapid reduc-
tion of NOx [29]). Subsequently, after through intermediates such as 
HCN, HNCO and NHi, N element was partially converted back to NO, 
with the participation of H, OH and O radicals [30]. Therefore, the other 
mechanism of radiation reabsorption effect on NO emission, namely the 
chemical effect, promoted NO formation via the increased radical con-
centrations (see Fig. 2). 

The outlet mole fractions of NO calculated by ADI and SNB are 
depicted in Fig. 16. NO emission was significantly lower when radiation 
reabsorption was considered in the simulations. The discrepancy (rela-
tive difference between ADI and SNB results) first increased to a peak 
value of 61.47% at ϕ = 0.70–0.75, then decreased within equivalence 
ratios ϕ = 0.75–1.00. The same trend occurred again under the rich-fuel 
conditions, with a turning point of ϕ = 1.15 and a minimum value of 
8.05% at ϕ = 1.40. 

To discuss the radiation effect on NO emission during RP-3/H2O/O2/ 
N2 combustion, the detailed mechanisms of radiation-induced chemical 
effect and thermal effect on NO emission are illustrated next. As 
mentioned above, the thermal effect induced by radiation reabsorption 
was reflected by the relative difference of temperature in the post-flame 
zone between the ADI and SNB, as shown in Fig. 17. The SNB-obtained 
temperatures were generally lower than those of ADI due to the radia-
tion heat transfer to the colder upstream. The relative difference of 
temperature decreased from 12.49% at ϕ = 0.7 to 4.84% at ϕ = 1.0, and 
then increased to 7.52% at ϕ = 1.4. Accordingly, the reduction on NO 
formation by this thermal effect first decreased and then increased. 
Obviously, this was not in accordance with the trend of relative differ-
ence for NO emission in Fig. 16 at ϕ = 0.70–0.75 and 1.15–1.40, which 
hence should be a result of the chemical effect as further discussed 
below. 

Since the chemical effect is generally embodied by key radicals, the 
maximum mole fractions of radicals associated with NO reaction (H, OH 
and O, as shown in Fig. 15) calculated by ADI and SNB are shown in 
Fig. 18. It indicates that OH radicals were abundant in the fuel-lean mixtures and the concentration of H radicals was highest in the fuel- 

rich mixtures, while the mole fraction of O radicals was relatively low 
in the whole equivalent ratio range. After considering radiation reab-
sorption, all peak concentrations of radicals via SNB were higher than 
those via ADI. The variation of H radicals was more significant in fuel- 
lean mixtures while that of O radicals dominated in fuel-rich mixtures. 
It is worth noting that all the relative differences of radicals were greater 
in lean and rich conditions, which could possibly explain the nonlinear 
radiation reabsorption effects (ϕ = 0.70–0.75 and 1.15–1.40) on NO 
emission in Fig. 16. 

As shown in Fig. 18, the increments of radical peak concentrations 
existed throughout the investigated equivalence ratios, indicating that 
chemical effect promoted NO emission for kerosene flames, i.e., reduced 
the SNB-ADI relative differences in Fig. 16. As equivalence ratio varied 
from 0.70 to 0.75, the relative differences of peak concentrations (shown 
in Fig. 18) decreased for all radicals, indicating the chemical effect 
promoting NO formation decreased. Thus, the relative differences of NO 
emission increased at ϕ = 0.70–0.75. At ϕ = 0.75–1.15, the increment of 
radical concentration was trivial and chemical effect was not significant. 
The relative difference of NO emission decreased under the control of 
thermal effect and the same variation trend can be observed within this 
range (shown in Figs. 15 and 16, respectively). Subsequently, the Fig. 16. Outlet mole fractions of NO at various equivalence ratios for RP-3/ 

H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 

Fig. 17. Outlet temperatures calculated by ADI and SNB at various equivalence 
ratios for RP-3/H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 =

12%/21%/67%). 

Fig. 18. Peak concentrations of radicals at various equivalence ratios for RP-3/ 
H2O/O2/N2 mixtures (P = 1 atm, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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increased chemical effect on NO formation resulted in the decrement of 
relative difference of NO emission at the range of ϕ > 1.15. 

