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The NO formation characteristics in laminar NHs-CH4 premixed flat flames
and their relationship with chemiluminescence are numerically investigated
across different ammonia blending ratios (Xnns, 0-1.0) and equivalence ratios
(p, 0.7-1.3). The applicability of the reaction mechanism and flame model in
predicting the formation of NO and OH"/NH"/CH"/CO,"/NH" radicals is
verified. The results show that the peak flame temperature gradually increases
with increasing Xwus, while it first increases and then decreases with
increasing ¢. For NO mole fraction, increasing Xwus affects the competition
among reactions R763 (HNO + H = NO + H,), R765 (HNO + OH = NO +
H20), and R842 (NH + NO = N0 + H) by altering the HNO and NH mole
fractions, causing NO to first increase and then decrease. Moreover,
increasing ¢ continuously reduces the formation rate of NO via R765. For
OH"/NH*/CH"/CO;"/NH," mole fractions, as Xnus increases, NH* and CH"
peak at Xwuz = 0.3 and 0.6, respectively; OH" and NH," increase
monotonically, while CO," decreases. With increasing ¢, the peaks of
OH*/NH"/CH"/CO," appear at ¢ = 1.0/1.0/1.0/0.8, while NH," continues to
rise. Regarding the relationship between NO and chemiluminescence, a
nearly monotonic relationship is observed between the peak mole fraction of
NO and CO,". With varying Xnns, similar relationships exist between NO and
the ratios of CO,"/OH", CO,"/NH", and CO,"/CH", but these relationships
break down at high Xyns. Over a wide ¢ range, the NH,"/CO;" ratio shows
good potential for predicting NO formation and emission. This study
facilitates accurate monitoring and emission control of NOy in NHs-blended
combustion systems.
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1. Introduction

To reduce greenhouse gas emissions and mitigate global warming [1,2], ammonia (NHs), a
carbon-free fuel, has regained considerable attention from combustion researchers [3-5]. Compared to
hydrogen (H.), NH; offers advantages in production, storage, and transportation safety [6,7]. However,
NH3 combustion faces significant challenges [8], including a low flame speed, high ignition energy
requirements, and elevated nitrogen oxide (NOx) emissions. To address these limitations, NHjs is often

1


mailto:zcli@zzu.edu.cn

blended with hydrocarbon fuels, such as natural gas, to enhance flame stability and optimize emission
characteristics [9-11].

The inherently high NOy emissions remain a major obstacle to the practical application of NHz as
a fuel. To address this issue, researchers have investigated the emission characteristics, formation
pathways, and measurement techniques related to NOyx in NH3; combustion. To clarify the combustion
chemistry and NOy formation mechanisms of NHs, Li et al. [12] developed a detailed reaction
mechanism applicable to NH3/H2/CH,4 flames. Their results demonstrated that the NO mole fraction is
elevated in high-temperature regions near the stoichiometric zone, while NO2 dominates in fuel-lean
regions, highlighting the distinct patterns of NOy in different combustion regions. Ahmed et al. [13]
analyzed recent experimental and numerical advancements in turbulent NHs; and NHs-blended
combustion technologies. They demonstrated that blending highly reactive fuels (H2, CH4, etc.) with
NHs in premixed flame burners enhances flame stability, but also increases NO, emissions due to
elevated mole fractions of H and OH radicals.

Accurate measurement of NOy emissions is essential in most studies on NHs-blended flames.
Planar Laser-Induced Fluorescence (PLIF), a powerful diagnostic tool for scalar measurements in
combustion systems, has been successfully used to measure NO and OH intensities in NHs-air flames
[11,14]. Additionally, NOx emissions can be measured using instruments such as Fourier Transform
Infrared Spectroscopy (FT-IR) and flue gas analyzers [10,15]. However, both PLIF and FT-IR have
limitations, including high cost, limited temporal resolution (for FT-IR), and poor adaptability to dusty
or vibrating environments. Flue gas analyzers also face challenges such as cross-sensitivity to NHs/H.O
interference, frequent calibration requirements, and reduced accuracy in H.O-laden gases. In addition
to experimental approaches, numerical modeling based on NH3; combustion mechanisms can also be
used to predict NOx emissions [16-18]. However, issues such as high computational cost, limited
prediction accuracy, and incomplete reaction mechanisms remain to be addressed.

To develop low-cost NOx monitoring technologies, Zhu et al. [19] demonstrated a monotonic
relationship between OH" chemiluminescence intensity (measured in the reaction zone) and the overall
NO mole fraction in NHs-Ho-air swirl flames. Chemiluminescence is the spontaneous emission of
radiation by excited radicals formed through chemical reactions [20-22]. Despite the harsh combustion
environment, chemiluminescence-based NOx monitoring technology maintains high accuracy and can
be used in situations where traditional on-site monitoring is impractical [23]. As a result, optical
diagnostics based on chemiluminescence are applied to analyze various combustion characteristics [24].
Most commonly, CH" and OH" chemiluminescence indicate the flame surface position and show a
positive correlation with heat release rates [25,26].

Recent studies have investigated the chemiluminescence characteristics of NHs-blended flames
to facilitate the application of chemiluminescence-based diagnostics. The key excited radicals
contributing to the chemiluminescence of NHs-CH,4 flames across the ultraviolet (UV) and visible ranges
include NO”, OH", NH", CN", CO,", CH", and NH," [27]. Similar to the monotonic relationship between
OH" chemiluminescence intensity and NO mole fraction reported in Ref. [19], Pugh et al. [28] conducted
time-resolved OH", NH", and NH" chemiluminescence measurements on NHs-blended flames in a fuel-
flexible burner and emphasized the importance of the NH," radical as a strong indicator of NO depletion
in flames. Zhu et al. [29] investigated the chemiluminescence characteristics of NHs-CH,4 premixed
flames over a wide range of equivalence ratios and strain rates. They established a comprehensive
database of chemiluminescence intensity and proposed that the ratios of CN"/OH" and CN"/NO” serve



as potential indicators of the equivalence ratio in NHs-blended flames. Additionally, Guiberti et al. [30]
developed a Gaussian process regression (GPR) algorithm to predict the equivalence ratio and NHs; mole
fraction in NH3-CHg-air premixed flames based solely on OH", NH", CN", and CH" chemiluminescence
intensities. This work laid the foundation for developing non-invasive chemiluminescence-based
sensors for real-time monitoring of NHs-blended flames. In general, current chemiluminescence-based
NO emission investigations have predominantly focused on simplified relationships between peak OH”
and NH," radical concentrations with NO formation/depletion. However, the qualitative relationship
between other excited radicals/chemiluminescence intensity ratios and NO formation/depletion
characteristics in NHs-blended flames remains underexplored. Because OH" chemiluminescence is
located in the UV band (310 nm), and the signal-to-noise ratio (SNR) and cost of UV sensors are usually
higher than those of visible light sensors, it is not suitable for large-scale industrial diagnostic
applications. As for NH," chemiluminescence, although it appears within the visible range (630 nm), it
overlaps with H,O" and NO2" chemiluminescence [22,27], complicating quantitative analysis. As a
result, the relationship between the remaining chemiluminescence and NO still requires further
investigation.

Given the above background, this numerical study focuses on NO formation characteristics and
their relationship with chemiluminescence in laminar NH;-CH4 premixed flat flames, motivated by two
considerations: (1) investigating the effects of the NHs blending ratio (Xnn3) and equivalence ratio (o)
on flame temperature and NO formation characteristics, and (2) assessing the potential of
OH*/NH"*/CH*/CO,"/NH," chemiluminescence to characterize NO emission/mole fraction, as these
species dominate in the target flames. Therefore, the reactions of the above-mentioned excited radicals
are incorporated into an existing gas-phase NH3z-CH. mechanism. Laminar NHs-CH4 premixed flat
flames with different NH3 blending ratios (Xnns, 0-1.0, interval 0.1) and equivalence ratios (¢, 0.7-1.3,
interval 0.1) are studied. Some key conclusions are discussed to facilitate accurate monitoring and
emission control of NOy in NH3-blended combustion systems.

2. Numerical model
2.1. Reaction mechanism

To simultaneously model the formation of NO and OH"/NH"/CH"/CO,"/NH," radicals in NHs-
CHjs-air flat flames, the gas-phase mechanism developed by Liu et al. [31] , known as the HUST-NH3
mechanism, is selected as the base mechanism. Additionally, reaction pathways, thermodynamic data,
and transport properties for the above-mentioned excited radicals are incorporated from Ref. [32,33].
Modifications to the pre-exponential factors in OH"- and NH™-related reactions are implemented
following the recommendations of Capriolo et al. [23] and Issayev et al. [34], to enhance the accuracy
in predicting their mole fractions and spatial distributions. For clarity in subsequent discussions, the
modified mechanism is referred to as the HUST-C mechanism.