3.2.2. At various pressures 
Similarly, the NO emissions calculated by ADI and SNB for RP-3/ 

H2O/O2/N2 mixtures at different pressures are shown in Fig. 19. It in-
dicates that the outlet mole fractions of NO first increased then 
decreased with rising pressures. This behavior was due to the increasing 
temperature and decreasing concentrations of radicals as shown in 
Fig. 20 and Fig. 21, respectively. The peak value of NO emission ob-
tained by ADI was 2248.90 ppm at P = 5 atm and it was 1856.93 ppm at 
P = 10 atm by SNB, with the relative differences due to radiation 
reabsorption effect decreased from 44.48% to 16.84% as pressure 
increased from 1 to 15 atm. 

Likewise, the thermal effect and chemical effect on the decreasing 
relative difference of NO emission with rising pressures were clarified. 
On the one hand, the thermal effect on NO emission, as indicated by the 
relative difference of temperatures shown in Fig. 20, decreased mono-
tonically, which caused the relative difference of NO emission decreased 
with increasing pressures. On the other hand, the relative differences of 
H, OH and O radicals all increased with increasing pressures. It is thus 
manifested that the chemical effect of radiation reabsorption on NO 
formation was strengthened at higher pressures, which would reduce 
the relative difference of NO emission between the two radiation 
models. Consequently, the combination of the chemical and thermal 
effects resulted in the continuous attenuation of the relative difference 
for NO emission at P = 1–15 atm shown in Fig. 19. 

4. Conclusions 

In this article, the radiation reabsorption effects on laminar flame 
speed and NO emission during RP-3/H2O/O2/N2 combustion was 
numerically evaluated as a function of equivalence ratio and pressure (in 
the range of ϕ = 0.7–1.4 and P = 1–15 atm). On the one hand, mecha-
nisms affecting the laminar flame speed due to two aspects of radiation 
reabsorption, namely direct radiative effect and preheat-induced 
chemical effect, were revealed and quantified. On the other hand, the 
roles of these two factors on NO emission were determined. The main 
conclusions of this work are as follow:  

1. The radiation reabsorption of water vapor in vitiated air introduced 
by hydrogen heater had significant influence on the accurate simu-
lation of laminar flame speeds. Along with rising equivalence ratios, 
the relative difference on laminar flame speeds between SNB- and ADI-results at atmospheric pressure first decreased and then 

increased, with the maximum value ((SL,SNB-SL,ADI)/SL,ADI = 12.60%) 
occurred under a fuel-lean condition (at ϕ = 0.7). The reaction 
CH2OH + H = CH3 + OH played an important role in promoting 
laminar flame speeds when radiation reabsorption was considered. 
The chemical inhibition on the reversed step of CH2OH + H = CH3 +

OH first increased and then decreased, resulting in an opposite 
variation trend of laminar flame speeds.  

2. As pressure was elevated, the radiation reabsorption effects on 
laminar flame speeds aggravated, by up to 12.41% at P = 15 atm. 
Chemical effects dominated at pressures 1–10 atm. The chain 
branching reaction related to OH radicals, which is more susceptible 
to radiation reabsorption, H + O2 = O + OH was the dominant re-
action, and its promotion effect on the laminar flame speeds due to 
radiation reabsorption increased at higher pressures. Above 10 atm, 
the increment of absorption coefficient with pressure was greater 
than that of optical thickness, resulting in a slight increase in the 
SNB-ADI relative difference of laminar flame speeds at 10–15 atm by 
direct radiative effect. 

3. For NO emission during RP-3/H2O/O2/N2 combustion, flame tem-
perature and radical concentrations were two important factors 
determining NO emission. The reduction of downstream temperature Fig. 19. Outlet mole fractions of NO at various pressures for RP-3/H2O/O2/N2 

mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 

Fig. 20. Outlet temperatures calculated by ADI and SNB at various pressures 
for RP-3/H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/ 
21%/67%). 

Fig. 21. Maximum mole fractions of radicals at various pressures for RP-3/ 
H2O/O2/N2 mixtures (ϕ = 1.0, Tin = 420 K, H2O/O2/N2 = 12%/21%/67%). 
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caused by radiative heat loss and the increment of radical concen-
trations due to radiation-induced-preheat in the inlet were the con-
trolling factors of radiation reabsorption effects on NO emission. As 
equivalence ratios varied, the competition between chemical effect 
and thermal effect led to the non-monotonic trend of relative dif-
ference for NO emission, with a peak value of 61.47% at ϕ = 0.75. 
With rising pressures, the consistent decrease of thermal effect and 
increase of chemical effect made the contribution of radiation on NO 
emission most pronounced at P = 15 atm. 
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