2.2. Flame condition and modeling

The premixed flat flame burner model in ANSYS Chemkin 17.0 is used to numerically simulate
NH3-CH,-air premixed flat flames. The model simultaneously solves the continuity, momentum, species,
and energy conservation equations. The gas-phase reactions are embedded in the conservation equations
in the form of rate terms rather than as independent solution objects. A schematic of the flame model is



shown in Fig. 1, and the one-dimensional computational domain is indicated by the red dashed line.
Specifically, the burner plug has a diameter of 60 mm, and the stagnation plane is positioned 20 mm
above the burner surface to suppress flickering of the post-flame gases. An NH3-CHa-air mixture (21%
02 + 79% Ny) is injected into the burner, with varying NHs blending ratios (Xnns ranging from 0-1.0)
and equivalence ratios (¢ ranging from 0.7-1.3), as summarized in Tab. 1. In detail, the NH3 blending
ratio (Xnws) is defined as:

_ X NH3
Xhsz =
Anns T Xena

where y refers to the mole fraction of NH3 and CH, in the fuel stream (excluding air). The initial gas
temperature and pressure are set to ambient conditions (294 K and 1 atm). Detailed model parameters
and configurations follow those in Ref. [35].
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Figure 1. Schematic of the numerical NH3-CH;-air premixed flat flame model.

Table 1 Numerical conditions for NHs;-CHs-air premixed flat flame

NH; blending ratio, Xnws3

Equivalence ratio, ¢

Flow rate (cm/s)

0-1.0, AXNH3 = 0.1 09 5
0.6 0.7-1.3, A = 0.1 5
3. Results and discussion
3.1. Numerical benchmarking
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Figure 2. Comparison of numerical (peak) NO mole fraction modeled by different mechanisms

with experimental results. (a: Xnnzs = 0.6 and ¢ = 0.9, b: Xnn3 ranges from 0 to 1.0)
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To validate the accuracy of the gas-phase mechanism and flame model, numerical results from
the HUST-C mechanism are compared with those from other mechanisms (GRI 3.0, Okafor [16], CEU
[18], and Konnov [36]) as well as with experimental data [35]. Fig. 2(a) shows the NO mole fraction at
different heights above the burner (HAB), modeled using various mechanisms at Xnnz = 0.6 and ¢ =
0.9. The numerical results from the HUST-C mechanism agree well with the experimental data,
particularly in terms of peak values and the overall trend. Fig. 2(b) shows the peak NO mole fraction at
¢ = 0.9 with varying Xnns. The peak NO mole fraction predicted by the HUST-C mechanism closely
matches the experimental results, exhibiting a trend that increases and then decreases with rising Xnws.
In contrast, the other mechanisms fail to capture the decreasing trend in peak NO mole fraction at high
Xnwz Values (0.7-1.0). These results indicate that the HUST-C mechanism is applicable to NH3-CH,
premixed flat flames.

Furthermore, NH3-CHs-air counterflow premixed flames are numerically modeled using the
HUST-C mechanism to verify its feasibility in predicting the formation of OH/NH"/CH"/CO,"/NH,"
radicals. Specifically, the simulation results obtained using this mechanism are compared with
experimental data from Zhu et al. [29] and numerical predictions from Konnov et al. [33], as shown in
Fig. A.1 of Appendix A. The comparison results demonstrate that the numerical modeling using the
HUST-C mechanism exhibits better agreement with the experimental data than the predictions by
Konnov et al., as the original mechanism (HUST-NH; mechanism) has good predictive accuracy for
NHs-blended flames. Additionally, this study modifies the pre-exponential factor for OH™- and NH"-
related reactions. In summary, the premixed flat flame model and the HUST-C mechanism are
applicable to NHs-CH. flames for capturing the formation characteristics of NO and excited radicals.

3.2. Temperature
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Figure 3. Temperature profiles. (a: ¢ = 0.9, Xnus ranges from 0 to 1.0, b: Xnnz = 0.6, ¢ ranges
from 0.7 to 1.3)

Fig. 3 presents the temperature distributions for all cases. The temperature profiles generally rise
initially, then gradually decline, and finally drop sharply near HAB = 20 mm due to the presence of the
stagnation plane. As Xnns increases at ¢ = 0.9, the peak temperature position shifts farther from the
burner plug, indicating an ignition delay caused by the higher ignition energy of NHz; compared to H..
The peak temperature increases from 1665 K to 1915 K, consistent with both experimental and
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numerical results in Ref. [35]. Although NH;3 has a lower calorific value than CH4 [6], the temperature
increase is mainly attributed to reduced heat loss, as CO; participates in radiative heat transfer, whereas
N2 does not. As ¢ increases at Xnnz = 0.6, the maximum temperature of 1865 K occurs at ¢ = 1.0, which
corresponds to the stoichiometric air-fuel ratio. In fuel-rich cases (¢ > 1.0), the peak temperature slightly
decreases to approximately 1816 K. For ¢ > 1.1, only minimal changes are observed, indicating low
sensitivity of the flame temperature to further increases in the equivalence ratio. Additionally, the peak
temperature position initially shifts away from the burner plug and then gradually moves closer again.

3.3. NO formation characteristics
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Figure 4. Mole fraction profiles of NO. (a: ¢ = 0.9, Xnns ranges from 0.2 to 1.0, b: Xnynz = 0.6, ¢
ranges from 0.7 to 1.3, c: peak value with varying Xns, d: peak value with varying ¢)

Fig. 4 shows the distributions and peak NO mole fractions for all cases. Most NO mole fraction
profiles exhibit an increasing trend followed by stabilization as HAB increases, except for cases where
¢ > 1.1. With increasing Xnns at @ = 0.9 in Figs. 4(a) and (c), the NO mole fraction reaches a maximum
value of 3.85x10°2 at Xnus = 0.7. At low Xnus, the increase in NH; mole fraction introduces more
reactive nitrogen atoms, thereby accelerating the formation rate of NO. In contrast, NHz promotes the
conversion of NO to N2O via reaction R842: NH + NO = N,O + H at high Xnns. With increasing ¢ at
Xz = 0.6 in Figs. 4(b) and (d), the peak NO mole fraction exhibits a monotonic decrease. Specifically,
the NO mole fraction decreases from 4.13x103 at ¢ = 0.7 t0 9.97x10* at ¢ = 1.3. At ¢ = 0.6, the peak
NO mole fraction reaches 3.68x1073, indicating that the maximum NO mole fraction occurs within the
range of 0.6 < ¢ < 0.8. It is worth noting that the NO mole fraction profile at ¢ > 1.1 exhibits a peak-
shaped trend in Fig. 4(b). This behavior is attributed to the continuous decrease in the mole fraction of
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HNO with increasing ¢, which reduces the NO formation rate via reaction R765: HNO + OH = NO +
H.0, resulting in a decreasing trend in NO mole fraction. The distributions of HNO and NH mole
fractions at different Xnns and ¢ are given in Figs B.1 and B.2 of Appendix B. A more detailed discussion
is presented in the following sections.

Fig. 5 presents the peak rate of production (ROP) of key reactions governing NO formation with
varying ammonia blending ratios (Xnns) and equivalence ratios (). Specifically, reactions R763: HNO
+ H = NO + Hy, R765: HNO + OH = NO + H0, and R834: NH + O = NO + H are the main pathways
responsible for NO formation. In contrast, reactions R842: NH + NO = N,O + H, R829: NH; + NO =
N2 + H,0, and R828: NH; + NO = NNH + OH are the dominant pathways for NO depletion.
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Figure 5. Peak rate of production (ROP) of key reactions governing NO formation. (a: ¢ = 0.9,
Xnhsz ranges from 0.2 to 1.0, b: Xnnz = 0.6, ¢ ranges from 0.8 to 1.2)
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Figure 6. Net reaction rate profiles of key reactions governing NO formation. (1: ¢ = 0.9, Xnn3
ranges from 0.2 to 1.0, 2: Xnn3 = 0.6, ¢ ranges from 0.8 to 1.2)

Fig. 6 shows the net reaction rates of the above-mentioned reactions. With increasing Xnwnz at ¢ =
0.9 in Figs. 6(al-f1), the peak net rates of reactions R763, R765, R829, and R834 initially increase and
then decrease, whereas those of R828 and R842 continuously increase. The peak rate positions of all
reactions shift away from the burner plug, which is consistent with the peak temperatures in Fig. 3(a),
indicating that the key reactivity of NO formation/depletion with varying Xws is strongly influenced by
temperature. However, the influence of reactant mole fractions cannot be ignored. The continuous



increase in HNO mole fraction with rising Xnn3s enhances NO formation through reactions R763 and
R765, allowing these reactions to dominate NO formation at low Xws. Meanwhile the continuous
increase in the NH radical mole fraction with Xnnz enhances NO depletion via reaction R842,
establishing R842 as the predominant pathway for NO depletion at high Xnus.

With increasing ¢ at Xnns = 0.6 in Figs. 6(a2—f2), the peak net reaction rates of reactions R763,
R834, and R842 initially increase and then decrease, whereas those of reactions R765, R828, and R829
decrease monotonically. Concurrently, the peak positions of all reactions first move closer to the burner
plug and then shift away. As ¢ increases, the HNO mole fraction continuously decreases, leading to a
reduced NO formation rate through reaction R765. Meanwhile, the NH radical mole fraction initially
increases and then decreases, resulting in a non-monotonic trend in the peak net rate of reaction R842.
Since the change in the NO depletion rate via reaction R842 is smaller than the decrease in the NO
formation rate via reactions R763 and R765, the NO mole fraction continues to decrease.

3.4. Excited radicals and their relationship to NO emission

Fig. 7 shows the peak mole fractions of NO and excited radicals at different Xynz and ¢ values,
along with the corresponding peak temperature for each case. In addition, the mole fraction distributions
of OH"/NH"/CH"/CO;"/NH;" radicals for all cases are shown in Fig. B.3 of Appendix B. As Xnus
increases at ¢ = 0.9, the peak mole fractions of NO, NH", and CH" radicals exhibit non-monotonic
behavior, with their peaks occurring at Xnus = 0.7, 0.3, and 0.6, respectively. The peaks of OH" and
NH," radicals increase monotonically with Xnus, whereas CO," decreases steadily. As ¢ increases at
Xnhs = 0.6, the peak mole fractions of OH", NH", CH", and CO;" radicals initially increase and then
decrease, reaching their respective peaks at ¢ = 1.0, 1.0, 1.0, and 0.8. In contrast, the NO mole fraction
decreases consistently over the entire ¢ range, while NH," exhibits a continuous upward trend.
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Figure 7. Peak mole fraction profiles of OH"/NH*/CH"/CO,"/NH;" excited radicals. (a: varying
Xnhs, b: varying o)

Fig. 8 shows the relationship between the peak mole fraction of NO and those of
OH’/NH"/CH"/CO,"/NH;" radicals. Overall, no clear linear relationship is observed between NO and the
excited radicals over the full range of Xnws and ¢ considered. However, a nearly linear relationship (R?
= 0.96827) is observed between CO," and NO within the range 0.1 < Xynz < 0.7, as shown in Fig. 9(a).
Notably, the NO-OH" and NO-NH," relationship profiles at varying Xnus closely resemble those
reported by Zhu et al. [19], who suggested that these profiles overlap across different ¢ values, indicating
that OH" and NH." chemiluminescence intensities can be used to predict the NO mole fraction. Similarly,
a nearly linear relationship (R? = 0.98587) is also observed between CO," and NO within the range 0.8
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< ¢ < 1.2, as shown in Fig. 9(b). These findings reconfirm the potential of chemiluminescence for
predicting NO formation/emission in NHs-CH,4 flames, particularly using CO2" chemiluminescence
alone.
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Figure 8. Relationship profiles between the mole fraction of NO and excited radicals. (a: varying
Xnhs, b: varying o)

To further explore the relationship between NO formation/emission and chemiluminescence, Fig.
9 presents the relationship between the peak NO mole fraction and the peak mole fraction ratios of OH",
NH", CH", CO,", and NH;" radicals. As Xnus increases at ¢ = 0.9, nearly linear relationships are observed
between the peak mole fraction of NO and the ratios of CO,"/OH" (R? = 0.99133), CO,"/NH" (R? =
0.98404), and CO,"/CH" (R? = 0.99761) within the range 0.1 < Xyn3 < 0.7, as shown in Figs. 9 (c), (f),
and (h), respectively. However, the above relationships break down at high Xnws. As ¢ increases at X3
= 0.6, the ratios of CH/NH", NH;/NH", and NH,"/CO," all exhibit monotonic relationships with the
peak mole fraction of NO, as shown in Figs. 9 (e), (g), and (j), respectively. Notably, the absolute value
of the slope of the NH,"/CO;" profile is lower than those of CH"/NH" and NH,"/NH", indicating that the
NH,/CO;" ratio is more suitable for predicting NO formation in NHs-CH, flames with varying o,
especially when considering measurement errors in chemiluminescence intensity ratios during practical
application.
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Figure 9. Relationship profiles between the mole fraction of NO and the mole fraction ratio of
excited radicals. (black lines: varying Xnws, red lines: varying ¢)




4. Conclusions

This numerical study investigates the formation characteristics of NO in laminar NH3-CH4
premixed flat flames and assesses its relationship with chemiluminescence. The main findings are as
follows:

(1) The applicability of the HUST-C mechanism and flame model for predicting the formation of
NO and OH"/NH"/CH"/CO,"/NH," radicals in NH3-CH, premixed flat flames is verified.

(2) As Xnws increases, the peak temperature gradually rises, while as ¢ increases, it first rises and
then decreases.

(3) An increase in Xnns causes the NO mole fraction to first increase and then decrease because
the changes in the mole fraction of HNO and NH affect the competition among key reactions R763:
HNO + H = NO + H,, R765: HNO + OH = NO + H20, and R842: NH + NO = N0 + H. Additionally,
increasing ¢ continuously reduces the formation rate of NO by R765.

(4) As Xnns increases, the peak mole fractions of NH™ and CH” radicals occur at Xnus = 0.3 and
0.6, respectively; OH" and NH," increase monotonically, while CO," decreases monotonically. As ¢
increase, the peak mole fractions of OH", NH", CH", and CO-" radicals occur at ¢ = 1.0, 1.0, 1.0, and
0.8, respectively, while NH;" shows an upward trend.

(5) A nearly monotonic relationship is observed between the peak mole fraction of NO and CO;".
With varying Xnns, similar relationships exist between NO and the ratios of CO,"/OH", CO,"/NH", and
CO_"/CH’, but these relationships break down at high Xnns. Over a wide range of ¢, the NH,"/CO;" ratio
shows strong potential for predicting NO formation/emission.

These findings provide insights for developing high-precision monitoring technologies to
quantify NOx emissions in NHs-blended combustion systems, thereby advancing the development of
emission control strategies for practical applications.
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Appendix A. Comparison of excited radical mole fraction/chemiluminescence intensity in NHs-
CHjy-air premixed flames

The details of the NH3-CHa-air counterflow premixed flame model are the same as those in
experimental setup of Zhu et al. [29]. The burner nozzle diameter and the distance between the two
nozzles are both 10 mm. The temperature of the fuel and oxidant are 294 K, and the pressure is setto 1
atm. The results shown in Fig. A.1 are modeled with varying ammonia blending ratios (Xnws = 0, 0.2,
0.4, and 0.6) and equivalence ratios (¢ = 0.6-1.3).
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Figure A.1. Comparison of normalized OH"/NH"/CH"/CO;" intensities at different Xyps and ¢ in
premixed counterflow flames. (Symbols represent experimental results from Zhu et al. [29],
dashed lines correspond to numerical results from Konnov et al. [33], and solid lines represent
numerical results from the HUST-C mechanism.)

Appendix B. Mole fraction profile of key species
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Figure B.1. Mole fraction profiles of HNO. (a: ¢ = 0.9, Xyns ranges from 0.2 to 1.0, b: Xnns = 0.6,
¢ ranges from 0.7 to 1.3)
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Figure B.2. Mole fraction profiles of NH. (a: ¢ = 0.9, Xnns ranges from 0.2 to 1.0, b: Xz = 0.6, ¢
ranges from 0.7 to 1.3)
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Figure B.3. Mole fraction profiles of OH*/NH"/CH"/CO,"/NH," radicals. (1: ¢ = 0.9, Xnn3 ranges
from 0.2 to 1.0, 2: Xnns = 0.6, ¢ ranges from 0.8 to 1.2)
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